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To determine the various roles of RNase H in reverse transcription, we generated a panel of mutations in
the RNase H domain of Moloney murine leukemia virus reverse transcriptase based on sequence alignments
and the crystal structures of Escherichia coli and human immunodeficiency virus type 1 RNases H (S. W. Blain
and S. P. Goff, J. Biol. Chem. 268:23585–23592, 1993). These mutations were introduced into a full-length
provirus, and the resulting genomes were tested for infectivity by transient transfection assays or after
generation of stable producer lines. Several of the mutant viruses replicated normally, some showed significant
delays in infectivity, and others were noninfectious. Virions were collected, and the products of the endogenous
reverse transcription reaction were examined to determine which steps might be affected by these mutations.
Some mutants left their minus-strand strong-stop DNA in RNA-DNA hybrid form, in a manner similar to that
of RNase H null mutants. Some mutants showed increased polymerase pausing. Others were impaired in
first-strand translocation, independently of their wild-type ability to degrade genomic RNA, suggesting a new
role for RNase H in strand transfer. DNA products synthesized in vivo by the wild-type and mutant viruses
were also examined. Whereas wild-type virus did not accumulate detectable levels of minus-strand strong-stop
DNA, several mutants were blocked in translocation and did accumulate this intermediate. These results
suggest that in vivo wild-type virus normally translocates minus-strand strong-stop DNA efficiently.

The conversion of the single-stranded RNA genome of a
retrovirus to a double-stranded DNA copy involves several
complex steps, which are mediated by the viral reverse tran-
scriptase (RT) (2, 64). RT carries out this conversion by using
two main activities: a DNA polymerase activity which is able to
synthesize DNA from both RNA and DNA templates and an
RNase H activity which is able to degrade RNA present in
RNA-DNA hybrid form (for reviews, see references 14, 26, 34,
57, and 68). The two activities of Moloney murine leukemia
virus (M-MuLV) RT reside in separable domains: the DNA
polymerase domain lies in the N-terminal two-thirds of the
enzyme, while the RNase H domain is in the C-terminal third
(59). The RNase H domain of M-MuLV RT is highly homol-
ogous with other RNases H, including those of Escherichia coli
(39, 70) and human immunodeficiency virus type 1 (HIV-1)
(15, 35, 40). Thus, it is likely that the structure of the RNase H
domain of this enzyme will be similar to those of other RNases
H (46). However, the extent and nature of the contacts be-
tween the DNA polymerase and RNase H domains of the
murine enzyme are not yet known.
RNase H activity has been implicated in several steps in

reverse transcription and is essential for the viral life cycle, as
mutant viruses which lack RNase H activity are noninfectious
(60). Reverse transcription of the viral genome is initiated at a
tRNA primer bound to a region near the 59 end of the genomic
RNA, termed the primer binding site (PBS). Elongation of the
tRNA to the 59 end of the genome results in formation of

minus-strand strong-stop DNA, the first DNA intermediate to
appear during reverse transcription (11). This species must
then translocate to the opposite end of the template RNA to
continue minus-strand synthesis. Transfer can be either in-
tramolecular to the 39 end of the same template or intermo-
lecular to the 39 end of the other identical RNA packaged in
the virion (31, 36, 49). The translocation is facilitated by the
presence of a short repeated sequence at both the 59 and the 39
ends of the viral RNA, called the R region, which promotes
base pairing between the minus-strand strong-stop DNA and
the 39 RNA acceptor template. RNase H is thought to degrade
the 59 portion of the genomic RNA in hybrid form with the
newly synthesized minus-strand strong-stop DNA. Analysis of
abortive replication products produced by virions which lack
RNase H has shown that the minus-strand strong-stop DNA
remains in hybrid RNA-DNA form with the genomic RNA,
blocking translocation and further elongation (60). In addition
to degradation of the genomic RNA, RNase H performs sev-
eral specialized functions, including the creation and removal
of the polypurine tract primer and the removal of the minus-
strand tRNA primer (9).
While the DNA polymerase and RNase H activities of M-

MuLV RT are separable in vitro, we are learning that muta-
tions in the RNase H domain can affect DNA polymerase
activity. It has been shown in vitro that some RNase H muta-
tions affect both DNA processivity and the interactions of RT
with its primer template, suggesting that the two domains and
activities may act together during the course of reverse tran-
scription, both functionally and structurally (61, 62, 69). The
DRH form of M-MuLV RT, completely missing the RNase H
domain, is less processive on both homopolymeric and hetero-
polymeric substrates (3, 62).
To determine the effect of mutation of the RNase H domain

of M-MuLV RT on reverse transcription, we generated a panel
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of mutants based on sequence alignments and the crystal struc-
tures of E. coli and HIV-1 RNases H and the predicted struc-
ture of the M-MuLV RNase H domain (5). This mutagenesis
targeted specific residues which might be involved in substrate
binding, while attempting to affect only minimally the overall
folding of the protein. We believed that we might be able to
alter the enzymatic properties of M-MuLV RT without abol-
ishing catalytic activity or to affect a specific step in the viral life
cycle. We previously characterized these mutant enzymes ex-
pressed in E. coli for DNA polymerase activity on oligo(dT)-
poly(rA) primer templates and for nuclease activities on both
RNA-DNA and RNA-RNA substrates by using in situ gel
techniques (5). The bulk of these RT mutants retained signif-
icant RNase H activity in vitro, with many of the mutants
having wild-type or near wild-type activity on the heteropoly-
meric substrate tested. In this report, we assess the biological
activity of these mutant viruses.

MATERIALS AND METHODS

Construction of mutants. M-MuLV mutant RTs were constructed by oligo-
nucleotide-mediated site-directed mutagenesis as previously described (5). Eight
point mutations, D-524 to N (D524N), S526A, Q530N, AQ558NN, Y586F,
Y598V, FL625GA, R657S, and D5E, a 5-amino-acid deletion from S-643 to
R-647, were subcloned into pNCA, a cloned copy of the infectious Moloney
murine leukemia provirus (12). The mutant enzymes were named by appending
the amino acid present in wild-type RT, the residue number, and the amino acid
present in the mutant at this position. H7 is a linker insertion mutant, containing
a frameshift at the start of the RNase H domain, and thus is effectively an RNase
H null virus (59, 60); DC has an 11-amino-acid deletion from I-593 to L-603 in
the RNase H domain (5, 61). D5E and DC removed sequences in M-MuLV
RNase H that were missing in either the E. coli or the HIV-1 enzymes.
Cells, virus, and DNA-mediated transformations. NIH 3T3 cells were main-

tained in Dulbecco modified Eagle medium supplemented with 10% calf serum
as previously described (60). Viral DNAs were tested for replication competence
by transformation of NIH 3T3 cells by the DEAE-dextran method (45). Produc-
tion of infectious virus and subsequent viral spread were assessed by measuring
RT activity in the culture supernatant medium by the oligo(dT)-poly(rA) primer
template assay (27). Stable viral producer lines were generated for several pro-
viral DNAs. These lines were cloned as single cells from populations of NIH 3T3
cells which were subjected to calcium phosphate-mediated cotransformation with
a mixture of proviral and pSV2his DNA; recipient cells were selected with 1.07
mg of L-histidinol (Sigma, St. Louis, Mo.) per ml (28, 67). Virion proteins were
analyzed by Western blot (immunoblot) analysis with anti-30-2, an anti-RT
polyclonal rabbit antibody (5). Low-molecular-weight, preintegrative DNA was
isolated at various times postinfection and processed as described previously
(29). The procedure was modified by the addition of proteinase K (200 mg/ml)
for 45 min at 558C to the clarified lysate prior to phenol extraction. Viral DNA
sequences were detected either by agarose gel electrophoresis and Southern blot
analysis or by PCR amplification with primers complementary to pNCA se-
quences. Primers 59EcoRV (59CCCGGCTACGCTGCTCCC39) and 39Int (59G
GCCCCCAACTTGGTTAGG39) were used to amplify the entire RNase H
domain from nucleotide (nt) 4482 to 5138, by standard PCR techniques (25
cycles with an annealing temperature of 578C). Infection with virus in the pres-
ence of Polybrene was performed as previously described (60). To prepare
virions, producer cells were fed with Dulbecco modified Eagle medium supple-
mented with 10% NuSerum (Collaborative Biomedical Products, Bedford,
Mass.) for 12 h prior to harvest. The virions were first pelleted for 3 h at 25,000
rpm and then resuspended, layered over a 25 to 45% sucrose step gradient, and
sedimented to the interface. The viral band was collected and repelleted for 2 h
at 25,000 rpm following dilution in TNE (50 mM Tris-HCl [pH 7.5], 100 mM
NaCl, 1 mM EDTA).
Endogenous RT reactions. Endogenous reactions using concentrated virions

were performed under two different sets of conditions. To detect long minus-
strand DNA products, reaction mixtures were incubated for .1 h at 378C in
buffer (50 mM Tris-Cl [pH 8.3], 50 mMNaCl, 6 mMMgCl2, 0.01% Nonidet P-40,
1 mM dithiothreitol) in the presence of 100 mg of actinomycin D per ml and 2
mM (each) dCTP, dATP, and dGTP and 1 mM [a-32P]TTP at 1 Ci/mmol (60).
To detect minus-strand strong-stop products, reaction mixtures were incubated
for,30 min at 378C in a lower concentration of nucleotides (1 mM [each] dATP,
dGTP, and dCTP and 2.5 mM [a-32P]TTP at 400 Ci/mmol) as previously de-
scribed (60). Reaction products were treated with sodium dodecyl sulfate (SDS)
and proteinase K for 15 min at 378C, phenol extracted, and ethanol precipitated
in the presence of carrier tRNA. Products were then treated with RNase A (80
mg/ml) at 378C for 30 min or with 0.33 N NaOH at 558C for 30 min before the
final ethanol precipitation to remove RNA primers. Reaction products were
analyzed on 7.5% denaturing polyacrylamide gels. Nonradiolabeled endogenous

reactions were performed in the presence of 100 mg of actinomycin D per ml and
2 mM (each) dCTP, dATP, dGTP, and TTP, and products were processed as
described above.
Translocation assays. To analyze translocation quantitatively, we performed

RNase protection assays against minus-strand viral DNAs either synthesized in
vitro in the endogenous reaction or synthesized in vivo following viral infection
and harvested as low-molecular-weight, preintegrative DNA. Briefly, the probe
consisted of a radiolabeled, plus-strand RNA mapping at the 59 end of the
retroviral genome from MscI (position 662) to SacI (position 414) in pNCA,
which includes the U5 and R regions and part of the U3 region of the M-MuLV
long terminal repeat. This probe was hybridized with nonradiolabeled minus-
strand DNA and treated with a mixture of RNases A and T1, under standard
RNase protection conditions (Ambion, Austin, Tex.). When endogenous reac-
tion products were protected, we were able to differentiate between minus-strand
strong-stop DNA (giving a 145-nt fragment) and longer translocated products
(giving a 185-nt fragment). When low-molecular-weight preintegrative DNA,
harvested at various time points postinfection, was protected, we were able to
differentiate between minus-strand strong-stop, translocated, and full-length
complete minus-strand DNA (giving a 242-nt fragment). Following RNase di-
gestion for 2 h at 308C, the products were treated with SDS and proteinase K for
15 min at 378C, phenol extracted, ethanol precipitated, and analyzed in form-
amide loading buffer following heating at 858C for 10 min on 7.5% denaturing
polyacrylamide gels.
Enzyme digestions of labeled DNA species. To determine the nature of the

minus-strand strong-stop DNA, high-specific-activity endogenous reaction prod-
ucts were treated with RNase A (2 mg in 50 ml) in either a low-salt (Tris-EDTA
[TE]) or a high-salt (TE containing 0.5 M NaCl) buffer for 30 min at 378C, as
previously described (60). The enzyme was inactivated by diethylpyrocarbonate
treatment, and the products were phenol extracted and ethanol precipitated in
the presence of carrier tRNA. The samples were then either diluted into elec-
trophoresis sample buffer and solubilized without denaturation by mild heating
(508C for 5 min) or diluted into buffer containing formamide and fully denatured
(908C for 10 min). The samples were then analyzed on 7.5% nondenaturing
polyacrylamide gels.
To recover DNA from wet gels, the DNA was electroeluted in dialysis bags in

0.253 TBE buffer, ethanol precipitated, and resuspended in TE containing 2 mg
of carrier tRNA. The recovered DNAs were analyzed by electrophoresis on
either nondenaturing or denaturing gels, with or without additional RNase A
treatment. The DNAs also were analyzed by standard S1 nuclease mapping and
RNase protection procedures (55). The excised forms were treated with DNase
I to remove the radiolabeled minus-strand DNA, and the plus-strand, genomic
RNA was analyzed by RNase protection with a minus-strand probe which con-
tained pNCA sequences from the MscI site (position 662) 39 of the PBS to the
Asp718 site (position 481) in U5.

RESULTS

Test for viral replication.A series of mutations in the RNase
H domain were transferred into the full-length M-MuLV pro-
virus, pNCA (12). The cloned proviral DNAs were introduced
into NIH 3T3 cells in culture by using DEAE-dextran. Viral
spread was detected by assaying for RT activity in the culture
supernatant. As summarized in Table 1 and shown in Fig. 1A,
three mutant viruses, Q530N, AQ558NN, and FL625GA,
which displayed wild-type activities in vitro, were as infectious
as the wild type. Thus, these three mutations had no detectable
effect on RT function in vivo.
Three mutant viruses, S526A, R657S, and Y598V, which all

were found to retain significant RNase H activity when assayed
in vitro (25, 100, and 100% of the wild-type activity, respec-
tively), showed delays in the rate of viral spread following
DEAE-dextran transient transfection (Fig. 1A). Virus was nor-
malized by the amount of virion-associated RT activity and
used to infect fresh NIH 3T3 cells, to address the possibility
that these mutant viruses might have undergone reversion or
recombination events. Since all of the mutant RTs had previ-
ously been shown to have wild-type DNA synthesis on oli-
go(dT)-poly(rA) primer templates, normalization by RT activ-
ity was appropriate (5). All three viruses still had the same
phenotypes following infection: significant delays in the rate of
RT appearance compared with fully infectious wild-type virus
(Fig. 1B). Low-molecular-weight, preintegrative DNA was har-
vested at 24 h postinfection and analyzed by PCR amplifica-
tion, using primers which would amplify a portion of the pol
coding region. In all three cases the original mutation was still
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present (data not shown), ruling out the possibility of reversion
at the site of the mutation. The presence of the original mu-
tation and the appearance of a similar delay in viral spread
following repeated infection suggested that these mutants had
not reverted but rather were impaired in some aspect of viral
replication.
Viral spread was not detected for D5E, Y586F, and D524N

even after 6 weeks of passage (Fig. 1A). These mutations
completely blocked replication. Y586F and D524N had little
RNase H activity in vitro as assayed by in situ gel techniques,
consistent with the replication-defective phenotypes detected
in vivo (Table 1). D5E, however, retained 50% of the wild-type
RNase H activity in vitro, and so its blocked replication was
surprising.
Construction of stable virus-producing cell lines. Stable cell

lines that produced RT-positive virions harboring the partially
replication-defective mutants, S526A, R657S, and Y598V,
were established by the calcium phosphate cotransformation
method, with pSV2his as a selectable marker. Virions shed
from these lines were normalized by RT oligo(dT)-poly(rA)
primer template assays, and equivalent amounts of virus were
used to infect NIH 3T3 cells. Low-molecular-weight, preinte-
grative viral DNA was harvested at 24 h postinfection and
analyzed by Southern blot analysis (Fig. 2 and data not shown).
S526A, R657S, and Y598V were reduced at least 100-fold in
viral DNA levels compared with the wild type (Fig. 2, lanes 5
to 8, and data not shown). Thus, these RNase H mutants,
which retained significant RNase H activity in vitro, were im-
paired in some aspects of viral replication in vivo. This sug-
gested that the role of RNase H in reverse transcription might
involve more than RNA degradation.
Stable cell lines harboring D5E, D524N, and Y586F muta-

tions similarly were established by the calcium phosphate
method, also with pSV2his as a selectable marker. Virions
from these lines were tested along with virions harvested from
two previously described producer cell lines containing the RT
mutations H7 and DC (60, 61). When virions from the D5E,
D524N, and Y586F cell lines were applied to NIH 3T3 cells,

they were found still to be noninfectious, with no progeny virus
released. Low-molecular-weight, preintegrative viral DNA was
harvested at 24 h postinfection and analyzed by Southern blot
analysis (Fig. 2 and data not shown). D524N and D5E did not
produce any detectable DNA (Fig. 2, lanes 3 and 4, and data
not shown). Y586F made very low levels, at least 100-fold
lower than those of the wild type (Fig. 2, lanes 1 and 2). H7 and
DC viruses were also noninfectious and did not produce any
detectable low-molecular-weight, preintegrative DNA, as has
been previously described (60, 61).
Analysis of virion proteins. Virions from the three replica-

tion-delayed viruses (S526A, R657S, and Y598V) and the five
noninfectious viruses (D5E, Y586F, D524N, H7, and DC) were
isolated from culture medium of stable producer cells. The
virions were examined by Western blot analysis using anti-30-2,
an anti-RT polyclonal antibody (5), and all were found to
contain an RT product of the correct size (72 kDa for most
mutants; examples are shown in Fig. 3). This result suggests
that all the mutants produce substantial levels of pol gene
products and package and process these proteins normally.
R657S also had a prominent species of about 65 kDa, in ad-
dition to the full-length 72-kDa species (Fig. 3, lane 1). Anal-
ysis of the recombinant R657S expressed in E. coli also re-
vealed a 65-kDa proteolytic fragment, which had RNA-DNA
nuclease activity (5). The exact structure of this proteolytic
species was not determined. All of the mutants and the wild
type had various amounts of an approximately 50-kDa species,
reactive with the anti-RT antiserum, which presumably corre-
sponds to another RT breakdown product. The exact structure
of this species is unknown, but its presence in purified virions
has been previously detected (30). Western blot analysis of
pRT30-2, the E. coli-expressed wild-type RT, also resulted in
the detection of an approximately 50-kDa RT-specific break-
down product (5).
Reverse transcription by mutant virions in vitro: the endo-

genous reaction. To define the nature of the defects conferred
by these mutations, we examined the replication products pro-
duced in the endogenous RT reaction. When concentrated

TABLE 1. Analysis of RNase H mutant viruses

Mutant RNase H
activity (%)a

Delay of release of progeny
virus beyond wild type Major 2sss

speciesb
Translocated minus-
strand productsc

Nature of
2sss DNAd Translocatione

Transfectionf Infectiong

D524N 10–25 Dead Dead 1 Reduced Hybrid ND
Y586F 5 Dead Dead 1 Reduced Hybrid ND
D5E 50 Dead Dead 1 Reduced Hybrid ND
DC 100 Dead Dead Truncated Reduced Hybrid ND
H7 ,1 Dead Dead Truncated Reduced Hybrid ND
R657S 100 ;5 ;20 Reduced Reduced SS 1
S526A 25 ;2 ;8 1 Reduced SS Reduced
Y598V 100 ;12 ;30 1 Reduced SS Reduced
Q530N 100 WT
AQ558NN 100 WT
FL625GA 100 WT

aMutants were assayed in vitro for RNase H activity by in situ gel techniques, as previously described (5). Activities are expressed as percentages of wild-type activity,
where wild-type RT activity is 100%.
b Products detected in the endogenous reaction. 1, full-length minus-strand strong-stop (2sss) DNA; Truncated, truncated 2sss DNA due to increased RT pausing;

Reduced, reduced levels of full-length 2sss DNA.
c Levels of longer, translocated minus-strand products detected in the endogenous reaction. Reduced, reduced levels of longer products.
d Hybrid or single-stranded (SS) 2sss DNA, as assayed by RNase A treatment, S1 nuclease analysis, and RNase protection.
e Levels of first-strand transfer detected both in vitro and in vivo by RNase protection of endogenous reaction products and low-molecular-weight, preintegrative

DNA. 1, wild-type (WT) transfer levels; Reduced, reduced transfer levels; ND, not determined.
fMutant proviral DNAs were assayed for infectivity by DEAE-dextran transient transfection. Supernatant was harvested and analyzed for RT activity as a measure

of viral spread. Dead, no RT activity after multiple passages; WT, RT positive the same day as pNCA. Numbers indicate delays of appearance of RT (in days) beyond
the time of RT appearance for pNCA.
gMutant virus harvested from stable producer lines was assayed by infection. Dead, no RT activity after multiple passages. Numbers are as described in footnote f.
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M-MuLV virions are permeabilized with 0.01% Nonidet P-40
in the presence of deoxyribonucleotides, various DNA inter-
mediates can be detected. Reactions carried out for .1 h in
high nucleoside triphosphate concentrations (1 mM TTP at 1
Ci/mmol) allow translocation of minus-strand strong-stop
DNA and formation of longer minus-strand products (Fig. 4)
(25, 53, 54). Reactions were performed in the presence of 100
mg of actinomycin D per ml, so that synthesis was limited to
minus-strand DNA. Equal amounts of virions were assayed, as
quantitated by RT activity and Western blot analysis. With
wild-type virions, the 145-nt minus-strand strong-stop DNA
was detected, and large amounts of long DNAs were formed,
indicating efficient translocation and elongation of the minus-
strand strong-stop DNA (Fig. 4A, lane 6; Fig. 4B, lane 3).
Longer minus-strand products are seen as a smear at the top of
the gel, because the various-sized species cannot be resolved in
this gel system. R657S, D5E, Y598V, S526A, Y586F, and
D524N also all synthesized the full-length 145-nt species, but
they showed reduced amounts of longer, translocated products
(Fig. 4A, lanes 1 to 3 and 7; Fig. 4B, lanes 1 and 2). This result
suggests that these six mutants were significantly impaired ei-
ther in strand elongation following translocation or in translo-
cation itself.

The total amounts of minus-strand strong-stop DNA de-
tected for mutants DC and H7 were reduced (Fig. 4A, lanes 4
and 5; longer exposure in lanes 8 and 9). For H7, low levels of
full-length minus-strand strong-stop DNA could be detected,
but shorter species were predominantly detected. Mutant DC
did not make any detectable 145-nt minus-strand strong-stop
DNA, but it did synthesize a predominant species that mi-
grated at approximately 67 nt. Several prominent pauses are
visible for all the virions assayed, though the pauses appear to
different extents for different mutants. This result suggests that
H7 and DC might be impaired in DNA elongation. Low levels
of longer minus-strand products can be seen at the top of the

FIG. 1. Test of viral DNA and virus infectivity. (A) Proviral DNAs were
analyzed for infectivity by DEAE-dextran transient transfection in NIH 3T3 cells.
Mock, mock transfection; WT, wild-type pNCA. Culture supernatant was har-
vested at 3, 7, 9, 12, and 19 days posttransfection and analyzed for RT activity as
a measure of viral spread. (B) Virus was quantitated by RT activity and used to
infect NIH 3T3 cells. WT, wild type; Mock, mock infection. Culture supernatant
was harvested at 2, 3, 6, 11, 18, 23, and 29 days postinfection and analyzed for RT
activity as a measure of viral spread.

FIG. 2. Southern analysis of low-molecular-weight, preintegrative DNA.
Low-molecular-weight, preintegrative viral DNA was harvested at 24 h postin-
fection and processed as described in Materials and Methods. The viral DNA
sequences were detected by agarose gel electrophoresis and Southern blot anal-
ysis, using a pNCA randomly primed, radiolabeled DNA probe. Viral DNA was
digested with HindIII, which cleaves viral DNA sequences within the pol coding
region (lanes 2, 4, 6, 8, 10, 12, and 14). Digestion of wild-type (WT) DNA results
in the production of three bands of approximately 8, 5.3, and 3.5 kb. The 8-kb
band is derived from cleavage of 1 or 2 long terminal repeat circular forms, while
the 5.3- and 3.5-kb bands are derived from cleavage of linear, full-length viral
DNA. Mock, mock infection; WT, wild-type pNCA infection. Lanes 13 and 14
correspond to a wild-type infection with a titer 10-fold lower than that for lanes
11 and 12.

FIG. 3. Western analysis of viral RTs. Anti-30-2 polyclonal antibody was
used to analyze virion-associated RTs. The same amount of RT was analyzed for
each lane, as determined by RT activity in the oligo(dT)-poly(rA) primer tem-
plate assay. Virions were boiled in SDS loading buffer for 5 min and then forced
through a Hamilton syringe prior to loading.
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gel for H7, implying that even this mutant can translocate to
some extent (Fig. 4A, lane 8). This low-level but detectable
translocation may result from breathing at the end of the
template, which would transiently expose the minus-strand
strong-stop DNA for base pairing and subsequent elongation.
Enzyme digestions of labeled DNA species: single-stranded

versus hybrid minus-strand strong-stop DNA. Previous work
has shown that RNase H null mutants are noninfectious and
that their minus-strand strong-stop DNA is not efficiently

translocated and elongated (60). This translocation defect
probably results from the inability of these mutant RNases H
to degrade their genomic RNA present in RNA-DNA hybrid
form. By leaving minus-strand strong-stop DNA in double-
stranded form, the requisite base pairing between the comple-
mentary R regions at the 39 end of the minus-strand strong-
stop DNA and the 39 end of the genomic RNA is prevented.
To test whether some of our mutants might also leave their
minus-strand strong-stop DNA in hybrid form, we examined
the nature of the minus-strand strong-stop DNA itself (60).
Briefly, the endogenous reaction was performed for 30 min at
378C in low nucleoside triphosphate concentrations. The prod-
ucts were then treated with RNase A in either low (TE) or high
(0.5 M NaCl) salt concentrations. RNase A treatment in high
salt concentrations will digest only single-stranded RNA, leav-
ing intact any RNA that is present in hybrid or duplex form.
Treatment of DNA from RNase H null mutant virions with
RNase A in high salt concentrations will result in the formation
of a perfect hybrid of 163 bp, which will migrate as a fast form
(FF) on a nondenaturing polyacrylamide gel. However, treat-
ment of wild-type products with RNase A in high salt concen-
trations, in which most of the genomic RNA has been de-
graded by RNase H, will result in the formation of a mostly
single-stranded form (SF), which migrates very slowly on the
same nondenaturing polyacrylamide gel. These species can be
further examined after heat treatment to denature any hybrids.
RNase A analyses were performed on wild-type controls and

each of the mutant viruses. Treatment of wild-type products
with RNase A in high salt concentrations resulted in the for-
mation of the expected slowly migrating form (SF; Fig. 5, lane
9). Upon denaturation, the SF species was chased to a 163-nt
form (Fig. 5, lane 10). This corresponds to the 145-nt minus-
strand strong-stop DNA plus 18 nt of the tRNA primer, which
was resistant to cleavage because it was present in duplex form
with the genomic PBS. Analysis of mutant D5E, however, re-
sulted in the formation of very little of the slow form and the
appearance of the fast form (FF; Fig. 5, lane 1). Upon dena-
turation, the mutant FF species also was converted to a 163-nt
form (Fig. 5, lanes 2 and 6), showing that the minus-strand
strong-stop DNA was full length. Treatment with RNase A in
low salt concentrations of both wild-type and D5E DNAs re-
sulted in a 145-nt species with or without denaturation, corre-
sponding to the full-length minus-strand strong-stop DNA,
devoid of the tRNA primer, and confirming that this DNA was
intact (Fig. 5, lanes 3, 4, 11, and 12).
The nature of these forms was additionally analyzed by S1

nuclease digestion. The slow and fast forms produced by di-
gestion with RNase A in high salt concentrations were excised
from wet gels, electroeluted, and subjected to S1 nuclease
analysis (Fig. 6). In all cases, S1 treatment of the fast form
resulted in full protection of a 163-nt species (from D5E; Fig.
6, lanes 13 and 14), and treatment of the slow form resulted in
complete digestion of this species (from the wild type; Fig. 6,
lanes 7, 8, 11, and 12). This verified that the slow and fast forms
are single and double stranded, respectively. Additional pieces
of RNA, resulting from incomplete RNase H digestion, which
may still be bound to the 163-nt DNA, are presumed to cause
the slower migration of the SF species. The genomic PBS
region is an example of an RNA species which may remain
annealed to the minus-strand strong-stop DNA. However, we
did not observe protection of smaller species in the S1 nuclease
analysis, suggesting that these RNAs are very small and/or
heterogeneous.
Two other mutants (D524N and Y586F) also generated the

FF species upon treatment with RNase A and high salt con-
centrations, suggesting that in the setting of the endogenous

FIG. 4. Reverse transcription in vitro in the endogenous reaction. (A) The
endogenous reaction was performed as described in Materials and Methods with
1 mM [a-32P]TTP. WT, wild-type pNCA. Lanes 8 to 10 correspond to a longer
exposure of lanes 4 to 6 to allow H7 and DC to be visualized. (B) The same
reaction was performed with different mutants.
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reaction these RNases H were inactive and that they were
effectively RNase H null mutants (Fig. 7A, lane 3, and Fig. 7B,
lane 9). Denaturation of these FF species produced the 163-nt
full-length minus-strand strong-stop DNA species (Fig. 7A,
lane 4; Fig. 7B, lane 10). Treatment with RNase A in low salt
concentrations produced the 145-nt species (Fig. 7A, lanes 5
and 6; Fig. 7B, lane 11). Treatment of the excised FF species
from D524N and Y586F with S1 nuclease resulted in protec-
tion of the 163-nt form (Fig. 6, lanes 9 and 10, and data not
shown). Thus, the reduction in the levels of longer translocated
minus-strand products for D524N, Y586F, and D5E was prob-
ably due to the retention of the minus-strand strong-stop DNA
in hybrid form.
Mutants S526A, R657S, and Y598V, treated with RNase A

in high salt concentrations, produced predominantly the slow,
single-stranded SF species, implying that these mutant RNases
H were able to efficiently degrade their genomic RNA (Fig. 5,
lanes 13, 17, and 21). Denaturation of this SF species resulted
in the full-length 163-nt form (Fig. 5, lanes 14, 18, and 22).
Treatment in low salt concentrations resulted in the 145-nt
species with or without denaturation (Fig. 5, lanes 15, 16, 19,
20, 23, and 24). S1 nuclease treatment of the R657S, S526A,
and Y598V SF species resulted in complete digestion of the
163-nt form (Fig. 6, lanes 1 to 6). Thus, the reduction in the
levels of longer, translocated minus-strand products for these
mutants was not due to retention of the minus-strand strong-
stop DNA in hybrid form. This suggested that these mutants
must have an additional defect in strand translocation itself,
independent of RNA degradation. We noted, however, that
mutant R657S appeared to have overall synthesis levels slightly
lower than those of the wild type and the other mutants (Fig.
4A, lane 1; Fig. 5, lanes 13 to 16).
Truncated minus-strand strong-stop DNA forms. H7 and

DC mutants showed severe reductions in full-length minus-
strand strong-stop DNA levels (Fig. 4A, lanes 4 and 5; Fig. 5,
lanes 5 to 8). The presence of shorter DNA products in the
endogenous reaction suggests that these mutants may pause
prematurely before reaching the end of the genomic template
(Fig. 4A, lanes 8 and 9). In vitro analysis of a DRH form of RT

and mutant DC has suggested that deletion or mutation of the
RNase H domain may decrease RT’s processivity (62). Treat-
ment of DC and H7 endogenous reaction products with RNase
A in high salt concentrations resulted in the detection of a
prominent new species (VFF), which migrated even faster on
a nondenaturing polyacrylamide gel (Fig. 7A, lane 1; Fig. 7B,
lane 5; Fig. 8A, lane 5). This species is also weakly seen with
the other mutants and the wild type, but it is the most prom-
inent product synthesized by both H7 and DC virions (Fig. 7A,
lane 7; Fig. 7B, lanes 1 and 9; Fig. 8A, lanes 3 and 4). This very
fast form (VFF) was excised from the wet gel, electroeluted,
ethanol precipitated, and then subjected to additional RNase
A treatment in both high and low salt concentrations. Addi-
tional RNase A treatment in high salt concentrations did not
change this species (Fig. 8A, lane 6), but denaturation pro-

FIG. 5. RNase A treatment of endogenous reaction products in high and low salt concentrations. The endogenous reaction was performed as described in Materials
and Methods with 2.5 mM [a-32P]TTP at 400 Ci/mmol. WT, wild type. The products were treated with RNase A in high-salt (H) or low-salt (L) buffer prior to
electrophoresis on 7.5% nondenaturing polyacrylamide gels. Lanes 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 were denatured prior to loading by suspension in dye
containing formamide. Lanes 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, and 23 were analyzed without denaturation.

FIG. 6. S1 nuclease analysis of endogenous reaction products. Radiolabeled
minus-strand strong-stop DNA products from the endogenous reaction were
excised from wet gels after electrophoresis and overnight exposures to X-ray film,
to establish the position of the DNA species, and then subjected to S1 nuclease
treatment as described in Materials and Methods. These reactions were analyzed
on 7.5% denaturing polyacrylamide gels. WT, wild type. Minus-strand strong-
stop DNAs were analyzed, with (1) or without (2) S1 nuclease treatment.
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duced a fast-migrating doublet (Fig. 8A, lane 7). RNase A
treatment of the VFF species in low salt concentrations re-
sulted in an even faster migrating doublet, which did not
change upon denaturation (Fig. 8A, lanes 8 and 9). This last
result suggests that the VFF species produced by DC and H7 is
a short DNA in duplex form and is tRNA primed and that
low-salt RNase A treatment removes this RNA primer. These
forms also can be seen with DC and H7 virions analyzed with-
out excision and additional RNase A treatment (Fig. 7A, lanes
1 and 2; Fig. 7B, lanes 5 to 8).
To confirm that the VFF species was actually a M-MuLV-

templated DNA form, we analyzed this product by RNase
protection with an M-MuLV-specific probe (Fig. 8B). The
SF(WT), FF(D5E), and VFF(H7) species were purified from
the gel and treated with DNase I to remove the radiolabeled
minus-strand DNA, and the genomic RNA was analyzed by
RNase protection with a minus-strand probe which contained
pNCA sequences from the MscI site (position 662) 39 of the
PBS to the Asp718 site (position 481) in U5. Protection of the
wild-type SF species did not produce any bands, as expected,
because most of its genomic RNA had been degraded (Fig. 8B,
lane 10). Protection of the FF species from D5E resulted in an
approximately 130-nt species, corresponding to complete pro-
tection of the pNCA sequence of our probe (Fig. 8B, lane 11).
Two bands were seen with D5E, suggesting that some RNA
breakdown might be occurring. Protection of the VFF species
from H7 resulted in an approximately 67-nt species (Fig.
8B,lane 12). All together, this suggests that the VFF species is
actually a prematurely terminated minus-strand strong-stop
DNA species, about 67 nt in length, resulting from RT pausing
after the addition of approximately 49 nt to the 18-nt tRNA
primer. H7 is able to polymerize past the pause site and pro-
duce low levels of full-length minus-strand strong-stop DNA.

DC RT, however, appears to pause even more severely than
H7, synthesizing almost entirely the truncated species.
The presence of the VFF species in wild-type virions treated

with RNase A in high salt concentrations suggests that this
marks a common pause site of M-MuLV RT. D524N synthe-
sized strictly the FF or full-length minus-strand strong-stop
DNA species, suggesting that while this RNase H was inactive,
processive polymerization was unaffected. Y586F synthesized
low levels of the VFF species. However, it made predominantly
full-length FF minus-strand strong-stop DNA (Fig. 7B, lanes 9
to 11). Thus, the wild type, D524N, Y586F, and D5E are able
to polymerize through this pause site and produce predomi-
nantly full-length minus-strand strong-stop DNA, suggesting
that reduced RNase H activity does not necessarily result in
increased RT pausing. Closer examination of long-time-frame
endogenous reactions (Fig. 4) shows an accumulation of a
truncated species migrating at approximately 67 nt.
To determine whether the VFF species produced by H7 and

DC was single or double stranded, we again eluted it and
subjected it to S1 nuclease digestion (Fig. 6 and data not
shown). The VFF species was resistant to S1 digestion, pro-
ducing an approximately 67-bp doublet (Fig. 6, lanes 15 and
16). This suggests that this truncated DNA is in hybrid form
with the genomic RNA. As H7 is an RNase H null mutant, this
result was not unexpected. However, as DC had wild-type
RNase H activity in vitro, its inability to degrade its genomic
RNA was surprising.
Further analysis of strand translocation by RNase H mu-

tants. To assay strand translocation quantitatively, we devel-
oped an additional assay. We performed the endogenous
reaction in the presence of 2 mM nonradiolabeled deoxyribo-
nucleotides, treated the reaction mixture with 0.33 N NaOH
for 30 min at 558C to remove all remaining RNA, and then

FIG. 7. RNase A treatment of endogenous reaction products in high and low salt concentrations. (A) The endogenous reaction was performed as described in
Materials and Methods with 2.5 mM [a-32P]TTP at 400 Ci/mmol. WT, wild type. The products were treated with RNase A in high (H) or low (L) salt concentrations
prior to electrophoresis on 7.5% nondenaturing polyacrylamide gels. Lanes 2, 4, 6, 8, 9 were denatured prior to loading by suspension in dye containing formamide.
Lanes 1, 3, 5, 7 were analyzed without denaturation. (B) The same reaction was performed with different mutants, and products were treated in the same way. Lanes
2, 4, 6, 8, 10, and 11 were denatured prior to loading by suspension in dye containing formamide. Lanes 1, 3, 5, 7, and 9 were analyzed without denaturation.
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performed an RNase protection assay for the minus-strand
DNAs. Our radiolabeled probe contained pNCA sequences
from the SacI site (position 414) in U3 to the MscI site (posi-
tion 662) 39 of the PBS. Protection with this probe allows
differentiation between minus-strand strong-stop DNA (145
nt), translocated species (185 nt), and full-length minus-strand
DNA (242 nt; Fig. 9). The wild type was able to efficiently
translocate, protecting both a 145-nt species and a 185-nt
translocated species (Fig. 9B, lane 6). In the endogenous assay,
it is difficult to observe full-length minus-strand DNA during
the time course of the reaction, and the 242-nt species is not
detected in this in vitro assay. RNase protection of the RNase
H null mutants, D5E and H7, resulted in the protection of only
the 145-nt species (Fig. 9B, lanes 1 and 2), confirming that
these mutants cannot translocate their minus-strand strong-
stop DNA.
Mutant H7 was reduced in overall minus-strand strong-stop

FIG. 8. RNase A treatment in high and low salt concentrations and RNase
protection of plus-strand RNA from endogenous reaction products. (A) The
endogenous reaction was performed as described in Materials and Methods with
2.5 mM [a-32P]TTP at 400 Ci/mmol. WT, wild type. The products were treated
with RNase A in high (H) or low (L) salt concentrations prior to electrophoresis
on 7.5% nondenaturing polyacrylamide gels. Lane 2 was denatured prior to
loading by suspension in dye containing formamide; lanes 1 and 3 to 5 were
analyzed without denaturation. The gel was exposed wet to X-ray film overnight.
The VFF species from H7 in lane 5 was excised from the wet gel, electroeluted,
ethanol precipitated, and then re-treated with RNase A in high and low salt
concentrations. Lanes 7 and 9 were denatured prior to loading; lanes 6 and 8
were analyzed without denaturation. (B) The WT/SF, D5E/FF, and H7/VFF
species were excised from the wet gel used for panel A, electroeluted, ethanol
precipitated, and then treated with DNase I to remove the radiolabeled minus-
strand DNA. The remaining plus-strand genomic RNA was RNase protected by
standard techniques with a minus-strand probe which contained pNCA se-
quences from an MscI site (position 662) 39 of the PBS to an Asp718 site
(position 481) in U5 and analyzed on a 7.5% denaturing polyacrylamide gel.

FIG. 9. Reverse transcription in vitro in the endogenous reaction. (A) Dia-
gram of the RNase protection probe, spanning pNCA sequences from SacI
(position 414) to MscI (position 662) in pNCA, which includes the U5 and R
regions and part of the U3 region of the M-MuLV long terminal repeat. Pro-
tection differentiates between minus-strand strong-stop DNA (145 nt), translo-
cated products (185 nt), and full-length complete minus-strand DNA (245 nt).
(B) The endogenous reaction was performed with nonradiolabeled 2 mM TTP
and was followed by RNase protection with the probe as described for panel A.
WT, wild-type pNCA.
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DNA levels (Fig. 9B, lane 2). This reduction probably results
from decreased processivity and increased polymerase pausing
by RT, as addressed previously (62). R657S was also reduced
in the amount of minus-strand strong-stop DNA detected,
suggesting that R657S also is impaired in DNA synthesis (Fig.
9B, lane 3). RNase protection of R657S appears to produce a
translocated species shorter than the 185-nt species protected
by the wild type. This band can be detected upon longer ex-
posures for the other mutants and the wild type, but this
translocated species is present at almost the same level as
minus-strand strong-stop DNA for R657S. Thus, the reduction
in the levels of longer minus-strand products synthesized for
R657S in the endogenous reaction probably results from re-
duced polymerization, rather than reduced strand transfer.
Mutants Y598V and S526A also showed little translocated

DNA, although significant minus-strand strong-stop DNA lev-
els were detected (Fig. 9B, lanes 4 and 5). These mutants
appear to be fully competent RNases H, leaving their minus-
strand strong-stop DNA in single-stranded form, and so this
lack of translocation presumably does not result from hybrid
minus-strand strong-stop DNA. We tested various Nonidet
P-40 concentrations (0.5 to 0.05%) to determine whether this
lack of translocation might be due to subtle in vitro-induced
perturbations of the capsid which these mutants could not
withstand. We did not see any markedly increased transloca-
tion under any of these conditions (data not shown). When the
endogenous reaction was performed for even longer times, we
were able to detect some longer minus-strand products. Thus,
in vitro these two mutants seem to synthesize minus-strand
strong-stop DNA as well as the wild type and to degrade their
genomic RNA from this minus-strand strong-stop DNA, but
they are specifically delayed in first-strand translocation.
Strand translocation in vivo. To examine translocation in

vivo, low-molecular-weight, preintegrative DNA from the wild

type, S526A, R657S, Y598V, and D5E was harvested from NIH
3T3 cells at 1, 2, or 4 h postinfection and analyzed by RNase
protection assays (Fig. 10). We used the probe described pre-
viously, which was able to differentiate between minus-strand
strong-stop DNA (145 nt), translocated DNA (185 nt), and
full-length minus-strand DNA (242 nt; Fig. 9A). With wild-
type virus, translocated DNA was seen at very early time
points, and full-length DNA was seen within several hours,
suggesting that translocation and reverse transcription occur
very rapidly in vivo (Fig. 10, lanes 4, 8, and 12). We did not
detect protection of the 145-nt species for the wild type at any
time point, suggesting that the wild type elongates and trans-
locates very efficiently, never allowing minus-strand strong-
stop DNA to accumulate to detectable levels.
In contrast, we could detect the 145-nt species after infection

with the RNase H null mutant D5E (Fig. 10, lane 13). In vitro,
this mutant is unable to translocate, and analysis of its minus-
strand strong-stop DNA has demonstrated that this DNA re-
mains in hybrid form with the genomic RNA. This suggests
that minus-strand strong-stop DNA accumulates to detectable
levels in vivo only if not efficiently translocated and that it is not
a species generated to significant levels during wild-type re-
verse transcription in vivo, as it is in vitro during the endoge-
nous reaction. In vivo, reverse transcription and strand trans-
location in particular appear more efficient.
The translocated 185-nt species could be weakly seen with

mutant R657S at 2 and 4 h postinfection (Fig. 10, lanes 5 and
9). The overall levels of translocated DNA appeared reduced
for this mutant, supporting the in vitro observation from the
endogenous reaction that this mutant is impaired in DNA
synthesis. However, similar to the case with the wild type, we
did not detect any of the 145-nt species with this mutant,
suggesting that it is able to translocate efficiently the minus-
strand strong-stop DNA which it is able to synthesize.
With mutants Y598V and S526A, however, we were able to

detect minus-strand strong-stop DNA at 1 and 2 h postinfec-
tion (Fig. 10, lanes 2, 3, 6, and 7). These mutants appear to
synthesize minus-strand strong-stop DNA but then to be
stalled, allowing this species to accumulate. As these mutants
leave their minus-strand strong-stop DNA in single-stranded
form, this accumulation is not due to hybrid minus-strand
strong-stop DNA, as is the case for D5E. Rather, they appear
to be impaired specifically in strand transfer, independent of
their ability to degrade genomic RNA. Translocated species
appear with a delay compared with the wild type.

DISCUSSION

Many of the mutant RNases H examined in this study re-
tained significant RNA-DNA nuclease activity in vitro (5) but
were replication defective in vivo. The results suggest the ex-
istence of various classes of RNase H mutants, discussed in
detail below.
RNase H mutants unable to degrade genomic RNA. Four of

the RNase H mutants, D524N, Y586F, D5E, and DC, were
unable to degrade their genomic RNA, and thus their minus-
strand strong-stop DNA remained in hybrid form, preventing
the requisite base pairing between complementary R regions
believed to facilitate first-strand translocation. D524N, Y586F,
and D5E all synthesize predominantly full-length minus-strand
strong-stop DNA, and it can be inferred that their lack of
translocation results from the hybrid nature of this DNA.
D524N and Y586F had the most easily explained phenotypes:
they had little RNase H activity in vitro, consistent with the
hybrid minus-strand strong-stop DNA detected in the endog-
enous reaction. DC made only short DNA products, indicating

FIG. 10. RNase protection of low-molecular-weight, preintegrative viral
DNA. Low-molecular-weight, preintegrative DNA was harvested at 1, 2, and 4 h
postinfection and subjected to RNase protection with the probe described in the
legend to Fig. 9A. WT, wild-type pNCA; Mock, mock-infected NIH 3T3 control;
Probe/RA, probe plus RNase;2sss, minus-strand strong-stop DNA. Numbers on
the right represent sizes in nucleotides.
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additional elongation defects. Interestingly, DC and D5E had
considerable RNase H activity in vitro as assayed by in situ gel
techniques. These results suggest that these two mutants have
problems only apparent under in vivo conditions. We believe
that this discrepancy may be explained by the different divalent
cations used in these two assays (6).
RNase H mutants affecting DNA elongation. Two mutants,

DC and H7, showed an increase in pausing by RT during DNA
elongation. These two mutants produced predominantly
shorter products during the early stages of reverse transcrip-
tion, and little or no full-length minus-strand strong-stop DNA
was detected. They appeared to pause prematurely after the
addition of approximately 49 nt following tRNA initiation,
producing a 67-nt minus-strand species, VFF (49 nt plus the
18-nt tRNA primer). We believe that these species are tRNA
primed because they shift to a species approximately 18 nt
smaller upon treatment with RNase A in low salt concentra-
tions, i.e., under conditions which permit degradation of all
genomic RNA. While even the wild type appears to weakly
pause here, DC and H7 are not able to polymerize efficiently
past the pause site, exhibiting the most severe pausing defect of
all the RNase H mutants analyzed. We cannot definitively
explain why the double-stranded VFF species produced by
RNase A treatment in high salt concentrations (Fig. 8A, lane
6) migrates more slowly than the denatured VFF species (Fig.
8A, lane 7). It is interesting that this VFF species, also detected
at low levels in the replication products of the wild type and
other mutants, is double stranded and not yet degraded by
RNase H. This may suggest that RNase H cleavage and DNA
synthesis are not always tightly coupled and that RNase H does
not always digest the hybrid even when up to 50 nt have been
added.
H7 is a linker insertion mutant which causes a frameshift

between the DNA polymerase and RNase H domains and is
thus effectively a DRH form of RT. DC has lost the 11-amino-
acid C helix. Previous in vitro characterization of bacterially
expressed DC and DRH showed that these two mutants made
shorter products on both homopolymeric and heteropolymeric
substrates (62). That report suggested that this reduced pro-
cessivity might result in an increase in prematurely paused
products in vivo during replication, and our results are consis-
tent with this prediction. As that report characterized mutant
RTs on DNA primer templates, our work extends this result to
RNA primer templates in vivo, even in the presence of addi-
tional viral proteins, such as NC, which might have influenced
processive synthesis (1, 22, 41).
The other RNase H mutants which we tested appeared to

pause to different extents. D5E and D524N did not appear to
pause significantly, suggesting that the absence of RNase H
activity does not necessarily result in increased RT pausing.
Y586F produced predominantly full-length minus-strand
strong-stop DNA, pausing slightly. R657S appears to pause
more than either D5E or D524N, but it is a fully active RNase
H, as evidenced by the single-stranded minus-strand strong-
stop DNA detected in the endogenous reaction (Fig. 4A, lane
1). This suggests that increased RT pausing may reflect a
structural, rather than enzymatic, RNase H-mediated effect on
DNA polymerase activity. It has been suggested that the
RNase H domain is necessary for efficient substrate binding by
RT, perhaps through the C helix. This basic region may ordi-
narily stabilize enzyme-substrate interactions. Replacement of
the positively charged residues in this region in the E. coli
enzyme decreased the enzyme’s affinity for substrate without
affecting the rate of RNA hydrolysis (38). Previously, on the
basis of our in vitro analysis of R657S, we hypothesized that
this mutant might perturb a point of interaction between the

DNA polymerase and the RNase H domains (5). Taken to-
gether, these ideas suggest that an intact RNase H domain may
provide necessary enzyme contacts with the substrate to allow
efficient, processive DNA synthesis. Previous work has sug-
gested that wild-type RT forms a dimer when bound to a
primer template during polymerization and that DC and DRH
are unable to form a similar dimer under polymerization con-
ditions (62). The connection between dimer formation and
processive DNA synthesis remains unclear, but it is suggestive
evidence of a structural RNase H-mediated effect on DNA
processivity.
Others have invoked a more direct role for RNase H activity

in augmenting DNA processivity and suggest that the inability
of RNase H to hydrolyze the RNA template may create blocks
to further synthesis by reducing the rates of DNA polymeriza-
tion at these paused positions (19, 20). These authors observed
an increase in polymerase pausing with the HIV-1 equivalent
of mutant D524N, D443N, on heteropolymeric substrates in
vitro. While we did not see significant decreased processivity in
the endogenous reaction for D524N, there is some evidence
that in vitro on heteropolymeric templates this mutant is less
processive than the wild type (62). The presence of other
aspects of the capsid environment may increase the processiv-
ity of this mutant in our assays and in vivo, where RNase H
activity per se does not seem to be the critical factor in per-
mitting processive DNA synthesis.
RNase H mutants affecting strand translocation. Two

RNase H mutants showed a remarkable phenotype: they were
specifically defective in first-strand transfer. Our results sug-
gest that they are able to synthesize minus-strand strong-stop
DNA as efficiently as the wild type but that where the wild type
translocates, these mutants are stalled. Further, Y598V and
S526A were able to degrade the template RNA from their
minus-strand strong-stop DNA as well as the wild type. The
extent of first-strand translocation, however, for these mutants
was severely reduced both in the endogenous reaction in vitro
and in vivo. This translocation defect is not merely a phenotype
seen for all RNase H mutants, but a defect specific to these two
mutants. These mutants thus define a novel function for the
RNase H domain, i.e., specifically participating in the translo-
cation process itself.
The role of RNase H in strand transfer has been analyzed in

vitro, by using purified recombinant enzymes and templates
designed to mimic the in vivo process (18, 24, 44, 51). In vitro,
transfer reactions appear to be dependent on the concentra-
tion of the two templates, suggesting that the rate-limiting step
in strand transfer involves the interaction of the elongated
DNA with the acceptor template. In general, transfer is en-
hanced in vitro under conditions of acceptor-to-donor excess.
Several groups have observed a reduction in strand transfer
efficiencies when using an RNase H-minus form of RT, sup-
porting RNase H’s role in strand transfer (18, 24, 44, 51). In
these studies it was concluded that RNase H’s degradation of
the donor RNA facilitated translocation, but it was difficult to
address whether RNase H was additionally involved in strand
transfer. Analysis of RNase H’s role in strand transfer has
often used a truncated DRH form (18), which may have com-
plicated analysis because of this RT’s additional problems,
such as increased pausing and decreased processivity (61, 62).
The presence of the RNase H structure and its potential in-
teractions with the DNA polymerase domain may be critical
for strand translocation.
Analysis of the mutants Y598V and S526A is not compli-

cated by additional defects. The presence of the strand transfer
defect for these mutants suggests that RNase H has an addi-
tional role in translocation, independent of its ability to de-
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grade genomic RNA. This defect may reflect the effect of
structural alterations imposed by the mutations on RT, includ-
ing subtle effects on the DNA polymerase domain or DNA
polymerase activity by the RNase H domain. While the first-
strand transfer is often thought of as the first ‘‘jump,’’ the
minus-strand strong-stop DNA–RT complex may not actually
separate from the donor PBS template. Strand transfer may be
facilitated by the binding of the DNA polymerase domain to
the acceptor and that of the RNase H domain to the donor, in
order to bridge the transition between templates. Y598V and
S526A may have either altered RT’s affinity for its substrate or
altered the orientation between the DNA polymerase and
RNase H domain which may be essential to transfer efficiently
between templates. It has been suggested that the RNase H
domain of HIV-1 RT contributes to RT’s affinity for templates
greater than 14 nt (8, 16, 23, 69). It is interesting that Y598V
alters a conserved residue in M-MuLV RT’s C helix, a region
which has been implicated in substrate binding for both the
M-MuLV and E. coli enzymes (38).
A long-standing question in retrovirology has been whether

the actions of DNA polymerase and RNase H are coordinated
during reverse transcription. It has been suggested that the two
activities are functionally uncoupled and that a second RT may
be involved in degrading the genomic RNA after DNA syn-
thesis is complete (17, 33). Using phenotypically mixed virions,
Telesnitsky and Goff (63) demonstrated that DNA synthesis
could be completed when the DNA polymerase and RNase H
activities were provided by separate molecules. However, all
pairs of DNA polymerase and RNase H mutants did not com-
plement, including several combinations of mutants which ap-
peared to retain significant DNA polymerase and RNase H
activity (63). This is consistent with the emerging model that
even though an RNase H mutant may be able to degrade
RNA, it may be perturbed in other specialized functions, such
as strand transfer, which are essential for efficient reverse tran-
scription.
An alternative explanation for the failure of S526A and

Y598V to mediate translocation is that these mutants might
leave aberrant amounts of RNA annealed to the 39 end of the
minus-strand strong-stop DNA, which might inhibit strand
transfer. However, we were not able to detect any differences
in the RNA which remained associated with the minus-strand
strong-stop DNA compared with the wild type, and we did not
observe any differences in the state of the minus-strand strong-
stop DNA by either S1 nuclease analysis or RNase A treatment
in high salt concentrations. It has been suggested that RNase H
cannot degrade the extreme 59 end of the genomic RNA tem-
plate because of spacing restrictions imposed by the distance
between the DNA polymerase and RNase H active sites and
that RNase H may leave between 7 and 17 nt of RNA annealed
to the 39 end of the minus-strand strong-stop DNA (4, 21, 23,
48, 56). How this bit of genomic RNA is removed, if at all, is
unknown. An unwinding activity for avian myeloblastosis virus
RT, which breaks base pairing in both RNA-DNA and DNA-
DNA duplexes, has been described previously (7, 13, 32). This
activity may be involved in the dissociation of RNA hybridized
to the 39 terminus of the minus-strand strong-stop DNA,
thereby generating the free end for the requisite base pairing
with the 39 end of the genomic RNA. It is conceivable that
Y598V and S526A may have perturbed this activity. It is also
possible that strand transfer occurs from R regions internal to
the 39 end, and in this scenario the problem of removing any
remaining 59 RNA is actually a moot point. Two groups have
shown that markers in R region sequences can be lost during
reverse transcription, implying that transfer can occur before
minus-strand strong-stop DNA synthesis is completed (43, 52).

We did not detect significant minus-strand strong-stop DNA
in vivo with wild-type virus, implying that this species does not
normally accumulate in the cell, but rather is efficiently trans-
located and extended. The abundant levels of minus-strand
strong-stop DNA detected in vitro during the endogenous re-
action suggest that this assay is somewhat artificial and that
some aspect of the transfer process has been disrupted. This
observation supports previous results which suggested that the
abundant minus-strand strong-stop DNA levels seen in vitro
may not actually be detected in vivo (42, 58, 65, 66). It has been
suggested that the minus-strand strong-stop DNA synthesized
during the endogenous reaction may actually be an abortive
species, because of the addition of one extra nontemplated
base at the 39 end of the DNA, which might inhibit strand
transfer (58). Nontemplated base addition has also been ob-
served for HIV-1 RT in reconstituted strand transfer reactions,
as well as for other DNA polymerases when they pause at the
end of templates (10, 50, 51). Thus, it is conceivable that the
minus-strand strong-stop DNA which we detect in vivo for the
translocation-defective mutants is also an abortive species and
that only the small percentage of minus-strand DNA which is
transferred directly actually will be completed and integrated.
Three mutants, Q530N, AQ558NN, and FL625GA, which

had wild-type DNA polymerase and RNase H activity in vitro,
were completely infectious in vivo. While residues Q-530,
A-558, and A-559 have been implicated in substrate binding,
mutation of these residues did not seem to affect either RNase
H activity in vitro or viral replication in vivo (37, 38, 47).
In conclusion, this work lends credence to the idea that the

DNA polymerase and RNase H activities of RT are more
intricately connected during the course of reverse transcription
than was previously thought. In addition to its essential role in
the degradation of the genomic RNA, RNase H is involved in
DNA elongation and strand translocation.
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