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Abstract

HIV-1 reverse transcriptase (RT) was shown to inhibit in vitro the viral integrase (IN). We have reported previously that an RT-
derived 20-residue peptide binds IN and inhibits its enzymatic activities. In this peptide, Leul68, Phel71, GIn174, and Ile178 were pre-
dicted to be involved in IN inhibition. In the presented study, these residues were mutagenized and the resulting peptides were tested for
binding and inhibiting IN activities. [le178 was found to be the major contributor to IN inhibition, probably by interacting with IN res-
idue Gly149. As Gly149 is a key IN residue, this inhibition probably results from a steric hindrance of the IN active site.

© 2007 Elsevier Inc. All rights reserved.
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Two viral-encoded enzymes play central roles in the rep-
lication of retroviruses and retrotransposons. The first
enzyme, reverse transcriptase (RT), converts the single-
stranded viral RNA into double-stranded DNA. This pro-
cess is entirely catalyzed by the two catalytic activities of
RT, the DNA-polymerase activity that copies both RNA
and DNA into DNA and the ribonuclease H (RNase H)
activity that concomitantly cleaves the RNA strand in the
DNA-RNA heteroduplex [1]. Subsequently, the newly-
synthesized double-stranded DNA is transported into the
nucleus, where is intergrated into the genomic target
DNA by the second viral enzyme, the integrase (IN). IN
interacts with the ends of the linear viral DNA, then it
removes two extra nucleotides located 3’ to the highly-con-
served CA 3’-termini, and only then IN catalyzes the inte-
gration into the target DNA [1-3]. There are several
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functional linkages between RT and IN. First, the DNA
product of RT is the substrate for IN. Second, pre-integra-
tion complexes (PICs) contain the viral DNA, IN, RT, and
other proteins [4-7]. Third, the INs and RTs of HIV-1 and
of murine leukemia virus (MLV) exhibit in vitro physical
interactions [8—10]. The direct contacts between the IN
and RT of human immunodeficiency virus type-1 (HIV-
1) were recently confirmed by us by a dot-blot direct
binding assay [11] and by employing a surface plasmon
resonance technology (unpublished data). Lastly, we and
others have shown that RT can inhibit IN, suggesting
functional roles for these interactions [12,13].

After the completion of the reverse transcription process
in the cytoplasm of virus-infected cells, there is a delay in
the process of integration [1]. Since all possible catalytic
components for integration are present in the PICs, the
viral DNA can serve as both the donor and target DNA
for integration. Such a potential auto-integration process
might be suicidal for the virus. Several cellular proteins
are involved in the integration of HIV-1 cDNA into the cel-
lular DNA [6]; one of them serves also as a barrier to auto-
integration in MLV-infected cells [14]. Since RT was shown
to inhibit IN [12,13], it is possible that RT is also involved
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in inhibiting auto-integration, by RT, due to the functional
interactions between RT and IN.

We have recently studied the specific RT-derived
sequences, which are potentially involved in IN binding
and inhibition, by screening of a library of HIV-1 RT-
derived peptides [11]. The most active peptide, which inhib-
ited all IN activities (3’-end processing, strand transfer, and
disintegration), is derived from the DNA-polymerase
active-site, with the sequence K;ccILEPFRKQNPDIVIY-
QYMD;gs, designated peptide 4286. This peptide is located
mostly on the surface of the folded RT, allowing potential
interactions of the RT with IN. The docking model has
suggested that Leul68, Phel71, GIn174, and Ile178 (under-
lined in the above peptide sequence) interact with the cata-

lytic-core domain of IN (IN-CCD) and, hence, inhibit IN
by a possible steric hindrance [11]. The present study is a
direct extension of this previous study, testing which of
the above-predicted residues are involved in inhibiting
IN. Each of these residues was modified in peptide 4286
and the resulting peptides were tested for IN binding and
inhibition. The data suggest that Ile178 is the major con-
tributor to the observed inhibition of IN, as the Ile178Ser
mutation completely abrogates both the binding and inhi-
bition of IN and the other three residues had considerably
lesser effects on the inhibitory and binding capacities of the
peptides. A better understanding of this inhibition can
facilitate the design and development of novel and
highly-specific drugs directed against HIV INs.

A STRAND TRANSFER ACTIVITY OF HIV-1IN
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Fig. 1. Effects of mutations in the RT-derived peptide (4286) on inhibiting the strand transfer activity of HIV-1 IN. 240 uM of peptide 4286 and 400 uM of
each of the mutated peptides (A) or increasing peptide concentrations (B) were preincubated with a fixed amount of IN, followed by assaying the strand
transfer activity, as described (“Materials and methods™ and [11,12]). (A) Gel-electrophoresis analysis of the reaction products. Lane 1, substrate only;
Lane 2, IN; Lanes 3-9, IN in the presence of the following peptides: 3, peptide 4286 (WT); 4, F171A/Q174A; 5, Q174A; 6, F171A; 7, L168S/1178S; 8,
1178S; 9, L168S. (B) Dose-response curves of the residual activities, expressed as percentage of the initial IN activity with no peptide present. Each value is
the average of three independent experiments with the standard deviations shown by bars. The apparent ICs, values of each peptide are as follows: 4286
(WT), 9 uM; F171A/Q174A, 163 uM; Q174A, 125 uM; F171A, 100 uM; L168S/1178S, >400 uM; 1178S, >400, and L168S, 145 pM.
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Materials and methods

HIV-1 RT-derived peptides. All peptides used here are 20 residues long.
Peptide 4286 with the sequence K;sILEPFRKQNPDIVIYQYMDjgs,
derived from the wild-type HIV-1 HXB2R RT, was already studied by us
[11]. The numbering of all residues in the peptide was according to their
location in the full length HIV-1 RT. All other peptides were custom-
synthesized and were derived from the sequence of peptide 4286 with a
single or double mutation inserted in each.

Bacterial expression and purification of HIV-1 INs. HIV-1 IN: IN from
the HIV-1 BH-10 strain of HIV-1, carrying an amino-terminal six-histi-
dine tag, was expressed and purified as described [15].

HIV-1 IN-catalytic-core domain (WI131E, F185K): This large IN
fragment (designated IN-CCD), carrying an amino-terminal six-histidine
tag, was expressed and purified as described [16].

In vitro assays for the enzymatic activities of HIV-1 IN versions. All
assays and oligonucleotides used were described in detail by us [11,12].
The reactions contained 0.33 pmol of the labeled duplex DNA substrate in
90 mM NaCl, 7.5 mM MnCl,, 10 mM dithiothreitol, 0.1 mg/ml bovine
serum albumin, 25 mM MOPS (pH 7.2), 5% glycerol, and 3.6 pmol IN or
30 pmol IN-CCD. IN versions were preincubated on ice in the presence or
the absence of the RT-derived peptides, followed by addition of the sub-
strate and a further incubation at 37 °C. The reaction products were
analyzed by gel electrophoresis as described [11,12].

Results and discussion

We have studied herein specific mutants of the inhibi-
tory RT-derived peptide designated 4286 for their involve-
ment in inhibiting IN. Consequently, four peptides were
designed, with each of the four suspected residues mutated
(L168S, F171A, Q174A, and 1178S), as well as two addi-
tional peptides, each with a double mutation (L168S/
1178S and F171A/Q174A). All peptides were tested for
inhibiting IN activities. First, the inhibition of the strand
transfer activity by the peptides was tested (Fig. 1A). As
expected, peptide 4286 strongly inhibits this activity. How-
ever, two mutated peptides, L168S/I178S and 1178S, fail to

3’-END PROCESSING ACTIVITY OF HIV-1IN
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Fig. 2. Effects of mutations in peptide 4286 on inhibiting the 3’-end
processing activity of HIV-1 IN. The peptides and IN concentrations used
are similar to those described in Fig. 1A, followed by assaying the 3’-end
processing activity, as described [11,12]. Lanes 1-9 are exactly as described
in Fig. 1A.

significantly inhibit IN, in contrast to all other peptides
that inhibited IN. Only residues directly involved in inhib-
iting IN are those whose mutagenesis causes the peptides to
lose their inhibitory capacity. Hence, it is likely that the
only residue essential for IN inhibition is 1178, as the pep-
tides with the 1178S and L168S/1178S mutations lost nearly
all of their inhibitory capacity, while peptide L168S did
not. We have further assessed the effect on the strand trans-
fer activity by increasing peptide concentrations (Fig. 1B).
The dose-response curves confirm that the only two pep-
tides that lost almost all the inhibitory capacity were
1178S and L168S/T1178S. However, the other mutated pep-
tides inhibited some of IN activity, albeit at lower efficien-
cies than the wild-type peptide 4286. The peptide
concentrations that inhibit 50% of the initial IN strand
transfer activity (ICsy values) were calculated. While the
apparent I1Csq value for peptide 4286 is about 9 uM, those
calculated for the mutated peptides were higher and the
ICs values for the 1178S-containing peptides were too high
to calculate (see the legend to Fig. 1B).

We have further tested whether the pattern of the strand
transfer inhibition is true also for the 3’-end processing
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Fig. 3. Dot-blot binding assay of peptide 4286 and its mutated derivatives to full-length HIV-1 IN and to HIV-1 IN-CCD. The designations of each of the
tested peptides appear to the left of the dots. The proteins and antibodies (Ab) used and the orders of their additions are indicated. Blot 1, binding of the
tested peptides to full-length HIV-1 IN. Blot 2, binding of the tested peptides to HIV-1 IN-CCD. Blot 3, control binding of the tested peptides to the

antibodies with no INs present.
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activity (Fig. 2). Indeed, peptides 1178S and L168S/1178S
practically lost all inhibitory capacity, while all other
mutated peptides completely inhibited the IN activity.
The inhibition of the disintegration activity of both IN
and IN-CCD (that exhibits only disintegration activity
[2,3,11,17-19]), was also investigated (data not shown).
Here again, peptides L168S/1178S and 1178S completely
lost their inhibitory capacity, implying once again that
1178 is cardinal for the inhibition of IN. All other peptides
strongly inhibited the disintegration activity.

To evaluate whether the differences in the effects of the
mutated peptides on IN and IN-CCD activities reflect vari-
ations in the physical interactions with the peptides, we
have tested all peptides for binding to both IN versions,
by a dot-blot binding assay, previously adapted by us
[11]. Since no macromolecules other than INs and the pep-
tides are present in these reactions, the noticeable bindings
reflect direct physical interactions between these compo-
nents. The results presented in Fig. 3 show that peptides
1178S and L168S/1178S that have lost their inhibitory abil-
ity also lost their capacity to bind both IN versions. The
other peptides (except for F171A/Q174A) bind INs to
approximately the same extent as peptide 4286. Peptide
F171A/Q174A did not show any significant interaction
with IN and only a marginal contact with IN-CCD, despite
inhibiting all IN activities. As the single mutations F171A
and Q174A did not affect the binding to INs, it is not clear
why the peptide with the double mutation F171A/Q174A
lost almost all binding capacity. It might be that there is
a synergistic effect on the reduction in binding that can
be seen in this assay only after the two residues are simul-
taneously mutated. Alternatively, it is possible that, at least
with this specific peptide, the binding assay is significantly
less sensitive than the activity assays.

Finally, as done previously by us [11], we have per-
formed a docking of peptide 4286 and its 1178S mutated
version into IN-CCD (Fig. 4), since all crystal structures
determined for HIV-1 IN are composed of ecither only the
CCD or CCD fused to one of the other two IN-domains
[2,3]. This model suggests that the interaction between
Ile178 and Gly149 of IN-CCD is probably lost in peptide
1178S due to the smaller radius of the Ser side-chain that
substituted the Ile side-chain (Fig. 4B). This can explain
why Ile178 is involved in the direct interaction with IN
and, consequently, in inhibiting IN. It would be interesting
to study in the future a series of mutations in 4286, in
which residue 178 will be modified to see whether other fac-
tors besides the radius of the side-chain affect the inhibition
and binding capacities of the peptide.

In all crystal structures published so far for HIV-1 IN-
CCD, there is a surface loop (residues 141-148) that is
disordered, due to its flexibility [2]. It is known among
other studied enzymes that flexible surface loops are
important for substrate binding and catalysis [20-22].
The role of region 140-149 in HIV-1 IN was studied
and residues Glyl40 and Glyl149 (considered potential
hinges for the IN flexible loop) were mutated and the

Fig. 4. Molecular docking of peptide 4286 and of 1178S mutated peptide
into the core domain of HIV-1 IN. The global range molecular matching
(GRAMM) program [26] was used for docking of the wild-type (4286) and
of the mutated (I178S) peptides into IN-CCD. A generic high resolution
docking was performed with grid step 2.0 A and grid size 64 A. Rotation
was calculated in 10° intervals. The repulsion score was 40. The 20 highest
scored hits were analyzed visually. The structure of HIV-1 IN-CCD used
for docking was based on protein data bank (PDB) entry 1BIS [16]. The
peptide conformation was as in PDB entry 1REV [27]. In gray is the space-
filling diagram of the surface of IN-CCD. Both peptides are presented as
blue spheres. (A) The crucial van der Waals contact between IN-CCD-
Gly149 (in yellow) and the peptide Ile178 (in orange). (B) The disruption
of the contact between IN-CCD and the RT-derived peptide is apparent
when Ilel78 is mutated to Ser (in magenta). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

effects on the structure and enzymatic activity were tested
[23]. The results show that these mutations make the flex-
ible loop more rigid and, consequently, reduce the activity
of the mutated IN-CCDs (including one bearing the
G149A mutation), without affecting DNA-binding. There-
fore, it was suggested that Gly149 of HIV-1 IN is imper-
ative for maintaining the flexibility of the active-site loop
that contributes to a post-binding catalytic step of IN.
The importance of the flexibility of the active-site loop



52 1. Oz Gleenberg et al. | Biochemical and Biophysical Research Communications 364 (2007) 48-52

for the activities of IN was also established for avian
sarcoma/leukosis virus IN, as rigidification of its flexible
loop (residues 144-154), by lowering the pH (rather
than by mutagenesis), correlates with lower activity [24].
Accordingly, another possible explanation for the inhibi-
tion of IN by peptide 4286 is that the binding of Ile178
to the IN-Gly149 interferes with the flexibility of the
active-site loop, causing a substantial decrease in IN
activities. Furthermore, multiple alignments of HIV-1
sequences of 441 isolates (taken from http://hiv-web.lanl.-
gov/content/index) show that Glyl49 was present in all,
substantiating the high importance of this residue.
Multiple alignments conducted among 442 HIV-1 iso-
lates show that Ile178 is present in 73.2%, 15.2% have a
Met, 4.1% have a Val, and 7.5% have Leu. Thus, Ile (or
other similar hydrophobic residues) at position 178 in
HIV-1 RT are well conserved among HIV-1 isolates.
Indeed, sequences around Ile178 of HIV-1 RT were sug-
gested to be important for RT activities [25]. In all, it is
possible that these specific predicted interactions between
RT-Ile178 and IN-Gly149 cannot be evaded in vivo, since
mutagenesis of these residues is likely to result in impaired
enzymes and, hence, in non-infectious virions. We do hope
that a better understanding of the peptide sequences that
inhibit IN can lead to the development of novel specific
peptide-based inhibitors of HIV-1 integrase.
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