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The reverse transcriptase (RT) of human immuno- of RT’ are required: RNA-dependent DNApolymerase,
deficiency virus type 1 (HIV-1) is one of the main
RNase H, and DNA-dependent DNA polymerase. Since retargets in approaches to the chemotherapy
of AIDS. A verse transcription isnecessary for viral infectivity, R T is one
detailed knowledgeof structure-function relationships of the main targetsof chemotherapy against acquired immuof this enzyme is a prerequisite for rational drug de- nodeficiency syndrome (AIDS),which is caused by the human
sign. We have used monoclonal antibodies as tools to immunodeficiency virus (HIV) (Barre-Sinoussi et al., 1983;
identify functionally important regionsof the protein. Popovic et al., 1984).
The preparation of 2 3 murine monoclonal antibodies
A number of reverse transcriptases from different retroviral
(mAb) against HIV-1 reverse transcriptase and their sources has been purified and partially characterized (for a
different effectson the enzyme are described.
review see VarmusandSwanstrom, 1984).Morerecently,
The interaction of purified mAbs with HIV-1 RT
some of these proteins have been produced in large amounts
was demonstrated by enzyme-linked immunosorbent
using recombinant DNA technologies. Especially for HIV-1
assay (ELISA), Western blots, and high performance RT, several recombinant expression systems have been reliquidchromatographysizeexclusionchromatograported, making thisenzyme available for abroad spectrum of
phy. One of the antibodies also
recognized recombinant biochemical and biophysical analyses (e.g. Tanese et al., 1986;
HIV-2 RT. Antibody binding epitopes on HIV-1
RT Farmerie et al., 1987; Larder et al., 1987a; Mous et al., 1988;
were analyzed by immunoblotting using cyanogen broHizi et al., 1988; Muller et al., 1989).
mide fragmented RT, C-terminally truncated mutants, Generally, retroviral RTs aremonomeric polypeptides with
and a peptide ELISA employing 15-mer synthetic overapparent molecular masses of 70-100 kDa (Verma, 1981).The
lapping peptides spanning nearly the complete poly- polypeptide chain can be divided into an N-terminal polympeptide chain. The epitopes
were mapped within three erase domain anda C-terminal RNase H domain (Johnson et
domains corresponding to amino acids 200-230,300-al., 1986). As shown for the Moloney murine leukemia virus
428, and528-560.
RT, these domains can
be expressed separately in
Escherichia
Two mAbs show neutralizing properties on enzy- coli without loss of their individual enzymaticactivities
matic functions of RT. One affects the polymerase ac- (Tanese and Goff, 1988). Two groups of retroviruses do not
tivity and toa certain degree the RNaseH activity of conform to this pattern. First, the family of avian sarcoma
the enzyme, whereas the other inhibits the latter activand leucosis viruses, whose R T consists of two polypeptides
ity exclusively. mAb 28, which blocks the polymerase forming a homodimer (&) or a heterodimer (ap) (for a review
activity, interferes with thenucleotide binding region see Varmus and Swanstrom, 1984) and second, the family of
of RT, as shown by fluorescence spectroscopy usinga lentiviruses, including HIV. For HIV-1 RT, the best studied
labeled template/primercomplex. By investigating the polymerase of the lattergroup, it hasbeen shownthat enzyme
antibody effects on dimer formation of the heterodi- activity is associated with a 66-kDa polypeptide and its Cmeric enzyme, three domains corresponding to amino terminally truncated form with a molecular mass of 51 kDa
(DiMarzo Veronese et al., 1986; Lightfoote et al., 1986).
acids 230-300, 350-428, and residues around amino
acid 540involved in protein-protein interactions were Studies on bacterially expressed HIV-1 R T have shown that
the two proteins forma heterodimer (Lowe et al., 1988; Muller
localized.
et al., 1989). Recently, the RTs of HIV-2, simian immunodeficiency virus, feline immunodeficiency virus, and equine infectious anemia virus, additional members of the lentivirus
family, have been characterized. For HIV-2, simian immuReverse transcriptase plays a crucial role in the retroviral nodeficiency virus, and equineinfectious anemia virusa simlife cycle. During early stages
of infection, this multifunctional ilar heterodimeric organization has been found (De Vico et
enzyme is responsible for converting the single-strandedge- al., 1989; Luke et al., 1990; Kraus et al., 1990; DeVico et al.,
nomic RNA into double-strandedproviralDNA (reverse tran- 1991b). Feline immunodeficiency virus R T isolated from viscription). For this process the following enzymatic activities
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rions appears to be a homodimer, but processing to a hetero- (966nucleotides) was hybridizedwith the correspondingDNAsepairs)
dimer was also observed (North et al., 1990). The significance quenceamplified by polymerase chain reaction(1043base
under conditions where formation of RNA/DNA hybrids is favored
of this obvious difference in theoverall structural organization over DNA/DNA hybrids. Otherwise, the assay conditionswere idenof RTs isunclear. However, from biochemicalstudies on HIV- tical to thosedescribed for testing thepolymerase activity.
1 and HIV-2 RT it is evident that the heterodimeric organiFluorescence Measurements-Fluorescence
measurements were
zation is absolutely required for enzyme function. On the one performed usinga SLM Smart 8000 spectrofluorometer (Colora,
hand the enzymatic activities areexclusively confined to the Lorch, Germany)equipped with a PH-PC 9635 photomultiplier. The
dimerformandontheotherhand
only the equilibrium samples were excited a t 500 nm, and emission was measured a t 532
constant of the heterodimeric form (KO> lo9 “I) is sufficient nm.All experiments were carried out a t 25 “C in a buffer containing 50
t o form a stable dimer (Restle et al., 1990; Muller et al., 1991b; mM Tris/HCl, pH 8.0, 50 mM KC1, 10 mM MgCl,, and 1 mM dithioRestle et al., 1992).
threitol in a total volume of 0.6 ml. Increasing amounts of R T were
Besides this general information on the structure of RT, added to primer/template labeled at the 3’ end of the primer with
relatively littleis known about detailed structure-function succinylfluorescein dideoxy-TTP (Prober et al., 1987; for experimenrelationships of the enzyme. In addition to the determination tal details see Muller et al., 1991a), and the fluorescence intensity
of the three-dimensional structure at atomic resolution by x- was determined after a n equilibration time of 1 min. When dGTP
titrated to a preformed complex of RT and primer/template, an
ray crystallography, which in the case of HIV reverse tran- was
incubation of 5 min was performed after each titration step. Data
scriptase has not been possible up to now due to the lack of were evaluated by use of the commercially available program“Grafit”
well ordered crystals, there are alternative strategies which (Erithacus Software Ltd.).
yield information on the enzyme’s structure and its relationHPLC Size Exclusion Chromatography-Chromatography was pership to catalytic properties.
Site-specific mutagenesis hasbeen formed using two HPLC columns in series (Bio-Rad TSK-250 folcarried out to obtainmore information on the localization of lowed by Bio-Rad TSK-125, both7.5 X 300 mm). The columns were
domains involved in the catalyticprocesses of the polymerase eluted with 200 mM potassium phosphate, pH 6.5, a t 1 ml/min.
Determination ofmAb Effect on Reverse Transcriptase Dimerizaand RNaseH functions of HIV-1 R T (for areview see Jacobo- tion-A homogeneous R T preparation (35 mg/ml; 50 mM HEPES,
Molina and Arnold, 1991). The interpretationof the deletion pH 6.8, 1 mM dithiothreitol) was diluted 1:3 with water and mixed
of C- and N-terminal domains, destroying both enzymatic
1:l with 30% acetonitrile/H,O on ice. Careful mixing of protein and
organic solvent is necessary to prevent irreversible protein precipiactivities of RT, and insertion mutations with varied effects
remains difficult (Hizi et al., 1990; Prasad and Goff, 1989). tation. After incubation for a few minutes, the sample was diluted 1:4
But the functional importance
of some conserved amino acids with dilution buffer (20 mM Tris/HCl pH 7.8; 1 mM dithiothreitol; 1
EDTA; 15% glycerol) containing the purified mAbs at a concenhas been demonstrated by site-directed mutagenesis (Larder mM
tration of 13.5 pM. Samples were stored on ice. A t different times,
et al., 1987b; Schatz et al., 1989; Mizrahi et al., 1990).
aliquots were taken and analyzed by HPLC size exclusion chromaDue to its high immunogenicity, R T is a promising target tography and standardpolymerase activity assay.
for immunological studies. Several groups have raised monoRESULT$
specific antibodies against HIV-1 RT (Chandra et al., 1986;
Di Marzo Veronese et al., 1986; Hansen et al., 1988; Tisdale
Identification of mAbs Interacting with the Enzymatic Funce t al., 1988; Ikuta et al., 1989; Ferris et al., 1990; Ferns et al., tionsof RT-The productionandcharacterization
of the
1991; DeVico et al., 1991a; Orvell et al., 1991). However, monoclonal antibodies used in the following studies are dedetailed investigations on the influence of antibodies on en- scribed in detail in the Miniprint
of this paper. The resultsof
zymatic functions have not been reported so far.
the epitope mapping are summarizedin Fig. 1.
Here we report the productionof 23 monoclonal antibodies
To obtain information on functionally important
regions of
against HIV-1 RT. The complete series of immunoglobulins
the enzyme, all 23 monoclonal antibodies were tested for their
was tested for their influence on the enzymatic activities of
capacity to inhibit the enzymatic activities of reverse tranR T and on dimerization of the heterodimeric protein. By
scriptase.RNA-dependentDNA
polymerase activity was
identification of the bindingepitopes, the propertiesof differmeasured witha standard assayusing (rA),(dT)ls as template.
ent mAbs could be correlated to their interaction
with certain
For determination of RNase H activity a defined RNA/DNA
domains in th e R Tpolypeptide chain.
hybrid was prepared (Restleet al., 1992). The immunoglobulin
preparations used were shown to contain no contaminating
MATERIALS AND METHODS?
protease or nuclease activities which would interfere with the
Expression and Purification of Recombinant HIV-RT-Recombianalysis.
nant HIV-lHHIO and
HIV-2D194 reversetranscriptases were expressed
One of the antibodies, mAb 28, was found to inhibit the
in E. coli and purified as described earlier (Muller etal., 1989; Muller
et al., 1991b). The expression systems and purification
protocols allow polymerase activity completely at a nearly equimolar ratio of
the preparation of large quantities of the heterodimeric forms aswell antibody to protein (Fig. 2 A ) . To obtain more detailed inforas 51- and 66-kDa proteins in homogeneous form. The preparations mation on its mode of action, we analyzed the influence of
are free of contaminating protease andnuclease activities.
mAb 28 on RT/substrate interaction by fluorescence specEnzymatic Activity Determination of Reverse Transcriptase-Potroscopy.Adetailed
description of thismethodhas
been
lymerase activity was measured by a standard assayusing (rA)n(dT)15
short
publishedrecently
(Muller et al., 1991a).Briefly,a
(Boehringer Mannheim, 0.5 A units/ml) as template (Restle et al.,
1990). RNase H activity was determined via cleavage of a homoge- oligodeoxynucleotide duplex (36/19-mer) was used, which was
labeled at the3’ end of the primerby addition of a fluorescent
neous RNA/DNA hybrid substrate. Substrate preparation and the
exactassayconditions will be published elsewhere (Restleet al., dideoxynucleotide analog. Specific binding of RT to thefree
1992). Briefly, a ‘H- or ”P-labeled RNA was transcribed using plas- 3‘ end of the primer results in an
increase of relative fluoresmid pBluescript KS (Stratagene), carrying the HIV-1 endonuclease
cence intensity. Titration of the following incorporable nucoding sequence, and T7 RNA polymerase. The resulting transcript
cleotide to the RT/primer-template complex leads to an additional change of fluorescence intensity. This system allows
Portions of this paper (including “Materials and Methods,” part
of “Results,” Figs. Sl-S3, and Tables SlLS2) are presented in mini- the investigationof specific steps in thepolymerization reacprint at the end
of this paper. Miniprint is easily read with the aidof tion. Using this approach, itcould be demonstrated thatmAb
the
a standard magnifying glass. Full size photocopies are included in the 28 interferes directly with nucleotide binding, whereas
microfilm edition of the Journal thatis available from Waverly Press. interaction between the protein and the template/primer du-
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FIG. 2. Neutralizing capacityof mAb 28 ( A )and mAb 2 ( E )

on polymerase and ribonuclease H activity of HIV- 1 reverse
transcriptase. The assay was carried out as described under “Materials and Methods.” The amount of heterodimeric RT was held

constant at 20 ng. A preincubation of enzyme and antibody was
performed for-10 min on ice before starting the reaction. When
HIV-2 RT was used, no inhibitory effect of mAbs was observed (data
not shown). The 100%value corresponds to enzymatic activity in the
absence of antibody. Squares, polymerase activity; circles, RNase H
activity.

plex is not disturbed (Fig. 3). In addition, mAb 11was found
to inhibit polymerase activity of HIV-1 RT toabout 60%.
Investigating the effect of the mAbs on the RNase H
activity, we were able to identify a second neutralizing antibody, designated mAb 2 (Fig. 2B). The nuclease activity was
also affected to 20% by mAb 1 and to 60% by mAb 28.
When recombinant HIV-2 R T was used as a control under
the same assay conditions, no inhibitory effects of antibodies
were observed (data not shown). This result shows that the
observed inhibitory effects occur in a specific manner.
Identification of Interface Domains by Investigation of the
Influence of mAbs on Dimerization of HIV-1 RT-Since the
dimeric organization is crucial for the enzymatic functions of
HIV RT, we were interested in identifying the protein domains involved in subunit interaction.Monoclonal antibodies
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FIG. 3. Inhibition of nucleotide binding to an RT-template/
primer complex by mAb 28 demonstrated by fluorescence
measurements. A shows a titration of RT to a 3’ fluorescencelabeled dideoxy-terminated template/primer duplex (synthetic oligodeoxynucleotide 18/36-mer). Binding of the enzyme to template/
primer results in anincrease of fluorescence intensity. Before titration
RT was incubated for 15 min with buffer (circles) or equimolar
amounts of control mAb (squares) or mAb 28 (triangles) on ice. B,
titration of the nucleoside triphosphate complementary to thefollowing base in the template (dGTP) to the labeled template/primerenzyme complex. The interaction of the corresponding nucleotide
with this preformed complex can be followed byan additional change
of fluorescence intensity. The curves shown are hyperbolic fits to the
experimental data, which reveal a dramatic increase of the apparent
K d of dGTP from 8 PM (control, circles) and 14 PM (control mAb,
squares) to 236 P M (mAb 28, triangles). The small difference in
nucleotide affinity and amplitude of the fluorescence signal seen with
the control antibody are presumably due to an indirect effect, i.e.
binding at a sitewhich is not the nucleotide-binding site. For detailed
information on the method see “Materials and Methods” and Muller
et al. (1991a).

recognizing epitopes distributed over large regions of the
polypeptide chain are good tools for identifying such interface
domains. Since it is not expected that theantibodies actively
promote dissociation of the subunits, their effects on RT
dimerization were estimated by following subunit association

Reverse
Structure-Function Relationshipsof HIV-1 Transcriptase
in thepresence of the correspondingimmunoglobulins.
The basic procedure to monitor R T dimer formation has
been described earlier (Restle et al., 1990). Briefly, if heterodimeric HIV-1 R T is treated with anorganic solvent such as
acetonitrile, complete dissociation to the subunits takes
place,
accompanied by a total loss of enzymatic activities. Upon
reduction of the organic solvent concentrationby dilution of
the sample, slow ( t I l 2approximately 12 h) quantitative reassociation of the subunits to a nativeheterodimer occurs,
restoring the enzymatic activities observed before dissociation. This reassociationprocess can be studied in a timedependent manner by high resolution HPLC size exclusion
chromatography as well as by measuring the enzymatic activities of the enzyme witha standard assay. The reassociation
kineticsare completelyreproducible, as shown in several
hundred tests. If a potential dimerization inhibitor, such asa
monoclonal antibody, is present during reassociation, its effect on dimer formation can be detected (Fig. 4). In thecase
of immunoglobulins interacting with both subunits, HPLC
size exclusion chromatography is not useful for direct monitoring of the association process, since the resolution of the
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TABLE
I
Summary of the results concerning the effects of monoclonal
antibodies on polymerase activity, RNase H activity, and dimerization
of HIV-1 reverse transcriptase
no effect:
100% inhibition; >, acceleration of dimerization;
ND,'not determined.
Polymerase
RNase
H
Dimerization

-.

+++,

activity activity

A: 200-230

mAb 3
mAb 11
mAb 12
mAb 17
mAb 20
mAb 21
mAb 23
mAb 27
mAb 28
mAb 31
B: 300-349
mAb 2
mAb 14
mAb 16
C: 350-400
mAb 4
mAb 10
D: 401-428
mAb 6
mAb 26
E: 528-560
mAb 1
mAb 5
mAb 9
mAb 15
mAb 22
mAb 24

-

++
(60%)
-

+++
ND
++ (87%)
+++
+++
+++
++ (86%)

++ (40%)

ND

+++

-

+- (20%)

>>> ( X 5 )
>> ( X 2-3)

-

+++

++ (80%)
++ (60%)
+++
+++
+++
+++
+++
-

>> ( X 2-3)

columns decreases at molecular masses beyond 200 kDa.
Ten of the immunoglobulins showed quantitative blocking
of dimerization (Table 1).Four others, mAbs 12, 14, 16, and
23 displayed different degrees of interference. For mAbs 2,
15, 24, and 27, no effect on dimerization was observed. Interestingly, some of the mAbs had a stimulatory effect on dimer
formation. Antibodies 1, 5, and 22 inducedacceleration of
subunit association in the range of &fold for mAb 1 (Fig. 4)
and 2-3-fold for mAb 5 and mAb 22, respectively. As discussed
below, based on the different
effects of mAbs on the formation
of dimers, we propose three regions of the protein to be
involved in subunit interaction.

. F ~

185;

FIG. 4. Influence of mAbs on dimerization of HIV-1 RT.A ,
reassociation of reverse transcriptase heterodimer (51 kDa/66 kDa)
after complete dissociation to the monomers (51 kDa, 66 kDa) by
treatment with 15% acetonitrile. Association in the presence or
absence of the respective antibodies was initiated by lowering the
acetonitrile concentration to 3%. The concentration of proteins inall
reassociation experiments corresponds to 15 pM R T (monomer) and
13.5 ~ L Mof the respective antibody. All reactions were carried out at
0 "C. The degree of dimer formation was measured at different times
by HPLC size exclusion chromatography (see B ) . For example the
effects of mAb 1 (circles) and mAb 9 (triangles) are shown compared
with the control without antibody (squares). mAb 1 results in a 5fold acceleration. In contrast, mAb 9 results in a complete inhibition
of dimerization. The other immunoglobulins show intermediate effects between these two extremes. B , HPLC size exclusion chromatograms of the upper fit. As an example, the situations at the start(0
h) and after 100 h are shown. The degree of redimerization was
calculated via the decrease of free 51-kDa protein (retention time
16.5 min). When antibodies recognized both subunits, the classification of peaks ismore difficult. In thesecases the dimerization reaction
was measured indirectly via the increase of specific polymerase activity and checked by size exclusion chromatography.

DISCUSSION

We have described the preparation and characterizationof
murine monoclonal antibodiesagainstrecombinantHIV-1
reverse transcriptase in its heterodimeric form (see the Miniprint) and their interaction with the protein assummarized
in Fig. 1 and Table 1. Our aim was to obtain information on
structure-function relationships of this enzyme.
The identified binding regions of the monoclonal antibodies
described here appear to be conformational in nature and
have been located within amino acids 200-230, 300-428, and
528-560. As discussed below, these epitopes are further distinguishableby the different biochemicaleffects of mAbs on
enzymatic functionsof RT. Amino acids within positions5165,105-137, 186-227, 429-443, and 537-551 could be identified as strongly immunogenic by ELISA with anti-HIV R T
rabbit sera using 15-mer
overlapping synthetic peptides spanning nearly the complete R T sequence as antigens (see the
Miniprint). This is in agreement with findings reported by
other authors (Padberg et al., 1989; Ferris et al., 1990; Ferns
et al., 1991). One main epitopehowever, reported by Ferris et
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ul. (1990) and Ferns et al. (1991), corresponding to amino
acids 230-300, was not recognized by any of our monoclonal
antibodies. In thiscontext it might be of interest tonote that
these authors used 66-kDa RT for immunization instead of
heterodimeric protein. This suggests that thereare differences
in theoverall folding of the two species, resulting in different
accessibility of certain domains which is supported by our
results concerning the different equilibrium constants for the
association reaction of the two dimeric forms ( lo5 M" for 66/
66 kDa versus at least lo9 M" for 51/66 kDa; Restle et al.,
1990).
The main objective of the work presented was to correlate
defined regions of RT to theenzymatic functions by the aid
of monoclonal antibodies. For this reason the immunoglobulins were tested for their effects on polymerase and RNase H
activities. Furthermore, the influence of mAbs on dimerization was investigated.
Four out of 23 mAbs wereidentified to affect the enzymatic
functions, two of them showing neutralizing capacity. To our
knowledge, this is the first report on mAbs completely blocking the enzymatic functions of RT. Polymerase activity was
inhibited by mAb 28 and mAb 11, both mapping within amino
acids 200-230. The remaining eight immunoglobulins located
on this epitope did not affect the enzyme, suggesting that
inhibition occurs ina specific manner. An approximately
equimolar RT/mAb ratio was sufficient to achieve complete
inhibition for both antibodies. In contrast to mAb 28, which
completely neutralized polymerase activity, the maximal inhibition of mAb 11 corresponds to about 60%. Furthermore,
the RNase H function was reduced by about 40% by mAb 28,
whereas no effect could be observed with mAb 11. These data
indicate that the epitopes recognized by these two immunoglobulins are probably close, but distinguishable by their
effects on RT function and the different recognition pattern
with deletion mutants observed in Western blot analysis (see
Table S2). A more detailed investigation concerning the inhibition mechanism of mAb 28 revealed that this antibody is
directly involved in blocking the dNTP binding to RT, suggesting that residues within the region spanning amino acids
200-230 are part of the nucleotide binding pocket. This assumption is in agreement with the results of Larder and Kemp
(1989), who have identified amino acids 67, 70, 215, and 219
to be involved in high-level resistance to AZT.
Besides mAb 28, two additional antibodies were found to
interfere with the RNase H activity. mAb 2, which has been
shown to neutralize the enzymatic function, was mapped to
amino acids 300-350, a region distant from the proposed
active site onthe polypeptide chain. On the other hand, only
weak inhibition was observed using mAb 1, which recognizes
a region which is part of the RNase H domain. One possible
interpretation of the observation that the inhibition by mAb
2 and mAb 28 is mediated through regions which are not part
of the RNase H domain is that the RNase H domain needs a
defined arrangement relative to the polymerase domain for
proper function. This is in agreement with the recently proposed model for the simultaneous action of both activities,
suggesting also a defined arrangement of active sites (Schatz
et al., 1990). The assumption that mAb 2 disturbs this arrangement by binding to a proposed linkage region would
explain why it blocks nuclease function without interacting
directly with the catalytic site of this enzymatic activity.
In the context of additional structural aspects we have
investigated the influence of the MAbs on dimerization of
RT. Itis generally accepted that HIV-1 RT is a heterodimeric
enzyme, but there is still a controversial discussion regarding
the biological significance of the dimeric organization, which

of HIV-1 Reverse
Transcriptase

is characteristic for the known lentiviral RTs. In particular
there is no agreement about the significance of the monomeric
and homodimeric species which have been isolated from recombinant expression systems. From our results we have
evidence that dimerization of HIV RT is absolutely required
for the polymerase as well as the RNase H function (Restle
et al., 1990; Muller et al., 1991b; Restle et al., 1992). Therefore
knowledge of the interfacedomains of the heterodimeric
enzyme is not only of academic interest, but also relevant for
the development of chemotherapeutic agents againstHIV.
With the exception of mAb 27, all immunoglobulins mapping to region 200-230 prevent subunit association. A less
pronounced effect ofmAb 12 and 23 can be explained by a
relatively low affinity to RT(see Table Sl), since the stoichiometry used in theassay was about 1:l (RT monomer/mAb).
As discussed above, region230-300, reported by others (Ferris
et al., 1990, 1991) to represent a main antigenic region, was
not recognized by any of our mAbs. We assume that this part
of RT is not accessible on the heterodimer, because it contains
an interface domain. This is further supported by the result
of the peptide ELISA with rabbit serum,since this area is not
represented among the recognized epitopes (Fig. S3). On the
other hand, 7 out of the 10 antibodies interacting with amino
acids 200-230 have been shown to block dimerization, but
also recognize native heterodimeric protein, implying that
this domain is accessible and notdirectly involved in proteinproteininteraction. We propose that the residues around
amino acids 230 border on an interface region. The second
region which may be involved in dimerization corresponds to
amino acids 350-428, as indicated by the effects of mAbs 4,
6, 10, and 26. As described in the Miniprint, mAb 6 and 10
display a weak interaction with native protein, suggesting
that theyrecognize epitopes not easily accessible under native
conditions. The finding that mAb 2 hasno effect on the
association of the subunitsindicates that region 300-350 does
not participate in subunit interaction. The inhibitory effect
of mAb 14 and 16 on dimer formation could be explained by
an interaction with residues located near the border of the
proposed protein-protein recognition domains 230-300 and
350-428, respectively. Recently, a leucine zipper-like motif
(residues 282-310) and a tryptophan repeat motif (residues
398-414) have been identified in HIV RT andproposed to be
involved in subunit interaction (Baillon et al., 1991).
The C-terminal residues (528-560) were identified to represent a third domain involved in dimerization. The six immunoglobulins mapping within this relatively small area have
differential effects on subunit interaction. mAb 9 was found
to disturbassociation of the two subunits. Interestingly,weak
binding of mAb 9 to the 66-kDa homodimeric form and no
binding to the heterodimeric form was observed, whereas the
66-kDa monomer showed a strong interaction with MAb 9,
suggesting that theepitope recognized by this antibody is part
of a third interface domain. We suggestthat mAb 9 recognizes
residues around amino acid 540 which are highly conserved
among lentiviral RTs (DeVico et al., 1989) and proposed to
be involved in the interaction between the RNase H and the
polymerase domain (Davies et al., 1991). This is further supported by our observation that mAb 9 displays a cross-reaction
with the 66-kDa monomer of HIV-2 RT, whose amino acid
sequence is identical to thatof HIV-1 RT from residue 534 to
545. From these results we propose that the effects of small
C-terminal deletions resulting in a nearly complete loss of
enzymatic activities (Hizi et al., 1990) and loss of viral infectivity (Tisdale et al., 1991) are mediated by a dramatic decrease of dimer stability.
Interestingly, the binding of mAb 1, 5, and 22 induces an
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Larder, B., Purifoy, D., Powell, K., and Darby, G. (1987a) EMBO J. 6 , 31333137
Larder, B.A., Purifoy, D. J., Powell, K. L., and Darby, G. (1987h) Nature 3 2 7 ,

acceleration of dimerization. This observation might be explained by a two step reaction for subunit association, consisting of a slow intramolecular rearrangement followed by
t h e second step, a fast association of the monomers. This is
supported by biochemical data: which demonstrate that there
are two species of R T monomers with respect to association
kinetics. Generally, the formationof the RTheterodimer is a
very slow process (tIl2-12 h at a concentration of 6 FM
dimer). A small fraction of the molecules, however, associates
within a few seconds, indicating that this
subspecies is present
in the appropriate conformation that allows fast association
of monomers. An antibody might promote dimerization by
favoring this"dimer-forming'' conformation of the molecule.
Several other aspects of the interaction of the monoclonal
antibodies described also merit further study. Forexample, a
more accurate localization of the epitopes, which could be
conveniently achieved using the methods described here with
71
G - 7.1_
7 .
._"
a more closely spaced set of C-terminally truncated mutants,
B. A., and Kemp, S. D. (1989) Science 246,1155-1158
would provide more precise information on the natureof the Larder,
Lightfoote, M. M., Coligan, J. E., Folks, T. M., Fauci, A. S., Martin, M. A,, and
regions involved in the essential functional propertiesof the
Venkatesan, S. (1986) J. Virol. 6 0 , 771-775
Lowe,
D. M., Aitken, A,, Bradley, C., Darhy, G. K., Larder, B. A,, Powell, K.
protein. Another interesting aspect, which has not been adL.. Purifov. D. J.. Tisdale. M.. and Stammers. D. K. (1988) Biochemistrv 2 7 .
dressed in the present work, concerns the stoichiometry of
W., Hoefer, K., Moosmayer, D., Nickel, P., Hunsmann, G., and Jentsch,
antibody binding to the
enzyme, sincethe two subunits of the Luke,
K. D. (1990) Biochemistry 29,1764-1769
heterodimer have the same amino
acid sequence up to the end Mizrahi, V., Usdin, M. T., Harington, A., and Dudding, L. R. (1990) Nucleic.
Acids Res. 18,5359-5363
of the 51-kDa subunit.would
It
therefore be of interest to test Morris,
G. E., Frost, L. C., Newport, P. A., and Hudson, N.(1987) Biochem. J .
248.53-59
for conformational similarities and differences between the
Mous,
J.,
E. P., and Le Grice, S. F. (1988) J. Virol. 6 2 , 1433-1436
51-kDa domains of the two subunits using antibodies recog- Mullis, K.Heimer,
B., and Faloona, F. (1987) Methods Enzymol. 1 5 5 , 335-350
nizing epitopes within this domain. Finally,
co-crystallization Muller, B., Restle, T., Weiss, S., Gautel, M., Sczakiel, G., and Goody, R. S.
(1989) J . Biol. Chem. 2 6 4 , 13975-13978
of reverse transcriptase with FAb fragments could lead to Muller,
B., Restle, T., Reinstein, J., andGoody, R. S. (1991a) Biochemistry 3 0 ,
w
w - 2 7 1 F,
_.l_
better crystal quality than hasbeen obtained so far using the
Muller, B., Restle, T., Kuhnel, H., and Goody, R. S. (1991b) J . Biol. Chem.
enzyme alone or as itscomplex with its natural substrates or 2 6 6 , 14709-14713
North, T. W., Cronn, R. C., Remington, K. M., Tandberg, R. T., and Judd, R.
ligands.Co-crystallization experiments with FAb/RT comC. (1990) J. Biol. Chem. 2 6 5 , 5121-5128
plexes are currently in
progress.
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Structure-Function Relationships of HIV-1 Reverse Transcriptase
Supplemental matertal IO
STRUCTURE.FUNCTION RELATIONSHIPSOF HIV.1 REVERSE TRANSCRIPTASE
DETERMINED USING MONOCLONAL ANTIBODIES
T o b m Restte. Machael Pawlrta. Georg Sczahlel. Barbara Muller and Roger S Goody

MaterialsandMethods
Production 01 anti HIV-l/HlV-2 RT rabbi1 sera
Palyclonal anllsera 10 recombmant FI1V.t and HIV.2 RT were ralsed an rabbits by subculaneus
,nlect#on01 100 }cg punted prote~n
tn complete Freund's adluvanl lollowed every lour weeks by IWO
boosler m]eCl#onSeach w ~ l hlhe same amount 01 anttgen m 8nCOmpletF adjuvanl Premmune Sera
Showed no reacI8v8Iy with the respeclive RT in western blots and ELISA
lmmunizallon 01 mice and production 01 hybridomas
Female 6 weeh old BatblC mce were mlecled SubCulaneouStywlth 50 1x9 01 pvrhed recombinant
H1V.t RT m comolete Freunas adwant and were boosled 4 weeks later wjth the same amount 01

weah interaction w8th monomeric 51 kDa plotem was lndlcaled by the (act thal both Ihe antlbody
and 51 hDa RT peaks were Shllted to Shone, e l u l m limes (,.e. hlgher molecular wetghts).
Interestmgly. MAb 9. whch does not mleract woth the 5 1 kDa subuntl (see Figure St). bound
slrongly 10 the mOnOmertC 66 kDa pOlypept$debul weakly lo lhe homOdimer8c and not to me
heterodtmenc R T torms. suggeslmg that t h s anllbody recogn8zes an mterlace domal" not
acCesS8bteOn dsmenc RT

Figure S1. Western blot 01 pvrllted reCOrnb8nanl helerodtmeroc HIV.1 RT with hybrndoma
supernatant 01 all 23 MAbs Identical results were Obtamed wth asc8les Ilwd or pur8hed MAbS. For
delatts see Matems and Methods The numbers On lop Correspond to the respectlve MAb (see
table SI) M- molecular welght marker. h s pos human HIV.1 serum. c: Cnntrol (mume MAb whch
does not recognrx HIV-I RTI

Structure-Function
Relationships
(4 e. Ihe C.lerminus 01 Ihe 51 kDa subunll) IS recognized by MAbS 2. 4. 6. I O . 14. 16 and 26. As
summarnzed an Table S2. some 01 Ihe anlrbod8eS Show d~SCOnl~nuOUS
blndmg IO Ihe mulanls Thrs
mlght be erplalned by d8Ilerenl aCcess8b8l~lyor lormamn 01 complex epltopes due IO a dtllerenl
pansal renawramn 01 Ihe deleled prolelns on nmocellutose 111tes
The assumpllon lhal Ihe MAbS lnleracl wllh conlormal~onal epnlopes IS supponedby results
Obialned wI!h Ihe pepllde ELlSA None 01 Ihe monoclonal anltbodies displayed a reacllon welh any
01 lhe 56 pepldes lesled. even 11up Io I 5 ~rg01 pure MAb per well were applied. Whereas 1 n 01
MAD ts sufltcrent 10 gwe a hall.milx#mal signal when n~ 1s used as an antigen (see Table O I )

of HIV-1 Reverse
Transcriptase
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Moreover, none 01 Ihe pepltdes blocked the bmdmg 01 tmmunoglobulms 10 FIT as shown by
compelmn ELSA usmg a 5000 lold molar excess 01 pepltdes Over coupled plotem These llndlngs
are htghly suggesl8ve 01 nonlmear ep8Iopes lor Ihe anllbodles described here. Results 01 the
epllope mapplng are summanzed tn Figure I
The peplsde ELSA assay was also used 10 Idenllly strongly anllgentc regmns 01 the prolelo b
lesllng me reamvlly 01 polyclonal ant, HIV RT rabbst sera A" ant, ~1v.IRT rabbbl serum (Iller lo.<
compare Table S I ) showed the SlrOngeSl reacl8v,l8es wllhin POSil8OnS 5165. 105.137, 186.227 and
429.443 (Figure S3). Whch 8s pantally COnS8Slenl with data Obialned by OlherS uslng d8Ilerenl
lechmques (lor d~scussmiseeabove) Inleresl8ngly. anll HIV-2 RT rabbllSeNmrecogn~zeo
peplldes number 17 and 55. correspond8ng IO amino aclas 195.209 and 537.551 respeclsvely
( d m not shown). The laller doman 6 highly conserved among relrovsral pol genes (Devco et ai ,
1989) Allempl~10 map a8llerenl human HIV sera 10 cenam epllopes on Ihe pol gene bypepl8de
ELSA lailed due 10 Ihe low Iller 01 Ihe available sera
absorbance (492 nml

Figure S2. Analysis 01 C-lerminal

lruncaled mutants 01 HIV-1 FIT used lor
ep8Iope mappmg.
The
upper
part
dlspla s Ihe Coomassie blueslalned
SDS-JAGE 01 dcsrupled E. cob cells
expressmg Ihe
respective
delelm
mutants (3.11: see text lor delalls). The
arrows tndicalethe
posil~ons01 lhe
recombinam plotems In lhe case 01 Del
3 and Del 10 Ihe expression was IO low
lor an unamb!ouOs tdenlnlcalion bV
Coomassle blue slam. The lower pail
shows Ihe lmmunoblol 01 Ihe above gel.
where RT was delecled by a p~lyclonal
rabbll an11 HIV-I RTserum

Table 52: Summary 01 Ihe resuns lrom studies on
MA0 binding lo C-terminally IwnCaIedFIT mulanls

1000

I

I

I

I

Figure S3.HIV-I RT peplade ELSA usmg polyclonal rabbll an18 HIV.1 RT serum (ddulton 1.1001.
Synlhelac 15mer overlapptng peplldes were coupled dveclly 10 m?crOl8Ierplales For delaoled
descrtplm 01 Ihe experlmenlal procedure see Malertals and Methods The X m t s shows Ihe
posmn 01 Ihe respecllve peptrdes ~nIhe FIT sequence. Ihe y.axls Ihe opllcal denstly Oblalned In the
ELSA assay. Solvd bars lnd8Cate ant8 RT serum. open bars rnd8cale rabbll prelmmune serum as
COnlrOl Purllred recomb8nanl HIV.1 RT was used as a COnlrOl (extreme rlghl 01 the Ilgure) I1 rabbtl
an18 HIV.2 RT Serum IS used. only residues 195.209 and 537.551 were reCogn8zed and a weak
cross reactton with HIV.1 RT can be observed faala no1 Shown)

