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Group I

1) HIV
2) MMTV-pol
3) VISNA
4) EIAV
5) RSV
6) MoMLV
7) HTLV-I
8) CAEV
9) BLV

10) HTLV-II
11) MPMV

Group II
r~~~~~~~~ --I~~~~~~~

a.a. a.a. a.a. a.a. a.a. a.a. a.a. a.a.
60 70 80 90 100 110 120 130

l
326 NPYNTPVFAIKKKDSTKWRKLV DFRELNKRTQDFWEVQLG IPHPAGLKKKKS VTVLDVGDAYFSVPLDEDFR KYTAFTIPSI
42 SPWNTPVFVIKKK SGKWR LLQDLRAVNATMHDMGALOPG LPSPVAVPKGWE IIIIDLQDCFFNIKLHPEDC KRFAFSVPSP
199 WTCNTPIFCIKKK SGKWRMLI DFRELNKOTEDLAEAQLG LPHPGGLQRKKH VTILDIGDAYFTIPLYEPYRQYTCFTMLSPN
243 NPYNSPIFVIKK RSGKWR LLQDLRELNKTVQVGTEISRG LPHPGGLIKCKH MTVLDIGDAYFTIPLDPEFR PYTAFTIPSI
55 SCWNTPVFVIRK ASGSYR LLHDLRAVNAKLVPFGAVOQG APVLSALPRGWP LMVLDLKDCFFSIPLAEQDR EAFAFTLPSV
217 SPWNTPLLPVKKPGTNDYRP VQDLREVNKRVEDIHPTVPNPYNLLSGLPPSHQWYTVLDLKDAFFCLRL HPT SOPLFAFEWR
63 GPGNNPVFPVKK ANGTWR FIHDLRATNSLTIDLSSSSPGPPDLSSLPTTLAH LQTIDLRDAFFQIPLPKQFQ PYFAFTVPQQ
40 WTCNTPIFCIKKK SGKWK MLIDFRKLNKQTEDLTEAQLG LPHPGGLQKKKH VTILDIGDAYFTIPLYKPYR EYTCFTLLSP
40 GPGNNPVFPVRK PNGAWR FVHDLRATNALTKPIPALSPG PPDLTAIPTHPPHI ICLDLKDAFFQIPVEDRFR FYLSFTLPSP
148 GPGNNPVFPVKK PNGKWR FIHDLRATNAITTTLTSPSPGPPDLTSLPTALPH LQTIDLTDAFFQIPLPKQYQ PYFAFTIPQP
71 SPWNTPIFVIKKK SGKWR LLQDLRAVNATMVLMGALOPG LPSPVAIPOGYL KI I IDLKDCFFSIPLHPSDQ KRFAFSLPST

Group III
r~~~~~~~~ --I~~~~~~~

1) HIV
2) MMTV-pol
3) VISNA
4) EIAV
5) RSV
6) MoMLV
7) HTLV-I
8) CAEV
9) BLV

10) HTLV-II
11) MPMV

Group IV
I

a.a. a.a. a.a. a.a. a.a. a.a. a.a. a.a. a.a.
130 140 150 160 170 180 190 200 210

406 FTIPSI NNETPGIRYQYNVLPQGWKGSPAIFQSSMTKILErPFKKNPDIVIYQYMDDLYVGSDLEIGQHRTKIEELRQHLLRWGL
122 FSUPSP NFKRPYQRFQWRVLPWGMKNSPTLCOKFVDKAILTVRDKYQDSYIVHYMDDILLAHPSRSIVD EILTSMIOALNKHGL
279 TMLSPNNLGPCVRYY WKVLPQGWKLSPAVYQFTMQKI LRGWIEEHPMIQFGIYMDDIYIGSDLGLEEHRGIVNELASYIAQYGF
323 FTIPSI NHQEPDKRYVWKCLPGGFVLSPYIYOKTLQEILOPFRERYPEVOLYOYMDDLFVGSNGSKKQH KELI IELRAILQKGF
135 FTLPSV NNQAPARRFQWKVLPOGMTCSPTICQLVVGQVLEPLRLKHPSLCMLHYMDDLLLAASSHDGLE AAGEEVISTLERAGF
297 FAFEWRDPEMGISGQLTWTRLPQGFKNSPTLFDEALHRDLADFRIQHPDLILLQYVDDLLLAATSELDCQ QGTRALLQTLGNLGY
143 FTVPQQ CNYGPGTRYAWKVLPOGFKNSPTLFEMQLAHILQPIRQAFPQCTI LQYMDDI LLASPSHEDLL LLSEATMASL ISHGL
120 FTLLSP NNLGPCKRYYWKVLPQGWKLSPSVYQFTMQEILGEWIQEHPEIQFRIYMDDIYIRSDLEIKKHREIVEELANYIAQYRF
120 FTLPSP GGLOPHRRFAWRVLPQGFINSPALFERALQEPLRQVSAAFSQSLLVSYMDDI LYASPTEEQRS QCYQALAARLRDLGF
228 FTIPQP CNYGPGTRYAWTVLPOGFKNSPTLFEQQLAAVLNPMRKMFPTSTIVQYMDDI LLASPTNEELQ QLSQLTLQALTTHGL
151 FSLPST NFKEPMQRFQWKVLPQGMANSPTLCQKYVATAIHKVRHAWKQMYI IHYMDDILIAGKDGQQVL QCFDQLKQELTAAGL

FIG. 3. Protein sequence comparison between HIV-1 RT and other retroviral RTs. Only a part of the polymerase domain is shown in this
figure. The amino acid numbers for HIV-1 RT are shown above the sequences. The four groups discussed in the Results are similar to the
groups discussed by Larder et al. (18, 19) and are outlined by brackets (the figure is modified from Barber et al. [1] and is used with permission
of the publisher, Mary Ann Liebert, Inc., New York). MMTV, mouse mammary tumor virus; VISNA, visna virus; EIAV, equine infectious
anemia virus; RSV, Rous sarcoma virus; MoMLV, Moloney murine leukemia virus; HTLV-I, human T-cell leukemia virus type I; CAEV,
caprine arthritis encephalitis virus; BLV, bovine leukemia virus; MPMV, Mason-Pfizer monkey virus.

an amino acid essential for catalytic activity, by distortion of
the overall structure of RT, or by some combination of these
mechanisms. Assaying both the polymerase and the RNase
H functions of RT allows the mutants to be characterized
more fully since any mutation in the polymerase domain that
grossly distorts the overall structure of RT could also affect
the RNase H domain. The mutants were divided into four
classes based on their levels of enzymatic activity. The first
class of mutants had normal levels of polymerase and RNase
H activity; the second class had a significantly decreased
RNase H activity but retained relatively high levels of
polymerase activity; the third class had normal (or nearly
normal) RNase H activity with a decreased polymerase
activity; and the fourth class had both activities affected.
The first class of mutants is composed of amino acid

substitutions which are functionally silent, either because
the mutated amino acid was not required for RT activity or
because the replacement amino acid can effectively substi-
tute for the amino acid originally present in the protein.
Further mutational analyses will be necessary to distinguish
between these two possibilities. The second class of mutants
includes those amino acid substitutions that retain a rela-
tively high level of polymerase activity but have a dimin-
ished RNase H activity. Although these mutations are in the
polymerase domain, it is possible that they distort the folding
of RT in a manner that specifically affects RNase H activity
and not the polymerase activity. In contrast to the well-
studied RT of murine leukemia virus, which has polymerase
and RNase H domains that are almost completely separate
genetically (16, 22, 39), the polymerase and RNase H do-
mains of both HIV-1 and HIV-2 RT appear to interact.
Analysis of deletion and insertion mutations has shown that
disruption of either the RNase H or the polymerase domain

of HIV RT usually disrupts both activities (10-12, 30). There
are a small number of insertion and deletion mutations that
affect only one of the two domains, and there are point
mutations, which can be expected to have a less dramatic
effect on the structure of the protein, that selectively affect
only one domain (28, 33) (see also Table 1). Taken together,
these data lead to the proposal that there are elements in
both domains that are required for the proper folding of each
domain. How the domains interact with each other is un-
clear.
Davies et al. (5) have solved the structure of an HIV-1 RT

RNase H domain synthesized in E. coli. The HIV-1 RT
RNase H domain is quite similar to the structure of E. coli
RNase H. Moreover, the structure showed that the cleavage
which converts the 66-kDa subunit of HIV-1 RT to the
51-kDa subunit of HIV-1 RT takes place not between the
RNase H and polymerase domains, but within the RNase H
domain. These results cast doubt on reports that a 15-kDa
carboxy-terminal fragment released by cleavage with the
viral protease retains significant RNase H activity (7, 8).
These doubts are reinforced by a recent report that a 15-kDa
fragment released when purified 66-kDa HIV-1 RT was
cleaved with purified viral protease has, at most, 1/1,000th
the RNase H activity of intact RT (36).
Even the inclusion of the additional amino acids necessary

to make a complete HIV-1 RNase H domain does not appear
to be sufficient to produce RNase H activity (2, 13). How-
ever, if the RNase H domain is combined with the 51-kDa
HIV-1 RT subunit, the RNase H activity is reconstituted (5,
13). This implies that portions of the polymerase domain
interact with the RNase H domain and are required for
RNase H activity. Some or all of the mutations in this second
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1036 BOYER ET AL.

TABLE 1. Summary of the RNA-dependent DNA polymerase, DNA-dependent DNA polymerase (DDDP), and RNase H assaysa

Clone Amino acid Polymerase In situ DDDP In situ RNase H
change activity (%) activity activity

HIV-1 RT None 100 +++ +++
2852/2853 Pro-55--*Gly 45 + + +
2854/2855 Asn-57- Gln <5 + + +
2428/2429 Phe-61- Trp 80 + + + + + +
2430/2431 Ile-63--+Ser 45 + + + + + +
2432/2433 Lys-64--Arg 50 +++ ++
2434/2435 Lys-65--+Arg <5 +++
2436/2437 Lys-66-*Arg 90 +++ +++
2440/2441 Arg-72-*Lys 45 +++ +++
2802/2803 Arg-78-*Lys 50 NDb + +
2808/2809 Asp-110--(Glu <5 ND + + +
2810/2811 Asp-113--Glu 75 +++ ++
2812/2813 Tyr-115--*Phe 100 +++ ++
2814/2815 Phe-116-*Tyr 100 ND + + +
2860/2861 Pro-150-*Gly <5
2862/2863 Gln-151--+Asn 100 ND + + +
2866/2867 Ser-156--Ala 80 + + +
2818/2819 Tyr-183--*Phe 30 ND +++
2820/2821 Met-184-+Tyr 20 ND + + +
2822/2823 Asp-185--Glu <5 ND + + +
2824/2825 Asp-186-.Glu <5 ND + + +

a The location and the amino acid substitution is listed for each mutant. The RNA-dependent DNA activity of the mutants was assayed in extracts as described
in Materials and Methods. The parental HIV-1 RT polymerase activity was set at 100%, and the results for the mutated HIV-1 RT clones were normalized to this.
The in situ DNA-dependent DNA polymerase assay is described in Materials and Methods. Activity is expressed as approximately equivalent to wild type (++ +),
moderate (+ +), weak (+), or undetectable (-). The RNase H activity for the mutants was estimated from an in situ gel assay (Materials and Methods). The results
are expressed as + + + for strong (equal to wild-type) activity, + + for moderate activity, + for weak activity, and - for no activity detected.

b ND, not determined.

class may have altered amino acids required for interactions
between the two domains of HIV-1 RT.
The third class consists of mutants with profoundly dimin-

ished polymerase activity and unaffected RNase H activity.
This class consists of mutants in which an amino acid
essential for polymerase activity has been replaced. The
replacement amino acid appears not to distort the overall
structure of RT since the RNase H activity is retained. The
fourth class of mutants has lost most or all of the polymerase
and the RNase H activities. The most likely explanation for
the loss of both activities is that the folding of RT has been
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substantially altered or distorted by the amino acid substitu-
tion.
As discussed above, the mutations were made in four

distinct regions.. The first region (aa 54 to 83) contains
several amino acid residues that are conserved in most
retroviral RTs (Fig. 3). Previous mutational studies (9)
indicated that the motifIKKK centered at aa 65 in the HIV-1
RT enzyme may be of particular interest. As shown in Fig. 3,
retroviral RTs seem to conserve a motif in which a hydro-
phobic residue (either Ile or Val) precedes at least two basic
residues (usually Lys). We examined this motif by replacing
each amino acid in the HIV-1 RT IKKK sequence. The
requirement for a hydrophobic amino acid before the basic
amino acids was tested by replacing the amino acid isoleu-
cine with the uncharged hydrophilic amino acid Ser. This
substitution decreased the polymerase activity by half but
did not alter the RNase H activity. This suggests that
hydrophobicity at this position is moderately important for
HIV-1 RT since the introduction of an uncharged polar
group reduces but does not eliminate polymerase activity.
Full RNase H activity is retained, suggesting that the overall

97.4 kd -

66.2 kd

42.7 kd - Xij X X ,~~~~~~~~~~~~~~~.. :e... .. ....

e2# < :s t: zp <* .~a

FIG. 4. Expression of HIV-1 RT clones in E. coli. Bacteria
containing the parental HIV-1 RT clone, a mutant HIV-1 RT clone,
or the vector pUC112N were grown for 12 to 16 h at 37°C with
agitation. The bacteria were collected by sedimentation in a micro-
centrifuge, and then lysed in 1 x Spear's buffer. The protein extracts
were fractionated on a 9.0% SDS-polyacrylamide gel and visualized
by staining with Coomassie brilliant blue. The RT proteins ex-
pressed by nine of the mutants described in the text are shown.
Bacteria containing the parental HIV-1 RT clone arid bacteria con-
taining the vector pUC112N (which does not express an RT enzyme)
were included as controls. The arrow indicates the predicted size (66
kDa) of the parental HIV-1 RT protein. kd, kilodaltons.
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structure of RT has not been significantly altered by this
substitution.
Each lysine residue within the IKKK motif was replaced

with the related basic amino acid Arg. Replacement of the
Lys at aa 64 with an Arg decreased the polymerase activity
by half and reduced the RNase H activity. Most retroviral
RTs have lysine at this position, but both Rous sarcoma
virus and bovine leukemia virus RTs have Arg (Fig. 3). The
loss of activity may reflect an altered folding of RT since this
mutant also has decreased RNase H activity. Lys-65 is
highly conserved (Fig. 3). When this Lys is replaced with
Arg, the result is an HIV-1 RT without measurable polymer-
ase activity, but with full RNase H activity. The replacement
of Lys-66 with Arg appears to have little effect on either the
polymerase or RNase H activity. Only about one-half the
retroviral RT enzymes listed in Fig. 3 have a Lys at this
position, suggesting that this residue has not been strongly
conserved. Both the evolutionary comparisons and the mu-
tagenesis data suggest that this Lys residue is not necessary
for full activity of the polymerase. The results from the
polymerase and RNase H assays indicate that the IKKK
motif is involved in the function of the HIV-1 RT polymerase
but is probably not critical for the overall structure of RT.

Besides the IKKK motif, the region contains other impor-
tant amino acids. Five amino acid substitutions (at aa 55, aa
57, aa 61, aa 72, and aa 78) yielded RTs with diminished
polymerase activity. Three of these substitutions also re-
duced or eliminated the RNase H activity of the RT enzyme.
These data suggest that the region is important for the proper
folding of RT. One mutant (2852/2853, Pro-55-*Gly) is of
particular interest because it retained approximately one-
half the original level of polymerase activity but completely
lost RNase H function. It shares this characteristic with a
second mutant, 2866/2867 (Ser-156--+Ala). We considered
the possibility that these mutants are unable to refold after
the denaturation step in the RNase H assay. To investigate
this possibility, we measured the DNA polymerase activity
of 12 of the 20 mutants using an in situ gel assay. This assay,
like the in situ RNase H assay, requires that the HIV-1 RT
refolds properly after denaturation and gel electrophoresis.
All the mutants we tested, including the two that showed
high levels ofDNA polymerase but lacked RNase H activity
(Pro-55--+Gly and Ser-156--Ala), showed DNA polymerase
activity in the in situ gel assay that was similar to the level
measured in extracts (Table 1). The agreement between the
two polymerase assays rules out a number of simple artifacts
that might arise from insolubility of the protein or from its
inability to refold properly after denaturation, which strongly
suggests that the differences we saw in the RNase H and DNA
polymerase activities of these mutants are real.
To test whether these mutant RTs were less stable than

wild-type RT, the mutants Pro-55--Gly, Ser-156->Ala, and
HIV-1 RT were assayed for polymerase activity at 30, 37,
and 43°C. The mutant and normal RTs had the same relative
levels of polymerase activity at all three temperatures,
indicating that the mutant RTs are not temperature sensitive
(data not shown). The mutations may be in portions of the
polymerase domain that are in contact with the RNase H
domain and are required for proper RNase H folding and
activity. On the basis of these results and the earlier studies
(9, 30), the region between aa 54 and aa 83 appears to contain
a number of amino acids essential for polymerase activity
and for the overall structure of HIV-1 RT.
The second region (aa 108 to 123) contains several amino

acids that may be directly involved in the polymerase
function of HIV-1 RT. The two aspartic acid residues (aa 110

and 113) are conserved in a variety of retroviral RTs (Fig. 3).
Substitution of Asp-110 with Glu completely abolishes poly-
merase activity but does not affect the RNase H function. In
contrast, replacement of Asp-113 with Glu decreases the
polymerase activity by 20% and slightly decreases RNase H
activity. The slight decrease in RNase H activity with the aa
113 substitution may be due to a slightly altered folding of
the RT. One other mutant in this region in which Tyr-115
was replaced with Phe also exhibits slightly diminished
RNase H activity.
Three of the mutations in this group (Asp-110--Glu,

Asp-113-*Glu, and Tyr-115-*Phe) are identical to mutations
previously described (17, 18, 24). Although the previous
reports did not include measurements of the RNase H
activity for these mutants, the results we obtained for the
polymerase activity are quite similar to the published values.
This indicates that differences in the expression system and
assay conditions, etc., do not materially affect the measure-
ments of the polymerase activity and that we should be able
to compare the rest of our data directly with what has been
published.
The third region (aa 145 to 160) contains at least two amino

acids that appear to be critical for the proper folding of RT.
Replacement of Pro-150 with a Gly profoundly affects both
the polymerase and the RNase H activities. This mutation
may have distorted the overall structure of RT. Replacing
Ser-156 with Ala gave a mutant with nearly normal polymer-
ase activity but without RNase H activity. As stated previ-
ously, this effect is apparently not due to the inability of this
mutant HIV-1 RT to renature in the gel since the mutant
showed full DNA polymerase activity in an in situ assay
(Table 1). We suggest that this position (156) is at or near an
important contact between the DNA polymerase and RNase
H domains. We also believe that this region has amino acids
(Pro-150) that play a significant role in the proper folding of
the entire molecule.

Larder et al. (17) have mutated Gln-151 to His, whereas
we changed position 151 to Asn. They found that the
substitution of His reduced polymerase activity to about
one-third of the wild-type level (RNase H activity was not
measured), while we found that the substitution of Asn has
no detectable effect on polymerase or RNase H activity. We
believe that these results can be explained by the fact that
Glu and Asn are more similar than Gln and His.
The fourth region (aa 180 to 190) contains the motif

YMDD (aa 183 to 186), which is conserved in RNA-depen-
dent DNA polymerases (Fig. 3). All four of these amino
acids appear to be critical for polymerase function, since the
replacement of any of the four results in large decreases in
activity. We made the conservative substitution of Glu for
Asp at positions 185 and 186 and found that both of these
mutations drastically reduce polymerase activity. These
results are similar to results reported by Lowe et al. (24),
who have also substituted Glu for Asp at positions 185 and
186. The substitution of Tyr-183 with Ser has been reported
to nearly abolish polymerase function (17, 24). We found
that a more conservative substitution (Phe) at this position
leaves the RT with 30% of the polymerase activity. HIV-1
RT in which Met at aa 184 has been replaced with Leu has
5% the wild-type polymerase activity (17, 24). Substitution
with Tyr yielded a mutant HIV-1 RT with 20% of wild-type
level of polymerase (Table 1). RNase H activity was not
measured in the previously published studies (17, 18, 24), but
none of the mutations we tested affected RNase H activity.
The retention of full RNase H activity suggests that this
region does not play an important role in the overall struc-

VOL. 66, 1992

 on S
eptem

ber 18, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


1038 BOYER ET AL.

ture of the protein. However, the extreme sensitivity of the
polymerase to conservative substitutions in this region sug-
gests that the YMDD motif is part of the active site.
Heterodimer activity. The mutant forms of the 66-kDa RT

that lack polymerase activity were used to test for RNA-
dependent DNA polymerase activity of the 51-kDa protein in
a heterodimer complex. It is possible that the presence of the
66-kDa component in the heterodimer complex could induce
polymerase activity in the 51-kDa component or that the
presence of a normal 51-kDa component could rescue a
defect in the 66-kDa component. A protein that is similar to
the 51-kDa RT protein found in virions is produced by the
plasmid CT-133 (11, 15). The HIV-1 RT made by cells that
contain CT-133 has low levels of polymerase activity.

If the 51- and 66-kDa forms of HIV-1 RT are expressed
separately and then mixed together, they can associate in
vitro (3, 21, 31). We have shown that the CT-133 form of the
51-kDa subunit and the 66-kDa subunit will specifically
associate when bacterial extracts containing these two forms
are mixed together and that the resulting heterodimer can be
purified to homogeneity (4a). Extracts containing the wild-
type 66-kDa RT or one of the mutant HIV-1 RTs with low
enzymatic activity (Asn-57-3Gln, Lys-64--Arg, Asp-185-*
Glu, or Asp-186--Glu) were produced as described in Ma-
terials and Methods. To provide a baseline polymerase
activity level, wild-type or mutant RT extracts were mixed
with an extract from bacteria containing the parental plasmid
pUC12N, which does not produce RT. The RT extracts were
also mixed with the 51-kDa extract from bacteria containing
the plasmid CT-133 and assayed for polymerase activity.
Addition of the 51-kDa extract to the mutant HIV-1 RT
extracts did not increase the level of polymerase activity
relative to mixtures that contain extracts from the pUC12N
control. In contrast, polymerase activity increased about
1.5-fold when extracts that contained the wild-type 66-kDa
RT were combined with the 51-kDa RT (data not shown).
The four mutant HIV-1 RTs that were assayed with the

51-kDa protein may have decreased RNA-dependent DNA
polymerase activity because an amino acid necessary for the
polymerase activity of HIV-1 RT was replaced with an
unsuitable amino acid. Alternatively, an amino acid substi-
tution could distort the folding of the RT protein and
inactivate the enzyme by causing structural changes. This
distortion could affect the interaction of the mutant RT
protein with the 51-kDa protein and prevent the appropriate
heterodimer formation. Although two of the mutants used in
this experiment, Asn-57--Gln and Lys-64--*Arg, had dimin-
ished RNase H activity, two of the four mutants, Asp-
185-*Glu and Asp-186--Glu, had normal levels of RNase H
activity, indicating that the RT proteins are not grossly
distorted and should form heterodimers with the 51-kDa RT.
Similar experiments involving heterodimer formation have
also been done by LeGrice et al. (21). Two of the mutant
forms of p66 they used, Asp-185-*Asn and Asp-186--Asn,
were quite similar to two of our mutants. They used metal
chelation affinity chromatography to purify HIV-1 RT het-
erodimers that included a mutant p66 subunit and a wild-type
p51 subunit. They also found that a heterodimeric HIV-1 RT
with a wild-type p51 and a mutant p66 had extremely low
levels of polymerase activity. Although the synthetic 51-kDa
RT interacts with the 66-kDa form of RT, neither we nor
LeGrice et al. (21) were able to show that the 51-kDa form
makes a significant contribution to the polymerase activity of
the complex. The function of the 51-kDa protein remains
obscure.
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