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Inhibition of Human
Immunodeficiency Virus Type 1
Reverse Transcriptase
Dimerization Using Synthetic
Peptides Derivedfrom the
Connection Domain*

stranded proviral DNA, reverse transcriptase(RT)’ plays a key
role in the human
immunodeficiency virus (HIV) life cycle. This
enzyme consists of two polypeptidesof 66 and 51 kDa (Chandra
et al., 1986; Di-Marzo Veronese et al., 1986; Lightfoot et al.,
1986). The heterodimeric enzyme represents the biologically
active relevant form found in infectious virions, whereas the
isolated subunits aredevoid of enzymatic activities (Mulleret
al., 1989; Restle et al., 1990, 1992).
RT represents one of the main targets in the
development of
chemotherapy against HIV, the etiologic agent responsible for
(Received forpublication, March 10, 1994) the development of acquired immunodeficiency syndrome
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nucleoside inhibitors (for reviews, see Grob et al. (1992) and De
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Clercq (1992)).As suggested by Restle et al. (1990), the process
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(Jacobo-Molina et al.,1993)
Based on presently available information
on the struc- leads toa better understanding of the interaction between the
ture of human immunodeficiency virus type 1 (HIV-1) two subunits (p66/p51). The dimer interface,which appears to
reverse transcriptase, peptides have been synthesized
be highly hydrophobic, is dominated by the interaction of the
which correspond to the sequencea of
particular region two so-called connection subdomains (for a review, see Nanniet
of the protein involved in formation of the active het- al. (1993)).
erodimeric form of the enzyme. Several peptides that
Recently, we haveusedintrinsictryptophan
fluorescence
are 15-19 amino acids long and that are derived from
(Divita et al., 1993) and monoclonal antibodies (Restle et al.,
the so-called connection domain of the reverse tran1992) to characterize the dimerization process of HIV-1 RT
scriptase are able to inhibit dimerization of the enzyme
and confirmed that a cluster of 6 tryptophan residues in the
and thus inhibit developmentitsof
enzymatic activities. connection domains is directly involved in dimerformation, a s
In particular, a tryptophan-rich 19-mer corresponding
to residues389-407 was relatively efficient, showing an already proposed (Baillon et al., 1991). Here we present a new
strategy against HIV-1 RT activity, namely the use of small
apparent dissociation constant in the micromolar range
for one or both of the subunits. The sequence of this peptides corresponding to the connection domains as inhibitors of the dimerization process of the enzyme. Such a stratregion is identical for both subunits, since one (molecuegy has already been applied successfully in the cases of the
larmassof51kDa)
is the proteolytic product of the
ribonucleotide reductase from the herpes simplex virus (Coother (molecular mass of 66 m a ) . Dissociation of the
et al., 1986; Dutia et al., 1986) and of the protease from
preformed heterodimer could not be induced by thehen
peptides, but increasing concentrations reduced the rate ofHIV-1 (Zhang et al., 1991). In our study, four different pepun- tides corresponding tothe connection domainhavebeen
dimerization in a concentration-dependent manner
til itbecame immeasurable at high concentrations. The tested. Particularly, a peptide corresponding to residues at poresults suggest that inhibition
of dimerization of reversesitions 389-407 of the BH-10 clone derived from the HIV-1
transcriptase is an attractive approach to chemothera- LAV isolate was able to reduce dramatically the rate
of dimerpeutic intervention in HIV infection and that further
ization of the enzyme, and appears tobe able to interact with
development of peptide-based inhibition strategies
is one of the subunits. This peptide represents a part of the seworth pursuing.
quence of the tryptophan repeat motif, which is well conserved inHIV-1 and -2, as well as in simianimmunodeficiency
virus RTs (Baillon et al., 1991).
By converting single-stranded genomic RNA into double-

EXPERIMENTAL PROCEDURES
Materials-Peptides 1 and 2 were synthesized by Chiron Mimotopes
provided 95% pure as determined by
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the cell-free assays was 100 m, which corresponds to a final concentration of less than 1%Me,SO. It was verified that atthis concentration,
Me,SO has no effect on enzyme stability and activity. Acetonitrile (gradient grade) was purchased from Merck. All buffers were filtered and
degassed before use.
Enzyme Preparation-Recombinant HIVRTswere
expressed in
Escherichia coli and purified as previously described (Muller et al.,
1989). The expression system and purification protocols used allowed
the preparation of large quantities of highly homogeneouspreparations
of the heterodimeric forms of the enzyme resulting from co-expression
of
the 66- and 51-kDa polypeptides, as well as isolated p51 and p66 subunits. Enzyme concentrations were routinely determined according to
Bradford (1976) using a gravimetrically prepared solution ofRT as a
standard.
Polymerase RT Assay-Polymerase activity was measured by a
standard assay using poly(rA).oligo(dT),,as template-primer (Restle et
al., 1990).The RT preparations used showed a specific activity of about
10,000 unitdmg, where 1 unit of enzyme catalyzes the incorporation of
1 nmol of TMP in 10 min at 37 "C into acid-insoluble material.
HPLC Size Exclusion Chromatogruphy-Chromatography was performed using two7.5 x 300-mmHPLCcolumns in series (Bio-Rad
TSK-250, followed by Bio-RadTSK-125).The columns wereeluted with
200 m potassium phosphate, pH 6.5, a t a flow rate of 0.8 mumin
(Restle et al., 1990).
FluorescenceExperiments-Fluorescence measurements were performed at 25 "C, using a SLM-Smart-8000 spectrofluorometer (Colora,
Lorch, Germany) equipped with a PH-PC 9635 photomultiplier. The
spectral bandwidths were 2 and 8 nmfor excitation and emission,
respectively. RT excitation was routinely performed at 290 nm, and
fluorescence emission intensity was measured at 340 nm. All measurements were corrected for the buffer blank and for the wavelength dependence on the exciting light intensity using the quantum counter
rhodamine B in the reference channel. The intrinsic fluorescence emission of RT (0.5-5
protein) was measured in a total volume of 0.6 ml
of fluorescence buffercontaining 50 m Tris-HC1, pH8.0,lO m MgCI,,
50 m KCl, and 1 m dithiothreitol.
Dissociation and Association of the RT Heterodimer-Dissociation of
the HIV-1 RT heterodimer was performed by addition of acetonitrile to
a concentration of 17%in the fluorescence buffer described above.The
monomer formation was monitored under equilibrium conditions by
measuring the relative increase of the intrinsic fluorescence emission
of the protein, the decrease of the polymerase activity using the
standard assay, or by HPLC size exclusion chromatography (Divita et
al., 1993).The association of the subunits was induced by a 12-fold dilution of the sample with an organic solvent-free buffer resulting in a
final concentration of 1.4%acetonitrile as previously described (Divita
et al., 1993). The establishment of the dimerization equilibrium was
followed in a time-dependent manner using the same parameters. For
association and dissociation experiments, protein concentrations of 0.5
wereused. Data werecollected using a personal computer
and 5
and evaluated with the commercially available fitting program Grafit
(Erithacus software). The dimerization experimental data were analyzed as a second order reaction, and the time course of the dissociation of the heterodimer was fitted to a first order equation with a
single rate constant.
Antiviral Activity-Peptides 1and 2 were evaluated for their ability
to inhibit HIV-1infection in cell cultures. The fusogenic effectof HIV-1
in the MT-4 cell line system was determined essentially as described by
Rey et al. (1987). Briefly, a total of 3 x lo5 MT-4 cells in 100 ml of
medium (RPMI) were centrifuged, and the pelleted cells were resuspended in 100 ml of RPMI containing increasing concentrations of peptides. Afkr 1h at 37 "C, the cells wereinfected by addition of 10 tissue
culture infection units in 100 pl of virus HIV-1 MV. After another hour
at 37 "C, the cells werewashed three times with RPMI, resuspended in
1 ml of RPMI containing the peptides, and cultured in 24-well culture
plates. The appearance of syncytia was followed every day, from day 4
to day 7 post-infection, under an inverted optical microscope.Both
uninfected cells and cells infectedby the virus in theabsence of peptide
were used as controls.
RESULTS

Choice of the Peptides-The sequences of the peptides used
are defined in Table I (based on the HIV-1BHlO molecular
clone sequence). The recent determinationof the three dimensional structure of HIV-1 RT (Kohlstaedt et al., 1992; JacoboMolina et al., 1993) provides important information for the
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TABLE
I
Amino acid sequence and localization of the differentpeptides used
Positions are referred to BHlO (molecular clone from HIV-1 LAV).
Peptide

Position

1
2
3
4

389-407
403-415
330-345
364-380

Sequence

FKLPIQKETWETWWTEYWE
TEYWQATWIPEWE
QKQGQGQWTYQIYQEP
DVKQLTEAVQKITTESI

design of peptides interfering with the dimerization process of
this enzyme. The dimer interface is mainly formed from the
interaction between the two connection domains. The marked
intrinsic tryptophan fluorescence change induced by dissociation of RT using organic solvent or by subunit association confirmed that theforces involved in this interaction
seem to be of
highly hydrophobic nature and arestabilized by a cluster of 6
tryptophan residues (Divita et al.,1993). Accordingly, peptides
motif region of the concorresponding to the tryptophan repeat
nection domain were foreseen as potential inhibitorsof dimerization of the enzyme. Since the amino acid sequence corresponding to this part of the protein is highly hydrophobic,
synthesis of a single peptide encompassing the whole region
(amino acids389414) was not attempted. Instead,two different partially overlapping peptides were synthesized (Table I).
The firstone (Pl) corresponded to thesequence 389407, which
contained the first 4 tryptophan residues of this region. The
last residue, a glutamine, was replaced by a glutamic acid, to
improve both the solubility and the purityof the peptide. The
presence of a glutamine or glutamic acid residue at the end
position of this peptide led to similar inhibition of RT dimerization at similar concentrations. The second peptide (P2) corresponds to residues 403415, which contain the last3 tryptophan residues of the cluster. The third (P3) and fourth (P4)
peptides corresponded to the middle and the beginning part of
the connection domain, respectively .
Peptide EfjCects on the DimerizationProcess of HIV-1 RT-As
described earlier (Restle et al., 1990; Divita et al., 1993), the
heterodimeric form of HIV-1 RT can be reversibly dissociated
using organic solvents such as acetonitrile. This results in a
complete loss of enzymatic activities without unfolding of the
monomers. Both the dissociation and association processes can
be followed bythree complementary methods: intrinsic fluorescence, HPLC size exclusion chromatography, and enzymatic
activity. In the present
work, using tryptophan-containingpeptides created problems with the fluorescence method, so that
the association of the subunitswas followed by measuring the
polymerase activityand the final
dimeric ratio was shown to be
100%by size exclusion HPLC (data not shown). In the experiments shown in Fig. 1, HIV-1 RT heterodimer was dissociated
first and then reassociated as described under "Experimental
Procedures," using a fued peptide concentration of 10 1.1~.In
the presence of P1, the apparent RT association rate constant
(K,) was greatly reduced (to 0.2 x 10' M - ~s-l, compared to 3.3 x
10' or 5 x lo2
s-' inthecase of P2 or in thestandard
conditions in theabsence of peptide.) Half-time values (tm; i.e.
the timeneeded to reestablish50%of final activity) of 2,3, and
50 h were determined in theabsence of peptide or presence of
P2 and P1, respectively, at the sameconcentration. After200 h,
in thepresence of P1.
only 80% of the dimeric form was restored
Similar results were obtained with the association of sepa,
that theacerately purified subunits (p66 and~ 5 1 1indicating
tonitrile treatment did not affect subunit association or its inhibition by peptides.
The peptides P3 and P4, which were not derived from the
tryptophan clusterof the connection domain, also inhibitedthe
association process, but less profoundly than P1. Values for K,
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FIG.2.Dependence of the apparent second order rateconstant
FIG.1. Peptide inhibition of the RT dimerization process. The
heterodimer was dissociated with 17% acetonitrile, and reassociation for RT dimerization (k,) on the concentration of P1. RT was
was initiated by lowering the acetonitrile concentration to 1.4%. All the dissociated and reassociated as described in Fig. 1, in the presence of
reactions were performed a t 25 "C, with a RT concentration of 0.25p ~ , increasing P1 concentration. The dimerization rate constant was deterin the presence of 10 p~ P1 ( W ,P2 (O), P3 (A),or P4 (A),or in the mined by fitting the time-dependent association curve with an equation
absence of peptide (0).The dimeric RT form was estimated from the for describing a second order reaction.
polymerase activity, and the data were fitted using a second order
equation.

of 0.8 x 10' and 1.2 x 10' M-' s-l and for t,, of 12 and 8 h were
obtained for P3 and P4, respectively (Fig. 1).
Fig. 2 shows a correlation between P1 concentration and the
rate of dimerization of HIV-1 RT. Essentially complete inhibition was observed fora concentrations of 25 p~ or above, and an
apparent dissociation constant for this peptide was estimated
to be 1.2 p ~ In. order to limit a possible effect ofMe,SO, in
which the peptides were dissolved, a value of 10 VM of each
peptide was arbitrarily chosen forthe following experiments in
0 1 2 3 4 5 6 7 8 S l O 1 1
which this peptide was used. At this concentration P1 produced
added subunil (pM)
an 80% reduction in the rateof dimerization.
FIG.
3.
Competition
between
P1 and isolated subunits PS1 and
At the concentrations used (10 p ~ ) none
,
of these peptides p66. The RT association was made
in the presence of fixed P1 concenactively induced RT dissociation or modified the polymerase tration (10p ~ ) and
,
increasing concentration of P51 (0)or P66 (0).
activity of the heterodimer of HIV-1 RT. This result was not
surprising, due to the very low apparent equilibrium dissocia1
tion constant (K,) of 4 x 10"O M for the heterodimeric HIV-1 RT
(Divita et al., 1993),in comparison with the Kd of 1.2 p~ for P1,
0.8
the most active of the peptides used. Spontaneous dissociation
0.6
of HIV-1 RT is also very slow.
HN-1 RT dissociation achieved using 17% acetonitrile was
0.4
followed by intrinsic fluorescence, as described previously (Divita et al., 1993). In the presence of 10 p~ P1, the rate of
0.2
dissociation was slightly increased from 4.5 x lom3s-' in the
s-I. In contrast, the three other
standard condition to 7.1 x
0
0 10 20 30 40 50 80 70 80 90 100
peptides tested did not alter the dissociation rate.
Time (h)
Competition between P1 and Isolated Subunits-Direct interaction of P1 with RT subunits was further analyzed by comFIG.4.Effect of peptide combination on the RT dimerization
petition experiments using purified isolated p51 or p66 sub- process. Experiments were performed as described in Fig. 1, in the
presence of 10 p~ P1+ P2 (O),P1+ P3 (A),P1+ P4 (A),or P1 (V),or in
units (Fig. 3). The competition experiments were performedby the
absence of peptide (0)as control.
increasing the concentration of individual subunits and using
) peptide creased the extent of inhibition by a factor of -2, with k, valfmed concentrations of heterodimeric RT (0.5 p ~ and
(10 VM). The RT association process was followed by measuring ues of 13.3 and 9.3 M - ~s-', respectively. In both cases, the
the polymerase activity and checked by HPLC size exclusionat maximal fraction of dimeric RT restored after 200 h, was only
final time values. In both cases, the P1 inhibition was weak- 65%, suggesting a strong interaction between the peptides
ened by the presence of an excess of subunits. Values of 0.5 and and thesubunits. In contrast, P2 induced no additive effect on
1.1PMwere obtained for half-maximum effects, using p51 and the P1 inhibition. None of the peptide combinations can inp66, respectively.The presence of p51/p51 homodimers was not duce significant RT heterodimer dissociation under our exdetected, which is consistent with the low stability of this ho- perimental conditions.
Effect of Peptides on Viral Replication-The effect of P1 and
modimer in the concentration range used (Restle et d . , 1990).
In contrast, for high concentrations of p66 subunits, 15%of the P2 on HIV-1 replication in MT-4 cells was determined as dep66/p66 homodimeric form was detected by HPLC size exclu- scribed under "Experimental Procedures." After 7 days of culpresence of 50,100, or 200 p~ P1 or P2, no protection
sion (data not shown). This might explain the slightly lower ture in the
competitive effect of p66 compared to that of p51 on the asso- of the cells was detected, as measured by syncytia formation,
when compared to the culture with the virus and no peptide
ciation process in the presence of P1.
Peptide Combinations-Thecombination
of different pep- (not shown). It was verified that thepeptides have no effect at
tides has been tested on the inhibition of the RT association the concentrations used on MT-4 cell growth in the absence of
process (Fig. 4). The combination of P1 with P3 or P4 in- infection.
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no reason to expect interaction with cellular polymerases, since
their
overall structure is in general different to the unusual
In thispaper, we describe for the first time a new class of RT
heterodimeric
structure of the immunodeficiency RTs. Interestinhibitors, which correspond to syntheticpeptides derived from
ingly, P1 also inhibits dimerization of HIV-2 RT,’ which has a
the connection domains of HIV-1 RT. Three peptidescorresponding to the sequences 331-345,366380, and 389407 of highly homologous sequence to HIV-1 RT in this region of the
in vitro with thedimer- connection domain, in particular with respect to the aromatic
the RT from HIV-1 are able to interfere
cluster.
ization process of this enzyme.
The present work serves to identify a principle approach for
The most dramatic effect was obtained with a peptide (P1)
containing the P-strand 19 and the
a-helix L from the connec- the inhibition of RT dimerization and to establishmethods for
tion domains,as defined in theRT three-dimensional structure quantitating these effects. Further work will be dedicated to
(Kohlstaedt et al.,1992; Jacobo-Molina et al.,1993). P1 showed designing or selecting peptides or truncated proteinsof greater
a relatively high affinity for the subunits (1.2 p ~ and
) reduced potency than thepeptides identified here.Further development
.
results ob- of vectors for targeted gene transfercould then result in intraby 20-fold the rate of dimerization at 10 p ~ The
tained do not allow a decision concerning the exact mechanism cellular expression of such sequences for chemotherapy or preof the inhibition to be made. The dataof Fig. 3 can be explained vention of AIDS, the latter thenbeing an example of intracellular immunization, as defined by Baltimore (1988).
by binding of P1 to p51, to p66, or to both subunits.
The lack of additive effect of P2 on P1 inhibition of the reasAcknowledgments-We thank Ivan Hirsch for stimulating discussociation process is not surprising
if one considersthat thetwo sions andEvelyneDoriat for the cellculture experiments. We also
fact that thank Dr. Rainer Frank and Dr. Heinrich Gausepohlfor the synthesis
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P2 did not influence RT dimerization suggests that only the of the HIV-1 RT peptides 3 and 4.
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