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Selected conserved amino acids in the putative RNase H domain of reverse transcriptase (RT) were modified
in a molecularly cloned infectious provirus and in a Moloney murine leukemia virus RT expression vector by
site-directed mutagenesis. Substitution of either of two conserved aspartic acid residues in proviral DNA
prevented production of infectious particles in transfected NIH 3T3 cells, and the same modifications depressed
RT-associated RNase H activity by more than 25-fold with little or no effect on polymerase activity.

Reverse transcriptase (RT), encoded by a major portion of
the retroviral pol gene, possesses three catalytic activities
required for retroviral replication: RNA- and DNA-depen-
dent DNA polymerase and RNase H (14, 36). The functional
domain of RNA-dependent DNA polymerase has been as-
signed to the N-terminal region of RT on the basis of results
for a variety of mutants (10, 11, 26, 32). Conserved retroviral
amino acids have been identified in this region (16, 33), and
these amino acids are found in certain DNA viruses which
express RNA-dependent DNA polymerase activity (17, 31,
33) as well as in other genetic elements having putative RT
polymerases (13, 34). The correlation of polymerase activity
with these conserved sequences suggests a functional role
for these residues.
Johnson et al. (8) proposed the C-terminal 160 amino acids

of Moloney murine leukemia virus (M-MuLV) RT as the
RNase H domain on the basis of extensive amino acid
homology with Escherichia coli RNase H, although signifi-
cantly fewer conserved sequences were found when align-
ments included other RTs. Tanese and Goff (32) provided
experimental support for this proposal by demonstrating
with a series of linker insertion mutants that M-MuLV
polymerase and RNase H activities are associated with the
N- and C-terminal regions, respectively, of RT. In an ex-
panded sequence alignment of E. coli RNase H with many
retroviral pol sequences (Fig. 1), eight invariant amino acid
residues are present in all retroviral pol genes; of these, six
residues (Fig. 1, stars) are common to both RTs and E. coli
RNase H, and two (Fig. 1, carets) are unique to RT se-
quences. For reference, the positions of the conserved
amino acids within the sequence are identified in Fig. 1.
Relatedness of these dispersed conserved amino acids is
supported by their relative positions in the sequence as well
as by the context of their highly conserved flanking amino
acids (Fig. 1, underlines). For example, in region A, the
single conserved aspartic acid is usually flanked by Tyr or
Phe and Thr or Ser on the N-terminal side and by Gly and
Ser on the C-terminal side. On the assumption that con-
served amino acids may be associated with important func-
tional properties of the enzyme, certain amino acid residues
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in the A and C regions (Fig. 2) were modified by site-directed
mutagenesis. Effects on M-MuLV replication and on poly-
merase and RNase H activities were evaluated.
Of the four amino acids modified (Fig. 2), two were

conserved Asp residues. Mutants 8-9 and 116 contained base
changes which encoded Gly instead of Asp in region A and
Cys instead of Asp in region C, respectively (Fig. 1 and 2).
Mutant 0-4 is a double mutant containing the mutation
present in 8-9 and an Asn-to-Asp change in region C (Asn
was conserved only in RT sequences [Fig. 1]). The fourth
mutant, 46-4, has a Leu residue replacing the Thr which
occurs in most RT sequences and in E. coli RNase H (region
C). The 46-4 mutation was also back-mutated (Leu->Thr,
designated 46-4R) to reestablish the normal sequence. M-1
was the control, with unmodified M-MuLV DNA sequences.
Mutations were introduced into a cloned, circularly permu-
tated infectious M-MuLV provirus that was originally iso-
lated from a Hirt supernatant (7) and cloned into pBR322 at
the Sall site (provided by S. K. Chattopadhyay and cloned
by C.-M. Wei). Mutagenesis was performed on a 1.5-kilo-
base Sphl segment (extending from the SphI site in pBR322
to the same restriction site in pol of M-MuLV) subcloned
into M13mpl8. The method of Zoller and Smith (38) was
used for oligonucleotide-directed mutagenesis with an ap-
propriately mismatched synthetic oligodeoxyribonucleotide.
The entire 1.5-kilobase mutated SphI insert was sequenced
(24) to confirm that other mutations had not occurred.
Deleted M-MuLV pBR322 was reconstructed with the mu-
tated SphI fragment, Sall restricted to release the provirus,
and concatemerized for use in transfection.

Generation of infectious progeny virus by transfected NIH
3T3 cells was determined by the XC plaque assay (22).
Transfection with each mutant DNA was performed with a
confluent culture of NIH 3T3 cells by the CaPO4 precipita-
tion method (3). At 24 h, each transfected cell culture was
rinsed with serum-free medium, trypsinized, and split. Rep-
resentative results for syncytium-inducing activity in the XC
plaque assay in one set of dishes are presented in Table 1,
column 1. Infectious virus from transfection with parental
Moloney M-1 (positive control) was readily detected. On the
other hand, no XC plaques were found with transfected
DNA from mutants 8-9 (four tests), 0-4 (six tests), or 116
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A B

M-MuLV
Ra-MuLV
RSV
BLV
MMTV
SRV
MPMV
sIV
VIs
LAV
HIV2(ROD)
HTLV1
coli RNase H

M-MuLV
Ra-MuLV
RSV
BLV
MMTV
SRV
IWMV
sIV
VIs
LAV
HIV2(ROD)
HTLV1
coli RNase H

WYTDGSSLLQEGQRXAGAAVTTETEVIWAKALPAG!lSAQRAE.LIALTQALKMAZGKKlYT-*GSSFLQEGQRKAGAAVTTETEVIWARALPAGTSAA^RA*LIALTQALKMAEGKR
VFT*ASSSTHXGVVVWREGPRWEIXEIADLGA SVAQL*ARAVA4ALLLWPTTP
LFS*GATGRGAYCLWKDRLLDFQAVPAPE SAAKG*KAGLLAGLAAAPPEP
IFT*GSANGRSVTYIQGREPIIKENTQN TA^QA*IVAVITAFhEVSQS
VFT*AALVGSSTMAYTLADTTI*FQTNLN*LQALIAVLSAFPNQP
VFT*GUSTGMAAYTLTDTTIKFQTNLN !SA^LV*LQALIAVLSAFPNQP
YYV*GSCSKQSKEGKAGYITDRGKDKVRVLEQT TNAQA*LEAFLMALTDSGPK
YYT*GGKKNGRGSLGYIASTGEKFRIHEEG TNAQL*LRAIEEACKQGPEK
FYV*GARETKLGKAGYVTNRGRQKVVTLTDT TNAKT*LQAIRLALQNSGLE
FYT*GSCNRQSKEGKAGYVTDRGKDKVKKLEQT TNAQk*LPEAFAMALTDSGPK
SSA*GSTSRAAYILWDKQILSQRSFPLPPPHXSARA*LLGLLNGLSSARSWRC

IFT*GSCLGNPGPGGYGAILRYRGREKTFSAGYTRTTNNRM*LMAAIVALEALKEHCE

C

LNVYTDSRYAFATAHIRGEIYRRRGLLTSEGKEIKNKDEILALLKALFLPKRLSIIH
L^VYT**RYAFATAHIHGEIYKRRGLLTSEGREIKNKSEILALLKALILPKRLSITIH
TAVVT**AFVAKMLLKMGQEGVPSTAAAFILEDALSQRSAMA
VAIWV**KYLYSLLRTLVLGAWLQPDPVPSYALLYKSLLRHPAI
FALYT**KYVTGLFPEIETATLSPRTKIYTELRHLQRLIHKRQEKF
LAIYT**AYLAHSIPLLETVAQIKHISETAKLFQCQQLIYNRSEPF
LAIYT**AYLAHSIPLLETYAQIKHISETAKLFLQCQQLIYNRSIPF
A^IIV**QYVMGIITGCPTESESRLVNQ IIEEMIK KTEIYVAWVPAHKG
MAIVT**RYAYEFMLRNWDEEVIRNPIQARIMELVHNKEKIGVHWVPGHKG
VAIVT**QYALGIIQAQPDKSESELVNQ IIEQLIK KEKVYLAWVPAHKG
VAIIV**QYVMGISASQPTESESKIVNQ IIEEMIK KEAIYVAWVPAHKG
LAIFL**KYLYHYLRTLALGTFQGRSSQAPFQALLPRLLSRKVV
VILST**QYVRQGITQWIHNWKKRGWKTADKKPVKNVDLWQRLDAA

D

M-MuLV
Ra-MuLV
RSV
BLV
MMTV
SRV
MPMV
sIV
VIs
LAV
HIV2(ROD)
HTLV1
coli RNase H

I

CPGHQKGHSAE ARGNRMADQAARKAAITETPDTSTLL
CLGHQKGDSAE ARG*RLA*QAAREAAIKTPPDTSTLL
AVLHVRSHSEVPGFF TEG*DVA*SQATFQAY
VVGHVRSHSSASHPI ASL*NYV*QLL..
YIGHIRGHTGLPGPL AQG*AYA*SLTRIL..
YIGHVRAHSGLPGPI AHG*QKA*LATKTVASNINTNL..
YIGHVRAHSGLPGPI AQG*QRA*LATKIVASNINTNL..

IGG*QEI*HLVSQGIRQVL..
IPQ*EEI*RYISEIFL..
IGG*EQV*KLVSAGIRKVL
IGG*QEV*HLVSQGIRQVL..

WLHHVRSHTNLPDPI SRL*ALT*ALLITPVLQL..
LGQHQIKWEWVKGHAGHPE*ERC*ELARAAAMNPTLEDTGYQVEV

FIG. 1. Amino acid homology between C-terminal M-MuLV RT sequences, other retroviral pol sequences, and E. coli RNase H. Symbols
indicate amino acids conserved in all sequences (*), conserved in all retroviral pol sequences but not in the E. coli RNase H sequence ( ^ ),
and highly conserved (-). Letters A to E above the sequences indicate regions with clusters of homologous sequences. Sequences shown
and nucleotide reference numbers corresponding to the first codon are as follows: M-MuLV, 1458 (28); radiation MuLV (Ra-MuLV), 4172
(12); Rous sarcoma virus (RSV), 3841 (25); bovine leukemia virus (BLV), 3628 (23); murine mammary tumor virus (MMTV), 1366 (2); simian
retrovirus (SRV), 4602 (18); Mason-Pfizer monkey virus (MPMV), 4590 (30); simian immunodeficiency virus (SIV), 3652 (1); visna lentivirus
(VIS), 3416 (29); lymphadenopathy-associated virus (LAV), 3413 (37); human immunodeficiency virus [HIV2(ROD)], 3695 (4); human T-cell
leukemia virus (HTLV1), 3709 (27); and E. coli RNase H, 19 (9).

(one test) initially or after 2 to 10 subsequent cell culture
transfers. The results of infectivity tests of supernatant fluids
from NIH 3T3 or SC-1 (5) transfected cells were also
negative (data not shown). Unlike the negative results ob-
tained with these mutants, a small number of plaques were
obtained with mutant 46-4. Mutant 46-4, which had been
back-mutated to wild-type sequence (46-4R), gave a plaque
count equal to that obtained with the M-1 control.
Rescue of replication-defective ecotropic M-MuLV may

be achieved by superinfection with competent XC-negative
helper viruses, such as amphotropic or mink cell focus-
forming (MCF) MuLVs (19). XC-negative, infectious am-
photropic MuLV (MuLV-A) was simultaneously added to
transfected cells in the second dish of each set (104-4 mink
S+L- focus-forming units of strain 1504A) (6) to evaluate the
effect of a helper virus (Table 1). Under these conditions,

virus was rescued from cells transfected with replication-
defective mutants 8-9, 0-4, and 116. Rescue could also be
effected by cotransfection with MCF MuLV proviral DNA
(Table 1). Superinfection with MuLV-A produced no in-
crease in the number of XC plaques obtained with M-1 or
46-4R transfected DNAs. In contrast, a 100-fold increase in
the number of plaques resulted from superinfection of mu-
tant 46-4. Amplification of XC plaques suggests that muta-
tion 46-4 partially suppressed viral replication.

Virus rescued by superinfection with MuLV-A had phe-
notypic properties consistent with those of M-MuLV: inter-
ference assays showed that the virus expressed a functional
ecotropic envelope (data not shown), and rescued virus also
retained the NB tropism of the parental M-MuLV (data not
shown).
The effect of the mutations on the function of polymerase
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A
4158

M-MuLV TGG TAC ACG GAT GGA AGC ...(156 bp)...
trp tyr thr asP gly ser

* * * * * *.

* * * GGT * *
gly

e * GGT *

gly
*

* * * * * *

* * * * *

C
4329

CTA AAT GTT TAT ACT GAT AGC CGT TAT GCT
leU asn val tyr thr asp ser arg tyr ala

* * * * * * * * * *

* * * * * * * * * *

* GAT *

asp
* * * *

* * * * CTA * *
leu

* * * * * TGC *

cys

FIG. 2. Mutations introduced in the C-terminal RT region of M-MuLV by site-directed mutagenesis. The normal M-MuLV proviral
sequence in the C-terminal region of RT, nucleotide sequence reference numbers, and deduced amino acids (28) are shown with the first entry.
Mutant designations, nucleotide changes (underlined), and amino acid changes are indicated. Symbols and abbreviations: *, normal M-MuLV
sequences in that position; A and C, regions corresponding to those shown in Fig. 1; M-1, control with normal M-MuLV sequences which
were manipulated in the same way as mutant sequences; bp, base pairs.

and RNase H activities was assessed with cloned M-MuLV
RT. For this purpose, vector pB6B15.23 (21), which ex-
presses an enzymatically active RT fusion protein in E. coli,
was used. Identical mutations described for proviral DNAs
were introduced into the expression vector by replacing the
BglII-SphI fragment in the vector with the equivalent mu-
tated fragment from M13 containing the mutation. Designa-
tions used for mutant RTs are the same as those used for
proviral DNA. Before RT activities in E. coli extracts were
determined, it was necessary to purify the RT fusion protein
(DEAE-cellulose and phosphocellulose column [21]) to elim-
inate E. coli-associated DNA polymerase and RNase H
activities. Protein concentrations of the partially purified
enzymes were determined by direct densitometry of the RT
protein bands on a 10% sodium dodecyl sulfate-polyacryla-
mide gel stained with Coomassie blue. Single 71-kilodalton
reactive bands were identified by immunoblot analysis (35)
with RT-specific polyclonal rabbit antibody.

Specific activities for incorporation of each 3H-deoxynu-
cleoside triphosphate [3H]dNTP) with its respective ho-
mopolymer template-primer pair were determined, since
mutation may have affected the polymerase activity of only
one of the four nucleotide substrates. Reaction rates with
poly(rI) oligo(dC)12 18 and poly(rC) oligo(dG)12-18 were

TABLE 1. Detection of replication-defective M-MuLV mutants

Loglo XC plaques per dish" after superinfection or
Mutant cotransfection with:

([Lg of DNA) MCF MuLV
No vir-us MuLV-A DNAb

NOne-C, _* ?-* _*None
M-1 (0.5) 3.0
M-1 (0.1) 1.6 1.6
8-9 (1.0) -, * 1.6
0-4 (0.5) 2.6* 3.6*
116 (0.5) 2.7
46-4 (0.5) 1.0 2.9
46-4R (0.5) 2.2 2.4

"XC tests were performed 5 to 6 days after transfer of transfected NIH 3T3
cells. In some cases (*), 105 SC-1 cells were added to the assay plates in an
attempt to amplify virus.

b Cultures were cotransfected with 0.2 ,ug of AKR13 MCF MulLV proviral
DNA (provided by A. S. Khan).
'-, No plaques detectable.

increased by making a separate cocktail of preheated
poly(rI) or oligo(dG) (90°C, 1 min) before the corresponding
oligonucleotide or polynucleotide and dNTP were added.
The reaction mixture (21) was modified by replacing NaCl
with 55 mM KCI and increasing Nonidet P-40 to 0.09%.
Polymerase activity was measured by the rate of incorpora-
tion of [3H]dNTP in the trichloroacetic acid-insoluble frac-
tion retained by nitrocellulose filters.
The rates of incorporation of each dNTP with mnutant

enzymes 8-9 and 0-4 are the same as the rates obtained with
the unmodified control enzyme (M-1) and with the reversed
mutant (46-4R) (Table 2). Similar values were also obtained
with the highly purified M-MuLV RT (Bethesda Research
Laboratories). These data show that mutant enzymes 8-9
and 0-4 have normal polymerase activities with each of the
dNTPs. Consequently, mutations which caused proviral
mutants 8-9 and 0-4 to be replication defective (Table 1)
cannot be related to any change in polymerase activity.
Enzymes 46-4 and 116 had RT activities with each dNTP
substrate that were equivalent and about 50% lower than
those of the normal control, enzyme M-1 (Table 2). Provirus
46-4 was capable of producing infectious particles without
helper virus, and provirus 116 was not (Table 1). The
decreased polymerase activity observed, therefore, could

TABLE 2. RT and RNase H activities of normal
and mutant enzymes

Enzyme RT" sp act RNase H
source dTTP dCTP dATP dGTP sp actb

BRL' 84,000 7,200 2,300 1,200 543
M-1 100,000 6,600 4,200 1,300 581
8-9 104,000 6,100 4,200 1,500 4
0-4 83,000 6,100 3,900 1,100 23
116 41,000 4,200 2,300 600 22
46-4 57,000 4,200 2,200 700 453
46-4R 97,000 8,000 540

" Assay for incorporation of the specific dNTP (0.019 mM) indicated. Each
reaction was performed with the appropriate homopolymer polyribonucle-
otide-oligodeoxyribonucleotide template-primer pair. Values are expressed as
picomoles of [3H]dNTP incorporated per microgram of enzyme protein per 15
min.

b Picomoles of acid-soluble [3H]AMP released per microgram of enzyme
protein per 30 min.
'BRL, Bethesda Research Laboratories.

M-1

8-9

0-4

46-4

116

* * *

* * *

* * *
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not by itself be a sufficient explanation for the replication
defect in provirus 116.
RNase H activity was measured by the release of tri-

chloroacetic acid-soluble [3H]AMP from a [3H]RNA-DNA
M13 hybrid prepared with E. coli RNA polymerase (21). The
assay was modified by the substitution of KCI for NaCl and
the addition of 0.1% Nonidet P-40. Enzymes with normal
M-MuLV sequences (M-1, 46-4R, and BRL RT) solubilized
equal amounts of [3H]AMP per microgram of enzyme pro-
tein in 30 min (Table 2). On the other hand, RNase H
activities of mutant enzymes 8-9, 0-4, and 116 were reduced
25- to 130-fold. Inhibition may have been even greater,
because counts of released [3H]AMP just exceeded back-
ground counts. The additional mutation (Asn to Asp) in
mutant 8-9 which produced 0-4 had no detectable influence
on RNase H activity; its effect, if any, could not be evalu-
ated. Mutation 46-4 had little effect on RNase H activity.
Modification of two adjacent amino acids (Fig. 2, Thr in
mutant 46-4 and Asp in mutant 116) produced dramatically
different quantitative effects on RNase H activity. These
results illustrate the amino acid specificity with regard to
function.
A direct correlation between mutations which severely

depressed RNase H activity and those which produced
defective replication of virus has been shown. In the putative
RNase H domain, substitution of either of two conserved
Asp residues prevented productive infection of M-MuLV,
apparently because of the restricted RNase H activity. Such
a result would be anticipated in view of the functional role of
RNase H in the retroviral life cycle (14, 15, 20), but it has not
been directly demonstrated by a single codon sense change
in an otherwise complete viral sequence. These data do not
address the question of whether the aspartic acids are
constituents of an active site or are required for conforma-
tional integrity of RNase H. However, they do identify two
amino acids which could be targets for chemotherapeutic
intervention in retroviral infections.

We thank S. P. Goff for generously providing vector pB6B15.23,
S. K. Chattopadhyay for making available the infectious clone of
M-MuLV, and A. S. Khan for the clone of AKR13 MCF MuLV.
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