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Functional Analysis of Novel
Selective Mutants of the Reverse
Transcriptase ofHuman
Immunodeficiency Virus Type1”

extensive studies of HIV RT. This enzyme attracted such
attention largely due to its status as a major specific target
for the development of novel anti-HIV drugs. Reverse transcriptases are multi-functional enzymes that can copy either
RNA or DNA into their complementary DNA. In addition
they possess a ribonuclease H activity capable of hydrolyzing
(Received for publication, May 19, 1992) RNA molecules in RNA-DNA heteroduplexes (3,4).
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In an attempt to study the biological and structural properties
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molecules with deletions or altered primary amino acid sequences. Consequently, the levels of catalytic activitiesof the
We havegenerated by site-directed mutagenesis mutated proteins were assessed. To date,most of the studies
plasmids that inducethe synthesis of specific mutants have been performed with HIV-1 RT (for example Refs. 5of the reverse transcriptase (RT) of human immuno- 10). However, the more recent discovery of a second AIDSdeficiency virus type 1 (HIV-1). Theserecombinant
causing virus, designated HIV-2, has drawn attention to the
basis of our
mutants of HIV-1 RT, designed on the
R T of this human virus as well (11, 12). In both HIV RTs
previous studies of HIV-1 and HIV-2 RTs, were analyzed for structure-function relationship by assessing thereare presumably important interactions between the
DNA polymerase and RNase H catalytic domains (5-7, 11).
their RNA-dependent and DNA-dependent DNApolymerase as well as the ribonucleaseH activities. Three These findings are in contrast with the observations on the
groups of mutants were studied. 1) We have investi- R T of murine leukemia virus where the two domains appear
gated the importance of the only
two sets of highly to be genetically distinct (13-15). In order to investigate the
conserveddoubleprolinesfound
in the sequence of structure-function relationship of HIV-1 and HIV-2 RTs, we
HIV-1 RT. The results indicate that the conversionof have conducted comparative studies of the two enzymes,
either one or both prolines (at positions 225 and 226) which share a relatively high degree of amino acid sequence
to threonines have no significant effect on all catalytic homology (4, 11, 17). These studiesled to the construction of
activities of the enzyme. The mutants
in which prolines chimeric R T molecules composed of complementary amino
419 and 420 were individually modified to threonines acid sequences derived from the two HIV RTs (16). The
exhibit full activities, whereas the double proline4191 pattern of the catalytic activities of the hybrid proteins gen420 mutant lost most of
its RNase H activity (although
erated could be explained by a scheme for the initial proper
the DNA polymerase function was fully retained). 2)
We have deleted phenylalanine 346 from HIV-1 RT, folding of the RT molecules, which entails the formation of
independently-folded regions.We have
which is absent in wild type HIV-2 RT. This mutant of threedistinctand
HIV-1 RT lost practically all catalytic activities. 3) A noted that the two joints (between regions I and I1 and
mutant of HIV-1 RT in which a cysteine residue sub- between regions I1 and 111) are located adjacent to sequences
stituted for alanine 4 4 6 , was found to be slightly hy- of “proline-proline” that are conserved in the RTs from all
peractive for both DNA polymerase and RNase H ac- strains of HIV-1, HIV-2, and simian immunodeficiency virus
tivities.
studied so far (17).
In the present study we have extended our previous investigation of the structure-function relationship of HIV-1 RT.
Based on the studies onthe two HIV RTs andchimeric HIVThe replication of retroviruses in infected cells starts with 1/HIV-2 RTs (4, 16, 18) we have selectively modified several
the reverse transcription of the viral single-stranded RNA amino acid residues in HIV-1 RT. The mutational analyses
into the proviral double-stranded DNA (1, 2). This key step of HIV-1 RT were aimed at elucidating the following three
in the life cycle of the viruses is catalyzed by the retroviral issues related tothe involvements of specific amino acid
enzyme reverse transcriptase (RT).’ The epidemic of acquired residues in the proper folding of the enzymatic ‘domains of
immunodeficiency syndrome associated with human immuHIV-1 RT. 1) The modification of the two sets of double
nodeficiency virus has been adriving force in the recent
prolines was addressed. We have analyzed the roles of the two
* This work was supported by Grant A127035 from the National exclusive sets of two adjacent prolines in forming properly
Institute of Allergy and Infectious Diseases, National Institutes of folded and, hence, enzymatically active HIV-1 RT. Prolines
Health. The results presented have been submitted in partial fulfill- are known toterminate helixes and promote turns (19).
ment of the Ph.D. thesis of M. S. The costs of publication of this Therefore, it was suggested that the presence of two consecarticle were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accord- utive prolinesnext to the junctions, located between the
putative independently folded regions (16), might be imporance with 18 U.S.C. Section 1734 solely to indicate this fact.
$ T o whom correspondence should be addressed. Tel.: 972-3- tant for the catalytic activities of the enzyme. To this aim,
6409974; Fax: 972-3-6410173.
each proline was converted to a threonine, that like proline is
The abbreviations used are: RT, reverse transcriptase; HIV, hu- a small nonpolar amino
acid residue. In addition, we have
man immunodeficiencyvirus; AIDS, acquired immunodeficiency syndrome; RNase H, ribonuclease H; RDDP, RNA-dependent DNA generated mutant RTmolecules in which the double prolines
polymerase; DDDP, DNA-dependent DNA polymerase; PCR, polym- were replaced by double threonines. In all, we have created
erase chain reaction; SDS, sodium dodecyl sulfate.
six different mutations substituting the prolines located at
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positions 225,226,419, and 420 (starting from the amino
terminus) in HIV-1 RT.
2) The deletion of the phenylalanine at position 346 was
also addressed. Sequence comparisonanalyses have indicated
that HIV-1 RT, which is 560 amino acid residues long, is only
1residue largerthan thecorresponding polypeptideof HIV-2
(11,16). This difference isdue to a gap of 1residue, at position
346inHIV-2 RT, which corresponds to a phenylalanine
residue in HIV-1 RT. Therefore, it was of interest to delete
this phenylalanine from HIV-1 RT (converting it to a HIV-2
RT-like molecule) and to determine the effect of this mutation
on thecatalytic activities of the enzyme.
3) Thesubstitution of alanine 446 bya cysteine was studied.
We have studied previously the roles of each cysteine in HIVFIG.1. Analysis of the expression wild-type andmutant
1and HIV-2 RTs (18).HIV-1 RT has only 2 cysteines, located HIV-1 RT in E. coli. Control bacteria and bacteria expressing wild
at positions 38 and 280, whereas HIV-2 RT has 3 cysteines type and mutant HIV-1 RTs were collected from 60 pl of confluent
cultures by centrifugation for 4 min in a microcentrifuge at 4 "C. The
(at positions 38,280, and 445). Hence, HIV-1 RT has an bacterial
pellets were disrupted in gel sample buffer (1%SDS, 1% 2alanine residue at position 446 (which corresponds to residue mercaptoethanol, 10% glycerol, 50 mM Tris-HC1, pH 6.8, 10 pg/ml
445 in HIV-2 RT). We have already substituted an alanine bromophenol blue) a t 90 "C for 2 min. After electrophoresis on a 10%
for cysteine 445 in HIV-2 RT. This mutated HIV-2 RT lost SDS-polyacrylamidegel, the protein bands were visualized by
staining
most of its RNase H activity, although the DNA polymerase with Coomassie Brilliant Blue as described previously (5, 6, 11, 18).
activity was not affected at all (18). In the current study we The arrow points to the recombinant polypeptides. Lane M,-molecsize markers which are, from bottom to top, 31, 43, 67 and 94
have complemented this previous investigation by replacing ular
kDa. Lane 1, the extract from control bacteria that contain the
the alanine residue at position 446 in HIV-1 RT by a cysteine, pUC12N plasmid with no insert; lane 2, the extract of bacteria
generating a 3-cysteine enzymesimilar to HIV-2 RT.
expressing the wild type HIV-1 RT p66.All other lanes contain

EXPERIMENTAL PROCEDURES

All mutations in the expression plasmids were generated by the
"megaprimer" technique (18,20), using as startingmaterial the HIV1 RT expression clone already described in detail (5,6). Briefly, the
desired mutations were introduced in the middle of the synthetic
oligonucleotidesthat match the HIV-1 RT genome both 5' and 3' of
the mutation. These oligonucleotides were used as one of the two
primers in a polymerase chain reaction amplification technique (using
the Vent thermostable DNA polymerase, from New England Biolabs).
The amplified and purified DNA fragment was used as primer in a
second PCR reaction, in which the second primer (like the second
unmodified primer in the first PCR reaction) matched the RT sequences at theopposite end of the RTinsert. The amplified segment
was cleaved with the restriction enzymes NcoI and HindIII, cloned
in the expression plasmid pUC12N, and introduced into Escherichia
coli. The mutation was confirmed by either sequencing the modified
DNA or by validating the addition or abolishment of unique restriction sites (that were modified along with mutating the specific codons).
The E. coli strain DH5-a was used to express wild type and the
different mutants of HIV-1 RT (frozen competent cells were purchased from Bethesda Research Laboratories). Bacterial transformations, cell growth, the electrophoretic analysis of the expressed
proteins by sodium dodecyl sulfate-polyacrylamide gels, and the enzymatic assays for the RDDP, DDDP, and RNase H activities were
all performed as described in detail previously (4-6, 11, 14, 16, 18,
21).

extracts of bacteria expressing the different mutant HIV-1 RT. The
description of the mutants are given in Table I. Lane 3, mutant Pro225; lane 4, mutant Pro-226; lane 5, mutant Pro-225/226; lane 6,
mutant Pro-419; lane 7, mutant Pro-420; lane 8, mutant Pro-4191420;
lane 9,mutant AF346; lane 10, mutant Ala-446.

corresponding activities of the wild-type enzyme.
The DNA polymerase activities of the different mutants
generated were assayed in two different systems. The RNAdependent DNA polymerase function was assessed from the
poly(rC).oligo(dG)-directedDNA synthesis in crude bacterial
lysates. This assay is possible dueto thelack of any significant
background activities in extracts of control bacteria (5,6, 11,
16,18). Conversely,there are substantial bacterial background
levelsfor both the DNA-dependent DNA polymerase and
RNase H activities. Consequently, we have assessed these
activities byemployingin
situ gel activity assays of the
electrophoretically separated polypeptides (7, 11, 14, 16, 21).
In brief, the gel assay forthe RNase H activity was conducted
as follows. The substrate for the assay is an RNA-DNA
duplex, prepared by transcribing single-stranded M13 DNA
with E. coli RNA polymerase holoenzyme in the presence of
[cY-~'P]UTP
and unlabeled ATP, CTP, and GTP. This substrate was cast in SDS-polyacrylamidegels. The extracts that
contain the recombinant HIV-1 RTs were fractionated on the
gel, which separated the RTs from the bacterial endogenous
RESULTS AND DISCUSSION
RNase Hs. The gelwas soaked in buffer under conditions
In thepresent communication we have studied the roles of that favor renaturation of the proteins. The renaturated
prolines 225, 226, 419, and 420, phenylalanine 346, and the RNase Hs can digest the labeled RNA in the RNA-DNA
addition of a cysteine residueinstead of an alanine at position hybrid, and the resulting small RNA fragments diffuse from
446 in the formation of properly foldedand catalytically active the gel, leaving nonradioactive areas in the otherwise uniHIV-1 RT. We have chosenat least three independent clones formly labeledgel (see Fig. 24). This assay was shown previof each mutant with identical levels of expression and cata- ously to be semiquantitative and linear with respect to the
lytic activities of the proteins in the recombinant bacteria. amount of lysate ran on the gel (7,11,13-15). The in situ gel
The resulting bacterial strains expressed about the same levels assay for the DDDP activity was performed as described in
of the different recombinani; proteins (as evident from the detail previously(21).ActivatedgappedDNAwas
cast in
Coomassie Brilliant Blue-stained protein bands, visualized SDS-polyacrylamide gels that wereused to fractionate exafter SDS-polyacrylamidegel electrophoresis;see Fig.1).This tracts containing the recombinant RTs, thus separating them
result is in accordance withour previous mutagenesisstudies from the endogenous DNA-dependent
DNA polymerases.The
conducted on HIV-1 RT andHIV-2 RT (5-6,11,18). There- polypeptides in the gels underwent a renaturation process
fore, we could determine the levels of enzymatic activities of followedby an in situ enzymatic assay in the presence of
the mutated RTs in crude extracts and relate them to the [cY-~'P]~GTP
and unlabeled dCTP, dATP, and dTTP. A
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mutagenesis studies presented are somewhatunexpected and
deserveadditionalthoroughmutationalandstructural
research. For example, it should be of interest to investigate
whether amino acids other than threonine can replace the
sets of double prolines without diminishing the activities of
the enzyme. It is possible that this issue will be resolved by
future three-dimensional x-ray crystallography studies
of this
protein.
8
Contrary to the relatively mild effect of replacing the 4
prolines, the deletion of 1 amino acid residue (phenylalanine
1
2
3
4
5
6
7
8
9
1
0
a t position 346) seems to be destructive to all catalytic functions of HIV-1 RT. Thus, this mutant protein exhibitsvery
a
weak RDDP activity and no detectable DDDP and RNase H
”
activities (Fig. 2 and TableI). This mutation is interesting in
FIG.2. The in situ RNase H and DDDP activity gel assays view of the fact that HIV-2 RT, despiteof its relatively high
of wild type mutant HIV- 1 RT. Bacterial extracts were prepared sequence homology with HIV-1 RT, lacksresidue 346, and
for electrophoresis by freeze-thaw lysis and aliquots of the extracts yet is fully active in mostrespects(4,
11). I t is possible,
were fractionated by electrophoresison 9% SDS-polyacrylamidegels. therefore, that the proper
folding of HIV-1 RT, unlike that
of
Lanes 1-10 represent extracts of bacterial strains similar to those HIV-2RT,dependssubstantiallyonthepresence
of this
analyzed in the corresponding lanes described in Fig. 1. A, in situ
RNase H gel assay. The radioactively labeled RNase H substrate was residue. Further studies areneeded to establish whether other
prepared using a single-stranded M13 DNA templat,e and E. coli RNA amino acid residues can replace phenylalanine 346 and yet
polymerase. The labeled RNA.DNA hybrid was included in the gel retain full enzymatic activities.
hefore itwas cast. The assay conditions following electrophoresisand
We have also studied an additional mutant
of HIV-1 RT in
renaturation of the separated proteins have been described in detail which a cysteineresidue substituted for the alanine at
position
previously (11, 14). R, in situ gel activity assay for the RT-related 446 (designated Ala-446). This newly generated3-cysteine
DDDP activity. Activated gappedDNA served as a substrate for t.his
in situassay. This substrate, prepared as described (21). was included mutant of HIV-1 RT apparentlydid not lose anv activity and
is even slightly hyperactive, indicating that the modification
in the gel before it was cast at a final concentration of 50 pg DNA/
ml of SDS-polyacrylamide gel solution. After the electrophoresis of of this residue is favorable. The foldina of the mutant RT is
the hacterial extracts, the gels underwent a renaturation process probably similar to the
wild t-ype enzyme. Therefore, it is
followed by the enzymatic reactionfor the DDDP activity as described unlikely that the extra cysteine atposition 446 is involved in
in detail previously (21).
the formationof new sulfhydryl bridges (with other cysteines)
that can affect the proper folding of the enzyme. The related
quantitativeanalysis of this gel assaywasperformed
by
mutants of HIV-2 RT, in which cysteine 445 was replaced by
excising the bands corresponding to the different HIV-1R T
either an alanineor a serine, were shown to lose most of their
polypeptides from thegels (see Fig. 2B) and determining the
RNase H activity and retained full DNA polymerase activity
radioactivityincorporatedintoeachband.Thisassay
was
(18). This combined information suggests that cysteine 445
shown earlier to be quantitative as a function of the amount
in HIV-2 R T plays an important role in creating the RNase
of lysate electrophoresed in thegels (21).
A summary of the enzymatic activitiesof all mutants rela- H catalytic domain, Conversely, the alanine residue at the
tive to wild type HIV-1 R T is given in Table I. Generally, the corresponding position of HIV-1 RT, Ala-446, does not seem
to affect significantly the RNase H domainof HIV-1 RT.
substitutions of threonines for prolines a t positions 22.5, 226,
Taken together, the results presented in this communica419, and 420 have a minor effect on the enzymatic activities
tion
confirm the notion that every prediction regarding the
of HIV-1 RT. It
is apparent that, except
for the double mutant
possible
effects of selective amino acid residues on protein
of prolines 419/420, which lost most of its RNase H activity,
the otherfive mutant RTsall retained their DNApolymerase structure and function should be substantiated experimenand RNase Hactivities. In fact, in several cases themodified tally by specific mutagenesis studies. In addition to the outRTs are even slightly hyperactive relative to the wild type lined conclusions, the current studies support two main feaenzyme. This is evident for the mutants
of proline 419, proline tures of the catalytic activities of HIV-1 KT. First, as in the
420, and prolines 419/420 (for the RDDP activity) and those case of HIV-2 RT, there is usually a correlation between the
of proline 225, proline 226, proline 419, and prolines 225/226 effects of individual mutations on the DNA polymerase and
(for the DDDP activity). It should be noted, however, that RNase H activities. This structural and functional interdethe mutants designated Pro-226 and Pro-225/226 exhibit a pendence is evident forall mutants except for the mutant
slight decrease in the RDDP activity and an increase in the designated Pro-419/420, in which prolines 419 and 420 were
replaced by threonines. This mutant retained practically all
DDDP activity with no significant change in the RNase H
showed a slightly h-yperactive RDDP
activity. These findings maysuggest that, despite the unique DDDPactivityand
properties of prolines in promoting turns, the folding of the activity, while losing most of its RNase H activity. Sequence
enzyme was almost not affected by replacing them by threo- homology studies suggest that all retroviral RTs have the
(19). This conclu- DNA polymerase domain located in the amino-terminalpornines that are not known to promote turns
in t,he carboxvlsion is based on assumption that only properly folded poly- tion of the molecule and the RNase H domain
peptides can exhibit full enzymatic activities. Being a small terminal part (22, 23). The proline 419/420 mutation is lonon-polar residue as proline, threonine is only partially sim- cated close to the critical “hinge” region that connects the
ilar to proline in helix destabilization. The fact that the two putative DNApolymerase and RNase H domains (23). Hence,
sets of double prolines areconserved in the RTsof all strains it is likely that the selective inactivation of the RNase H
of HIV-1, HIV-2, and simianimmunodeficiency virus studied activity of this mutantis associated with the proximityof the
so far (in spite of the high rate of spontaneous mutations in modification site to the RNase H domain. The second propthese viruses)suggests that theyhave a possible common role erty of the mutant HIV-1 RT
molecules is the relatively tight
in the folding of these RTs. Therefore, the results
of the linkage between the RDDP and DDDP activities exhibited

-
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TABLEI
Relative R D D P , DDDP, and RNase H activities of the different m u t a n t s of HIV-1 R T
The construction of the plasmids expressing the wild-type and mutant forms of HIV-1 RT were described previously (5-7) and under
“Experimental Procedures.” The positions of the amino acid changes were measured from the amino terminus of the reverse transcriptase in
virions. The RDDP and DDDP activities are expressed as percentage of the activities of wild type HIV-1 RT. The figures are the average of
activities determined for at least three independent clones (with standard deviations usually up to 10%).
Mutant
designation

Mutant
description

RNA-dependent
DNA-polymerase”

DNA-dependent
DNA-polymeraseb

RNase He

100
+++
Wild type
100
95
+++
Proline 225 to
127
threonine
Pro-226
71
+++
Proline 226 to
125
threonine
+++
Pro-225/226
Prolines 225
61
194
+ 226 to
threonines
+++
Pro-419
171
Proline 419 to
165
threonine
+++
Pro-420
Proline 420 to
99
113
threonine
Prolines 419
82
f
167
Pro-419/420
+ 420 to
threonines
0
0
4
AF346
Phenylalanine
346 deleted
144
++++
Alanine 446
196
Ala-446
to cysteine
The RDDP activities refer to the poly(rC),.oligo(dG)12-l~-directedDNA polymerase activities, detected in the lysates of the bacterial
strains that express the different proteins.
The DDDP activities were calculated from quantitative analysis of the in situ gel assays described previously (21) and are given in Fig.
28. The bands corresponding to the different HIV-1 RT polypeptides wereexcised from the gels and the radioactivity of 3zPcounts
incorporated in situ in each gel band were determined in a /3 scintillation counter.
The RNase H activities were determined from the semiquantitative in situ gel activity assay described in detail previously (11, 14, 18)
(see Fig. 2 A ) . These activities are expressed relative to the activity observed with wild type HIV-1 RT (+++).
HIV-1 RT
Pro-225

by all mutants, although ina few cases there are quantitative
differences between these activities. The apparent good correlation between these two DNA polymerase functions is in
line withprevious analyses of mutants of HIV-1RT.In
contrast, many of the HIV-2 RT mutants generated by us
displayed no apparent correlation between these two related
enzymatic activities (21).
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