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We have studied a mutant Moloney murine leukemia virus with a deletion in reverse transcriptase (RT)
which is predicted to make its RNase H domain resemble structurally that of human immunodeficiency virus
RT. This deletion was based on improved RNase H homology alignments made possible by the recently solved
three-dimensional structure for Escherichia coli RNase H. This mutant Moloney murine leukemia virus RT was
fully active in the oligo(dT)-poly(rA) DNA polymerase assay and retained nearly all of wild-type RT's RNase
H activity in an in situ RNase H gel assay. However, proviruses reconstructed to include this deletion were
noninfectious. Minus-strand strong-stop DNA was made by the deletion mutant, but the amount of minus-
strand translocation was intermediate to the very low level measured with RNase H-null virions and the high
level seen with wild-type RT. The average length of translocated minus-strand DNA was shorter for the deletion
mutant than for wild type, suggesting that mutations in the RNase H domain of RT also affect DNA polymerase
activity.

Retroviral replication requires virally encoded reverse
transcriptase (RT) to synthesize a double-stranded DNA
copy of the genomic RNA (1, 11, 46). All retroviral RTs
contain both a DNA polymerase activity, capable of synthe-
sis on either RNA or DNA templates, and a nuclease
activity, called RNase H, which specifically degrades RNA
when the RNA is present in RNA:DNA hybrid form (27).
Both of these activities are believed to be required for the
completion of the complex series of steps involved in the
RT-catalyzed biosynthesis of a double-stranded DNA copy
of the retroviral RNA genome (10). RNase H has been
implicated in several of these steps, and mutant viruses
which lack RNase H activity are noninfectious (30, 34, 43,
47). Minus-strand strong-stop DNA, the first DNA interme-
diate to appear during reverse transcription, is maintained in
RNA:DNA hybrid form among the abortive products of
reverse transcription by virions which lack RNase H (43).
This finding suggests that one of the first critical steps
mediated by retroviral RNase H is the degradation of the
RNA strand of this hybrid in order that minus-strand trans-
location and its subsequent elongation may occur.
Sequence comparisons reveal that RT is the most highly

conserved protein among retroviruses, and sequence con-
servation exists between retroviral RT and proteins of other
retroelements (9, 20, 25). Even related enzymes from cellu-
lar sources such as Escherichia coli and yeast RNases H can
be aligned with the carboxy termini of retroviral RTs (51).
However, the RTs of various retroviruses differ structurally
in terms of subunit composition and organization. In the case
of the Moloney murine leukemia virus (M-MuLV) enzyme,
the DNA polymerase and RNase H activities reside in
physically separable domains of a single monomeric protein
(41). The human immunodeficiency virus (HIV) enzyme is a
heterodimer whose subunits contain identical amino-termi-
nal DNA polymerase regions, but only one subunit includes
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the carboxy-terminal RNase H region (8, 14, 23, 39). RT
from the avian sarcoma-leukosis virus group, including Rous
sarcoma virus RT, is also a heterodimer, but both subunits
retain the DNA polymerase and RNase H domains and differ
by the inclusion of the integrase region at the C terminus of
one of the subunits.
The three-dimensional structure of E. coli RNase H was

determined recently (21, 51). On the basis of this structure,
improved homology alignments, which seek to preserve the
secondary structure features and putative catalytic core
geometry of E. coli RNase H, have been made between the
E. coli enzyme and the RNase H domains of retroviral RTs.
The validity of the resulting predicted retroviral RNase H
structures has been partially confirmed by the recent eluci-
dation of the structure of an HIV RT-derived polypeptide
containing the region of RNase H homology (6). What
emerges from these studies is a striking structural similarity
among RNases H from evolutionarily distant sources. Al-
though many RNases H differ in minor ways, such as in the
number of residues between some of their secondary struc-
ture features, a more significant difference exists between
HIV RNase H and the predicted structure for the M-MuLV
RNase H domain. Tertiary structure predictions suggest that
the RNase H domains of M-MuLV RT and E. coli RNase H
are very similar structurally (51). Whereas model structures
for both of these enzymes include five 1B strands and five a
helices, one of the a helices is missing from HIV RNase H.
In the experiments presented here, we have studied a mutant
M-MuLV, which we call AC, with an 11-amino-acid deletion
in RT which is predicted to make its RNase H domain
resemble structurally that of HIV RT. The residues that we
removed, 593 (Ile) through 603 (Leu) from M-MuLV RT, are
predicted to include the a helix in the M-MuLV enzyme
which is not present in HIV RT.
We have previously reported the effects of elimination of

RNase H activity in the murine system by studying a series
of mutants of M-MuLV with linker-insertion mutations in
the RT region of the pol gene (41, 43). Unlike these previous
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RT mutants, whose RNase H activity is reduced profoundly
or abolished, we demonstrate here that the AC mutant
retained much of its basic RNase H activity but was none-
theless unable to sustain viral infectivity. In this report, we
examine the replication defects of the AC mutant and expand
our previous analyses of the effects of RNase H mutations
on retroviral replication by establishing assays to compare
the extents of minus-strand translocation by wild-type, AC,
and RNase H-null forms of RT. We also report evidence
which suggests that mutations in the RNase H domain of RT
can affect elongation properties of the DNA polymerase
activity of the enzyme without perturbing the basic catalytic
activity of DNA polymerization, thus strengthening the
notion that the DNA polymerase and RNase H activities of
RT act together, both functionally and structurally, in retro-
viral replication.

MATERIALS AND METHODS

Cells and DNA-mediated transformations. All virus-pro-
ducing cell lines were single-cell cloned from populations of
NIH 3T3 cells which were subjected to calcium phosphate-
mediated cotransformation with a mixture of proviral DNA
and pSV2neo (38, 49). Transient transfection with DEAE-
dextran, RT assays of supernatant medium, maintenance of
cells in Dulbecco modified Eagle medium supplemented with
10% newborn calf serum, centrifugal concentration of viral
particles, XC plaque assays, infection with virus in the
presence of Polybrene, isolation of low-molecular-weight
DNA, and Southern blot analysis were all performed as

previously described (12, 15, 26, 32, 37, 42). The cell line
used as a producer of virions containing wild-type RT was

d15401, which harbors a mutation in IN (36).
DNA manipulations. Subcloning into the E. coli RT

expression vector (44) and into pNCA, which contains a
cloned copy of the M-MuLV genome (3), and construction of
M13 derivatives involved routine techniques (33). The E.
coli expression vector contains the T7 phage Al promoter
and the sequences encoding mature M-MuLV RT preceded
by a methionine codon (5, 40, 44, 45). Microsequencing of
the purified wild-type RT produced by this vector revealed
that the N-terminal methionine had been removed (data not
shown). Thus, this expression system produces RT identical
in sequence to that found in M-MuLV particles. ARH RT is
a truncated form of M-MuLV RT; its construction will be
described elsewhere (44). It produces a DNA polymerase
single-domain form of RT which is missing the carboxy-
terminal RNase H domain, and is similar to truncated forms
of RT which have been described previously (16, 22, 41).
The AC deletion was constructed by oligonucleotide-medi-
ated site-directed mutagenesis (52). Annealing the oligonu-
cleotide, 5'-CCTTCTGATGTGAGATGGGCAGTAGCAA-
3', to a single-stranded M13 derivative containing much of
the M-MuLV RT coding region and then following standard
site-directed mutagenesis procedures resulted in the loss of
the 33 nucleotides (nt) which encode the 11 amino acids from
593 (Ile) through 603 (Leu) of M-MuLV RT.

Preparation and assay of enzymes. RT overexpressed in E.
coli was purified essentially as we have described previously
(31). All enzymes were purified from E. coli DH5cx, which is
a derivative of DH1 (13). All buffers and methods were the
same, with the following modifications. Prior to passage
through the DEAE-cellulose column, 0.6 volume of satu-
rated ammonium sulfate (pH 7) was added to the crude
extract supernatant. After 30 min of stirring at 4°C, the
precipitated proteins were collected by centrifugation at

16,000 rpm for 30 min in a chilled SS34 rotor, gently
resuspended in a small volume of buffer M (50 mM Tris-HCl
[pH 7], 1 mM EDTA, 1 mM dithiothreitol, 0.1% Nonidet
P-40, 10% glycerol), and desalted by chromatography
through a Sephadex G-50 column which had been equili-
brated with buffer M containing 75 mM NaCl. Fractions that
contained RT activity were pooled, passed through DEAE-
cellulose, and then fractionated further by chromatography
on phosphocellulose. The phosphocellulose column frac-
tions containing the RT peak were pooled and concentrated
in Centriprep 10 concentrators (Amicon) according to the
manufacturer's instructions and dialyzed into storage buffer.
This material was stored at -80°C for use in the experiments
in this study. Estimations of purity, analyses of RT DNA
polymerase activity using the oligo(dT)-poly(rA) assay, and
unit definitions were as described previously (31).
RNase H activity was assessed by using an in situ gel

assay as described previously (41). This assay involves
electrophoresis of the proteins on sodium dodecyl sulfate-
polyacrylamide gels cast with 32P-labeled RNA in RNA:
DNA hybrid form, followed by incubation of the gels in
several changes of a buffer, which allows the renaturation of
the protein and digestion of the radiolabeled hybrid. The gels
are then fixed, dried, and exposed to X-ray film. Levels of
RNase H activity are estimated by comparing the extent of
radioactive clearing, which results from digestion of the
labeled RNA.
Endogenous RT reactions. Endogenous reactions using

concentrated virus were carried out for 3 h at 40°C in the
presence of 100 ,ug of actinomycin D per ml and 2 mM each
dCTP, dATP, and dGTP and 1 mM [a-32P]dTTP at 1
Ci/mmol. These reactions were performed, and their prod-
ucts were processed and collected, as described previously
(43). Reaction products were incubated in 0.33 N NaOH for
20 min at 55°C before the final ethanol precipitation to
remove RNA primers. Reaction products were analyzed on
7.5% polyacrylamide gels, and DNA fragments were recov-
ered from wet gels as previously described (43). Alkaline
agarose electrophoresis was performed by standard methods
(33).

Translocation assays. Si assays for translocation made use
of an unlabeled single-stranded M13 derivative containing
the plus strand of a Sacl-Sacl fragment of pNCA, which
includes 36 nt of U3 upstream of intact R and U5 regions of
M-MuLV (3). This plus-strand DNA was hybridized to
radiolabeled endogenous reaction products and digested
with S1, and the labeled products were analyzed by using
standard procedures for Si mapping (33).
The restriction digest assay of translocation made use of a

similar M13 derivative which contained the plus strand of a
PstI-EcoRI fragment ofpNCA. This fragment includes intact
U3, R, and U5 regions of the M-MuLV long terminal repeat
(LTR). Portions of radiolabeled endogenous reactions esti-
mated to contain less than 10 fmol of replication products
were annealed to 200 fmol of the plus-strand DNA in 10-,ul
reaction mixtures containing 75 mM NaCl, 10 mM MgCl2,
and 10 mM Tris-HCl (pH 7.5) by incubating the reaction
mixtures for 40 min at 66°C and then slowly cooling the
mixtures to 25°C over 1 h. A 100-pl volume of a buffer
containing 50 mM NaCl, 10 mM Tris-HCl (pH 8.0), 10 mM
MgCl2, and 5 mM 2-mercaptoethanol, and 30 U AvaI was
added to each sample, and the reaction mixtures were
incubated at 37°C for 3 h. The products were then phenol
extracted, ethanol precipitated, and analyzed by electropho-
resis on 7.5% polyacrylamide-8 M urea gels. The gels were
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a

FIG. 1. Schematic ribbon drawings of the structure of E. coli RNase H (a) and a structural prediction for the HIV RNase H domain (b).
The position of the C helix in the E. coli structure is indicated with a bracket. For more details, see reference 51.

dried and exposed to X-ray film with intensifying screens for
2 weeks at -80°C.

RESULTS

The C helix is not essential to basic RNase H function.
Although the core structures of evolutionarily divergent
RNases H are conserved, there are significant differences
between the predicted structures of various retroviral
RNases H. The third a helix present in the E. coli enzyme,
known as the C helix (the first and second helices being
designated A and B), is predicted to be present in the
M-MuLV enzyme. However, it is missing from the HIV
RNase H structure and also predicted to be absent from the
dimeric RT of Rous sarcoma virus (Fig. 1 [6, 51]). This
finding suggested that the C helix might be either dispensable
for RNase H function or else responsible for some of the
differences between such RNases H as those of M-MuLV
and HIV. In the bacterial enzyme, the region of this deletion
forms an a helix that is part of a flap of the enzyme which is
not close to the catalytic site but which may contact the
RNA:DNA hybrid when it is engaged at the active site (51).
The absence of this helix in the HIV enzyme results in the
flattening of this region of the protein relative to the structure
of the E. coli enzyme. It has been suggested that this
flattening allows the HIV RNase H domain to interact with
some portion of the two DNA polymerase domains of the
intact heterodimcer and that this interaction both stabilizes
the dimer and is essential for productive substrate binding by
the RNase H domain (6).
The M-MuLV RT mutant in this study is called AC

because it has an 11-amino-acid deletion in the enzyme's
RNase H domain which removed a region predicted to
include the C helix. To create the AC mutant, we examined
the published structure of E. coli RNase H and homology
alignments made between it and retroviral RNase H regions
and then chose to delete residues 593 (Ile) through 603 (Leu)
of M-MuLV RT. The AC deletion was constructed by
oligonucleotide-mediated site-directed mutagenesis and built
into an E. coli expression plasmid encoding authentic
M-MuLV RT (33, 44, 52). Wild-type and AC M-MuLV RT
and a truncated form of the enzyme called ARH, which is
missing the entire RNase H domain, were purified to >90%

homogeneity from E. coli cells harboring RT expression
plasmids by a variation of the method of Roth et al. (31). The
DNA polymerase activities of these enzymes were com-
pared by measuring incorporation of TMP, using an oli-
go(dT)-poly(rA)primer-template. Wild-type, AC, and ARH
RT were determined to display 44, 99, and 112 U of DNA
polymerase activity per ,ug of protein, respectively. Thus,
according to this assay, the DNA polymerase activity of
these RT mutants is not reduced; rather, it is higher than that
of the wild-type enzyme.
RNase H activities were compared in an in situ gel assay

(41). The amounts of degradation of RNA:DNA hybrid by
10, 20, and 40 U ofDNA polymerase activity of each enzyme
were compared (Fig. 2). By this comparison, it appears that
the AC enzyme retains all or nearly all of the RNase H
activity of the wild-type enzyme. Thus, whereas the AC
mutation results in the removal of the central 1/10 of the
RNase H domain, the catalytic site has not been destroyed,
and we have successfully constructed a largely functional
RNase H allele of RT based on the crystal structure of the
related enzyme, E. coli RNase H.
Note that we were unable to quantify our partially purified
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FIG. 2. In situ gel assay for RNase H activity. Proteins purified
from E. coli RT expression strains were quantified as described in
Materials and Methods; lane 1 contains wild-type RT in a crude
extract prepared as described by Hizi et al. (17). Numbers at the top
indicate the number of units of RT DNA polymerase activity loaded
in each lane. Sizes in kilodaltons are indicated at the right.
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enzymes' RNase H activities in solution, since these enzyme
preparations may contain some residual nucleases. Extracts
from E. coli cells contain several host-encoded RNase H
activities. Whereas no contaminating E. coli RNase H activ-
ities were detectable in our purified enzyme preparations in
the in situ assay, solution assays suggested that our ARH RT
contains significant levels of contaminating RNase H activity
(data not shown).

Viruses harboring the AC mutation are noninfectious. The
AC mutation was moved into a cloned copy of the M-MuLV
genome, and the infectivity of the resulting mutant provirus
was tested in 3T3 cells. No viral spread was detectable,
either by the XC plaque assay or by assaying culture media
for RT, when the cells were transiently transfected with this
provirus via DEAE-dextran.

Cell lines that produced RT+ virions harboring the AC
mutation were established. When virions shed by these cell
lines were applied to fresh 3T3 cells, they were found to be
noninfectious, and no low-molecular-weight (preintegrative)
viral DNA was detected on Southern blots (data not shown).
No reversion of the AC mutation was observed during 6
weeks of passage of cells infected with AC virions. There-
fore, we conclude that the AC mutation renders M-MuLV
noninfectious.

Minus-strand translocation is reduced in AC virions. To
assess the nature of the replication defects conferred by the
AC mutation, we compared the replication properties of AC
virions with those of virions with wild-type RT and two
previously described RNase H-null forms of RT (41, 43).
One of the M-MuLV RT RNase H null alleles (M4) is a
linker-insertion mutation which destroys RNase H activity,
and the other (H7) contains a frameshift early in the RNase
H coding region which also abolishes RNase H activity.
Both the wild type and all of the RNase H mutants formed

minus-strand strong-stop DNA when replication products
were examined by using detergent-permeabilized virions in
the so-called endogenous reaction (Fig. 3). However, the
amounts of slower-migrating products of the endogenous
reaction were significantly reduced for all of the RNase H
mutants. Since these reactions were performed in the pres-
ence of actinomycin D, which prevents DNA-dependent
DNA synthesis, these slower-migrating DNAs should be
limnited to minus-strand products.

Since RNase H activity is believed to be involved in the
translocation of minus-strand strong-stop DNA to the 3' end
of the genomic RNA (necessary for the completion of
minus-strand DNA synthesis), we developed two assays to
assess the extent of translocation (Fig. 4). One of these was
an S1 protection assay which allowed determination of the
extent of minus-strand translocation by comparing the ratio
of minus-strand products whose synthesis ceased at the
stage of minus strand strong stop to those which had been
extended after translocation and thus included sequences
from the U3 region. The second assay involved cleavage of
the labeled endogenous reaction products hybridized to
single-stranded plus-strand LTR DNA by a restriction en-
zyme which cuts in both the U5 and U3 regions. This
analysis yielded products a and b for minus-strand strong-
stop DNA and products a and b' for translocated DNA, and
the ratio b'/(b + b') gives the fraction of replication products
that had translocated (Fig. 4).
These assays revealed that the null alleles of RNase H

translocate to a very low but detectable extent and that the
extent of translocation of minus-strand strong-stop DNA by
the AC enzyme is intermediate to that observed with the
wild-type and mutant enzymes. Translocation by the RNase
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FIG. 3. Endogenous reaction products from wild-type and
RNase H mutant virions analyzed by polyacrylamide gel electro-
phoresis. WT indicates the products from virions containing wild-
type RT; AC, M4, and H7 are the products of virions with RNase H
mutations which are described in the text. The position of migration
of minus-strand strong-stop DNA is indicated. Marker sizes are in
nucleotides. Note that the discrete bands migrating between the 181-
and 499-nt markers are VL30 minus-strand strong-stop DNAs which
are produced from copackaged viruslike RNAs (43).

H-null forms of RT could not be detected when the assays
were performed on total reaction products. Thus, to assess
whether any minus-strand translocation had occurred, we
fractionated the endogenous reaction products of an RNase
H-null allele. DNAs were eluted from gel slices containing
populations of high-molecular-weight reaction products. The
isolated DNAs called ii, iii, and iv are populations of
molecules approximately 500 to 800, 800 to 1,200, and
>1,200 nt long, respectively (Fig. 4D). When these isolated
DNAs were assayed, very low levels of translocation were
detectable. We estimate that translocation by the null alleles
is lower than for the wild type by 2 or 3 orders of magnitude;
in contrast, translocation by AC is approximately 10-fold
reduced.
The S1 protection assay of AC endogenous reaction prod-

ucts also revealed a prominent set of DNA products less
than 40 nt in length which were protected by plus-strand
LTR DNA (Fig. 4b). The size and mapping properties of
these products suggest that they are prematurely terminated
tRNA-initiated minus-strand products. As is visible in Fig. 5,
there are prominent DNAs smaller than minus-strand strong-
stop DNA among the AC endogenous reaction products that
may contribute to these protected products.

Translocated minus-strand products of AC are shorter than
those of the wild type. The amount of longer minus-strand
products in the AC reaction appeared less than expected for
the measured amount of translocation, and the gel system
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FIG. 4. Translocation assays. (A) Schematic explanation of the S1 assay for translocation. Dotted lines indicate RNA, solid lines indicate
DNA, and heavy lines indicate DNA radiolabeled during its synthesis in endogenous reactions. (B) Products of the S1 assay. Endogenous
reaction products hybridized to plus-strand DNA are indicated above the lanes. The positions of migration of digestion products generated
from minus-strand strong-stop and translocated minus-strand DNAs are indicated. Marker sizes are in nucleotides. (C) Schematic explanation
of the restriction digest assay of translocation. Dotted lines indicate RNA, solid lines indicate DNA, and heavy lines indicate DNA
radiolabeled during its synthesis in endogenous reactions. (D) Products of the restriction digest assay. Lanes 1 and 2 contain undigested
endogenous reaction products from virions containing the RNase H mutant H7 or wild-type form of RT. Lanes 3 and 4 contain the products
of the restriction digest assay performed on unfractionated endogenous reaction products. Lanes 5 to 8 contain the products of restriction
digest assays performed on DNAs isolated from wet gels containing RNase H mutant H7 endogenous reaction products; the isolated DNA
labeled i is purified minus-strand strong-stop DNA: DNAs ii, iii, and iv are populations of molecules which were eluted from gel slices of
successively higher molecular weight endogenous reaction products. Lanes 5 to 8 contain approximately equivalent portions of endogenous
reaction products; the amounts of endogenous reaction products assayed in lanes 5 to 8 are much greater than those in lanes 1 to 4 so that
minor translocation products could be detected. The positions of migration of the restriction digest fragments and of intact minus-strand
strong-stop DNA are indicated; the markers are the same as those in panel B.

used in the assays described above was not capable of
resolving the sizes of large reaction products. Thus, it
seemed possible that AC virions generated translocated
reaction products shorter than those produced in virions
harboring wild-type RT. To compare the sizes of translo-
cated minus-strand products, aliquots containing similar
levels of radioactivity from AC and wild-type endogenous
reactions were analyzed by denaturing agarose gel electro-

phoresis (Fig. 5). Whereas a significant level of DNA migrat-
ing in the vicinity of the predicted size for fully extended
minus-strand products was observed in reactions containing
wild-type RT, translocated AC products averaged less than
one-third this length.
Comparison of the products of mutants AC and H7 (Fig. 3)

shows that even though the efficiency of translocation during
reverse transcription is very different, these viruses make
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FIG. 5. Analysis of the size distribution of endogenous reaction
products of wild-type and AC virions. Samples were normalized so
that approximately equal amounts of radioactive incorporation were
loaded in each lane of an alkaline agarose gel. The position of
migration of minus-strand strong-stop DNA is indicated. Marker
sizes are in kilobase pairs.

similar low levels of high-molecular-weight DNA. In the
case of AC, the low level of long products appears to be due
to limited elongation of the relatively efficiently translocated
products. Perhaps the high-molecular-weight material of H7
results from efficient elongation of the very rare H7 translo-
cation products. It is also possible that VL30 DNAs, which
are reverse transcription products of copackaged non-M-
MuLV RNAs, might also contribute to the high-molecular-
weight material and thus mask the contribution of the
miniscule amount of translocated products produced by the
RNase H-null mutants in these assays.

DISCUSSION

On the basis of the crystal structure of E. coli RNase H,
we have constructed a deletion mutation called AC in the
RNase H domain of M-MuLV RT. The studies presented
here were aimed at characterizing the phenotype of the AC
mutant. The late stages of the life cycle were apparently
normal for the mutant. Cell lines expressing the AC mutant
release virions containing genomic RNA and RT activity,
and examination of these virions by immunoprecipitation of
metabolically labeled proteins showed that the gag precur-
sor was processed correctly (data not shown). However,
viruses containing this mutation were noninfectious when
applied to cells and were incapable of producing detectable
amounts of preintegrative DNA. The very low titer of AC
virus has prevented a direct analysis of the processing of AC
pol products. However, since correct pol processing occurs
in the RNase H deletions that we have previously studied,
we believe that the primary defect of AC is probably not in
the processing of RT from its precursor (43).

Unlike our previous RNase H linker-insertion mutants,
the AC enzyme, which is missing the central 1/10 of its
RNase H domain, retained much of its basic RNase H
activity. It seems unlikely that the lethality of AC is due
solely to the relatively modest decrease in basic RNase H

activity that this mutation caused. It has been estimated that
there are approximately 50 times more RT molecules than
genomic RNAs in virions (48), and the DNA polymerase and
RNase H activities of RT can be shown to act independently
in some settings. One might therefore imagine that the
inefficiency of the RNase H activity of one AC RT molecule
could be compensated for by the subsequent action of
another molecule of RT. There is, however, some contro-
versy over whether the polymerase and nuclease activities of
RT normally do act in concert in in vitro reactions, and even
less is known about the potentially obligate coupling of these
activities during normal retroviral replication (7, 19, 28, 35,
50). It is possible that AC might be affected in the putative
coupling of these two enzymatic activities. Alternatively,
even a subtle defect in RNase H activity might be sufficient
to account for the observed lethality, due to cumulative
effects during replication of the entire genome. It is also
possible that the AC mutant is defective in specific functions
of RT such as the specific cleavage of RNA:DNA hybrids
required for plus-strand priming or the RNA-DNA unwind-
ing activity that has been described for avian myeloblastos
virus RT, which may be necessary for efficient minus-strand
translocation (4).
The sensitive assays for translocation presented in this

report show that a limited amount of translocation is ob-
served even in the case of RNase H-null alleles. Though the
action of trace amounts of contaminating RNase H activity
cannot be ruled out, this low level of translocation is
presumably due to the RNase H-independent template
switching capability of RNase H-null forms of RT which has
been observed in purified systems (24). Examination of the
replication products formed in purified AC-containing viri-
ons revealed that the amount of minus-strand translocation
was lower than that of wild type but much higher than that of
the RNase H-null alleles. The much higher level of translo-
cation observed with the AC mutant, which retains much of
its RNase H activity, further supports the belief that the
virally encoded RNase H activity is required for efficient
template switching in M-MuLV.
Although the rate of DNA synthesis on exogenous tem-

plates by the AC enzyme was slightly higher than that of
wild-type RT, the translocated minus-strand products made
in detergent-permeabilized AC virions were much shorter
than those formed in virions harboring wild-type RT, thus
suggesting that minus-strand synthesis terminated prema-
turely. Additionally, experiments with purified enzymes
have shown that the AC and ARH enzymes are defective in
processivity ofDNA synthesis (44). In template competition
experiments, the mutant enzymes produce shorter template-
directed products than the wild-type enzyme does (data not
shown). Thus, the block to replication in the AC mutation
may result from subtle deficiencies in the DNA polymerase
activities of the enzyme as much as from deficiencies in the
RNase H activity itself.
We are currently constructing additional mutations in the

RNase H domain of M-MuLV RT to examine the importance
of regions which vary among the retroviral RNases H and to
test predictions, based on the crystal structure, of the
properties associated with various portions of the enzyme.
Studying other C-helix mutations may further define the role
of this region. Although the C helix is not required for basic
RNase H activity in intact M-MuLV RT, its absence may be
permissible because of structural information provided by
the DNA polymerase domain. Wild-type M-MuLV RNase
H, with the C helix intact, is very active when expressed as
a single domain in E. coli (41). However, when the AC
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mutation was rebuilt into an RNase H single-domain expres-
sion vector, no RNase H activity was observed in in situ gel
assays, which should detect activity as low as 1% of the
wild-type level (2). Since AC was designed to resemble HIV
RNase H, this provides an interesting parallel to the diffi-
culties that our laboratory and other laboratories have
encountered in attempts to produce an active single-domain
HIV RNase H (6, 16-18, 29).
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