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Several peptides that specifically bind the HIV-1 integrase (IN) and either

inhibit or stimulate its enzymatic activity were developed in our laborato-

ries. Kinetic studies using 3¢-end processing and strand-transfer assays were

performed to study the mode of action of these peptides. The effects of the

various peptides on the interaction between IN and its substrate DNA were

also studied by fluorescence anisotropy. On the basis of our results, we

divided these IN-interacting peptides into three groups: (a) IN-inhibitory

peptides, whose binding to IN decrease its affinity for the substrate

DNA – these peptides increased the Km of the IN–DNA interaction, and

were thus inhibitory; (b) peptides that slightly increased the Km of the

IN–DNA interaction, but in addition modified the Vmax and Kcat values

of the IN, and thus stimulated or inhibited IN activity, respectively; and

(c) peptides that bound IN but had no effect on its enzymatic activity. We

elucidated the approximate binding sites of the peptides in the structure of

IN, providing structural insights into their mechanism of action. The

IN-stimulating peptide bound IN in several specific sites that did not bind

any of the inhibitory peptides. This may account for its unique activity.
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Introduction

Much progress has been made recently in the field of

anti-HIV-1 therapy, making AIDS, in many cases, a

chronic disease rather than a lethal one [1–4]. Cur-

rently approved anti-HIV drugs block different stages

of the HIV-1 life cycle, such as entry into cells [5,6], or

inhibit viral enzymes such as the reverse transcriptase

[7–12] and protease [13–18]. A major problem with the

currently used anti-HIV therapy is the emergence of

drug-resistant virus strains, because of the high rate of

mutation [2,3,19,20]. Thus, it is important to identify

new targets and, at the same time, to develop new

approaches for the design of anti-HIV therapy. A

promising approach is the use of peptides for inhibi-

tion or activation of certain viral or intracellular target

proteins [21]. New emerging technologies have allowed

the synthesis of cell-permeable peptides, as well as the

synthesis of cyclic peptides, which are not readily sus-

ceptible to intracellular proteolysis and thus are meta-

bolically stable [22–33]. For example, a peptide that

bears the functional domain of the HIV envelope pro-

tein gp41, and competitively inhibits viral cell fusion

and thus viral infection, is a Food and Drug Adminis-

tration-approved anti-HIV drug [34].

The HIV-1 integrase (IN) mediates integration of

the viral cDNA into the host chromosomal DNA, a

step that is crucial for the virus life cycle [35]. This

enzyme has no human homolog, so it is an ideal target

for developing anti-HIV drugs [36,37]. The IN inhibi-

tor raltegravir (MK-0518; Merck) has been approved

by the Food and Drug Administration as an anti-HIV

drug [36,38–40]. Another IN inhibitor, GS-9137

(Gilead), is currently in phase III of clinical trials

[36,38,41–43].

The presence of the cellular protein lens epithelium-

derived growth factor (LEDGF) ⁄p75 is essential for

efficient viral cDNA integration and, consequently,

virus replication [44–46]. LEDGF ⁄p75 enhances tether-

ing of the IN–cDNA complex to the host chromatin

[47]. The integration reaction proceeds via two steps:

3¢-end processing, in which IN removes a GT dinucleo-

tide from the viral DNA long terminal repeats (LTRs)

[48–50], and a strand-transfer step, in which the pro-

cessed viral DNA is inserted into the host chromo-

somal DNA [48,49,51]. Because of its central role in

the replication and pathogenesis of HIV-1, inhibition

of IN’s enzymatic activity may be a way to block

HIV-1 infection and, consequently, AIDS [36,37].

Recently, we selected, synthesized and characterized

11 peptides that interact with IN [52–58]. Two of

these, LEDGF 361–370 and LEDGF 401–413, were

derived from the loops binding LEDGF ⁄p75 to IN,

and were found to be inhibitory [54]. Two other IN-

inhibitory peptides, Rev 13–23 and Rev 53–67, were

derived from the HIV-1 Rev protein on the basis of

the Rev–IN interaction [55,58–63] and following the

use of a Rev-derived peptide library [58]. With the use

of a yeast two-hybrid (Y2H) system and a random

peptide library, five other IN-interacting peptides

(IN-1 to IN-5) were selected [52]. Of these, only one

peptide, IN-1, blocked IN enzymatic activity [52,57].

Screening of an IN-derived peptide library led to the

discovery of an additional IN-interacting peptide,

the IN-stimulating peptide (INS), which stimulated

IN enzymatic activity [56,64,65]. Replacement of the

C-terminal lysine of INS with glutamic acid

(INS K188E) converted the stimulatory peptide into

an inhibitory one [56]. Another IN-inhibitory peptide

(a5) was selected previously by Zhao et al. [66], based

on the IN dimerization domain. Its amino acid

sequence highly resembles that of INS [56].

To convert some of these peptides into efficient anti-

HIV drugs, it is essential to elucidate their mode of

action and their effects on the kinetic parameters of

the 3¢-end processing and strand-transfer steps of the

integration reaction. Our results obtained in the cur-

rent study reveal that the IN-interacting peptides can

be divided into three groups: peptides whose binding

to IN decreases its affinity for DNA; peptides that

slightly increase the Km but, in addition, modify the

Vmax and Kcat values; and peptides that bind IN, but

have no effect on its activity. Structural analysis of

their interaction sites within IN provided insights into

their mechanism of action.

Results and Discussion

Effect of peptides on the IN-catalyzed 3¢-end

processing reaction

Figure 1 summarizes the effects of the various

IN-interacting peptides on the kinetic parameters of

the IN-catalyzed 3¢-end processing reaction. Table 1

provides a list of the 12 peptides used and their amino

acid sequences. For the kinetic analysis, the enzymatic

reaction was performed with different concentrations

of peptides and of the DNA substrate (see Experimen-

tal procedures). The Km and Vmax values were calcu-

lated from the Hanes–Woolf plot (Eqn 1 [67]; see also

Experimental procedures and Table S1). This equation

was chosen for calculation of the kinetic parameters

because it best fits the obtained results, with a minimal

R2 of 0.98.
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On the basis of the kinetic parameters, the IN-inter-

acting peptides could be divided into three groups. The

first group consisted of the IN inhibitory peptides a5,
IN-1 and LEDGF 361–370, which shifted the plot

while maintaining the same slope. This means that

these peptides increased the Km values of the IN–DNA

interaction, decreasing the affinity between IN and its

DNA substrate (Fig. 1A–C and Table S1).

The second group of inhibitory peptides includes

INS K188E, Rev 13–23, Rev 53–67 and LEDGF 401–

413. These peptides had a minor effect on the plot

shift, meaning that they only slightly affected the Km

values of the IN–DNA interaction. However, these

peptides significantly decreased the Vmax and Kcat val-

ues of the 3¢-end processing reaction, as inferred from

the drastic change in the slope (Fig. 1D–G and

Table S1). These results indicate that the inhibitory

activity of this group of peptides is attributable to their

effect on the turnover number of IN, and suggest a

different mode of action from that of the first group.

The third group of peptides, which included IN-4

and INS, had practically no effect on the kinetic

A B C

D E F

G H I

Fig. 1. Effects of the IN-interacting peptides on the 3¢-end processing step: kinetic studies. IN (50 mgÆL)1) was incubated with the specified

peptides at different IN ⁄ peptide (mol ⁄ mol) ratios [1 : 10 ( ), 1 : 100 ( ), 1 : 150 ( ), 1 : 300 ( ) and no peptide (*)] and with different con-

centrations of substrate DNA for 3¢-end processing (see Experimental procedures). IN 3¢-end processing activity was measured as described

previously [77] and in Experimental procedures. The Km and Vmax values for each IN ⁄ peptide ratio were calculated and are presented in

Table S1 (t-test, P < 0.01).

Peptide effects on HIV-1 integrase activity A. Levin et al.

318 FEBS Journal 278 (2011) 316–330 ª 2010 The Authors Journal compilation ª 2010 FEBS



parameters of the 3¢-end processing reaction step

(Fig. 1H,I and Table S1). Similarly, the other three

IN-interacting peptides (IN-2, IN-3 and IN-5) that

have been selected by the Y2H system ([52] and

Table 1) had no effect on the 3¢-end processing step

(not shown).

The effect of peptides on the strand-transfer

reaction

When the effects of the various peptides on the strand-

transfer step of the IN enzymatic reaction were stud-

ied, essentially the same pattern was observed (Fig. 2

and Table S2). The three peptides a5, IN-1 and

LEDGF 361–370 significantly increased the Km values

for the IN–DNA interaction, with hardly any effect on

the Vmax and Kcat values of the enzymatic reaction, as

inferred from the shift of the plots while the same

slope was maintained (Fig. 2A–C and Table S2). These

results further suggest that these peptides enhance the

dissociation of IN and its DNA substrate or inhibit

the initial IN–DNA binding, an observation that

explains their inhibitory properties. A significant

decrease in Vmax and Kcat values and a slight increase

in Km values were inferred from the observation of the

strong change in the slope and slight shift in the plot

when the strand-transfer step was measured in the

presence of INS K188E, Rev 13–23, Rev 53–67 and

LEDGF 401–413 (Fig. 2D–G and Table S2). It is thus

not surprising that this group of peptides blocked IN

enzymatic activity in vitro and in cultured HIV-1-

infected cells [52,54,58]. As expected, the nonactive

IN-interacting peptide IN-4 (Fig. 2H and Table S2), as

well as IN-2, IN-3 and IN-5 (not shown), had no effect

on the kinetic parameters of the strand-transfer

reaction step. Interestingly, despite the fact that the

stimulatory INS increased the Km value of the strand-

transfer step, as was observed from the shifting of the

plot, it also increased the Vmax and Kcat values, as

inferred from the change in the slope (Fig. 2I and

Table S2). Thus, it appears that, in addition to INS

stimulating the turnover number of IN, it also

enhances its dissociation from its DNA substrate,

allowing it to ‘hop’ between the DNA substrate

molecules.

Effect of peptides on IN–DNA binding

The effects of the various IN-interacting peptides on

the IN–DNA interaction were studied by fluorescence

anisotropy [68,69]. Our results (Fig. 3 and Table S3)

showed that the effects of the various peptides on the

Kd of the IN–DNA interaction correspond to the Km

parameters obtained in the kinetics studies (Tables S1

and S2). The inhibitory peptides IN-1 [52],

LEDGF 361–370, LEDGF 401–413, Rev 13–23 and

Rev 53–67 induced strong dissociation of the IN–DNA

complex, as reflected by the significant increase in Kd

values observed in their presence (Table S3 and [52]).

A much smaller effect was observed following addition

of the stimulatory peptide INS and its derivative

INS K188E or the inhibitory a5 peptide (Table S3).

Only a minor change could be observed in the IN–

DNA Kd in the presence of the nonactive peptide IN-4

(Table S3).

Dependence of the overall IN catalytic activity

on its concentration – effects of IN-interacting

peptides

An exponential autocatalytic effect, namely an expo-

nential dependency of IN activity on its concentration

Table 1. The selected IN-interacting peptides used in the present work.

Peptide name Sequence Origin Reference

Rev 13–23 WLKTVRLIKFLY aW + Rev residues 13–23 [58]

Rev 53–67 WRSISGWILSTYLGRP aW + Rev residues 53–67 [58]

LEDGF 361–370 WNSLKIDNLDV aW + LEDGF residues 361–370 [54]

LEDGF 401–413 WKKIRRFVSQVIM aW + LEDGF residues 401–413 [54]

INS WTAVQMAVFIHNFKRK aW + IN residues 174–188 [56]

INS K188E WTAVQMAVFIHNFKRE aW + IN residues 174–187 + E [56]

a5 HLKTAVQMAVFIHNFKR IN residues 171–187 [66]

IN-1 WQCLTLTHRGFVLLTITVLR Y2H peptide library [52]

IN-2 PFSNVSSLREPNLEFELVYL Y2H peptide library [52]

IN-3 RCWLQMWQESFDLVAMLGDT Y2H peptide library [52]

IN-4 LGTGPFAHLVLWPTRALCHA Y2H peptide library [52]

IN-5 FVSTHFSVPASPWLLLIDIV Y2H peptide library [52]

a Labeled with tryptophan.
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(exp ^ (0.0052 · [enzyme concentration]) was observed

when the dependence of IN’s overall activity (3¢-end
processing and strand transfer) on its concentration

was studied (Fig. 4). In the presence of INS, the

dependence of IN’s overall activity on its concentra-

tion nearly doubled (exp ^ (0.0087 · [enzyme concen-

tration]), probably indicating enhancement of the

IN–IN interaction. However, an almost linear curve

was observed in the presence of all of the inhibitory

peptides (Fig. 4), indicating eradication of the autocat-

alytic effect. This may suggest peptide-induced dissoci-

ation of the IN multimer molecule [70]. The break

point observed in several of the panels of Fig. 4 is the

optimum point of the reaction, namely the ideal con-

centrations of DNA, peptide and amount of enzyme

(IN). This may slightly vary with the different pep-

tides.

Structural analysis of the interaction of IN with

the different peptides

The sites in IN that mediate its binding to the various

peptides were elucidated by screening the peptides for

binding a library of IN-derived peptides, using an

A B C

D E F

G H I

Fig. 2. Effects of the IN-interacting peptides on the strand-transfer step: kinetic studies. IN (390 nM) was incubated with different concentra-

tions of processed LTR DNA substrate at different IN ⁄ peptide (mol ⁄ mol) ratios [1 : 10 ( ), 1 : 100 ( ), 1 : 150 ( ), 1 : 300 ( ) and no

peptide (*)]. IN strand-transfer activity was measured as described previously [58] and in Experimental procedures. The Km and Vmax values

for each IN ⁄ peptide ratio were calculated and are presented in Table S2 (t-test, P £ 0.01).
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ELISA-based system (see Experimental procedures and

[52,57]). The results obtained are shown in Table 2

and Fig. 5. The peptide-binding sites on IN are shown

on the recently determined structure of the prototype

foamy virus (PFV) intasome in its free and drug-bound

forms [71]. No common sequence within IN was found

to bind all of the IN-interacting peptides. There was

no clear unique site in IN that bound only the inhibi-

tory peptides or a site that bound specifically to the

nonactive peptide (IN-4). This indicates that the

observed peptide activity cannot be attributed solely to

the masking of a specific sequence or domain within

IN. In addition, the three peptide groups, with the

different kinetic profiles (see above), did not have

different or specific binding sites on IN.

Despite the observation that the peptide activity did

not correspond with unique specific binding sites on

IN, several interesting observations could be made.

Several of the IN-interacting peptides uniquely bound

IN at specific interfaces that participate in its dimeriza-

tion, tetramerization, DNA binding or drug binding.

All of the IN-interacting peptides bound IN in regions

that participate in either dimerization or tetrameriza-

tion. This explains why these peptides were previously

shown by us to affect the IN oligomerization equilib-

rium and modulate its oligomeric state [52,54,55,57].

A B C

D E F

G H I

Fig. 3. IN–DNA binding affinities in the presence of the peptides. Binding of IN to DNA at different IN ⁄ peptide (mol ⁄ mol) ratios [1 : 1 ( ),

1 : 10 ( ) and DNA only ( )] was measured by fluorescence anisotropy as described in Experimental procedures. The calculated Kd values

are presented in Table S3 (t-test, P < 0.05). A–I with the different peptide as indicated in the figure.
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In addition, seven of the nine peptides bound IN in

regions that mediate its DNA binding (Table 2). Only

the two Rev-derived inhibitory peptides did not bind

IN at its DNA-binding residues. However, both Rev-

derived peptides bound IN in regions that are closely

adjacent to its DNA-binding site (Table 2). Of the

A B C

D E F

G

K

H I

Fig. 4. Dependence of IN activity on its concentration: effects of the various peptides. Increasing concentrations of IN were incubated with

unprocessed LTR DNA substrate at an IN ⁄ peptide (mol ⁄ mol) ratio of 1 : 150. IN enzymatic activity was measured as described previously

[58] and in Experimental procedures (t-test, P < 0.01). A–I with the different peptide as indicated in the figure, K without peptide.
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above peptides, LEDGF 401–413 is the only one that

bound two IN-derived peptides bearing DNA-binding

residues: IN 38–56 and IN 246–260 (Table 2, Fig. 6A).

LEDGF 361–370 was the only peptide that bound the

IN tetramerization interface, represented by IN resi-

dues 158–180 (Fig. 6B). This explains our previous

observations in which LEDGF 361–370 was shown to

inhibit IN by shifting the oligomerization state towards

the tetramer structure [54].

However, the most important and striking finding of

the structural analysis is that the IN stimulatory pep-

tide INS specifically bound three IN regions that did

not bind any other peptide (Fig. 6C): (a) IN 82–96,

bearing two dimerization interface residues; (b)

A B C D

E F G

H I J

Fig. 5. Binding sites of the various peptides within the IN protein. Binding of the different peptides to an IN peptide library was determined

by an ELISA-based system as described in Experimental procedures (t-test, P < 0.05). The binding sites of these peptides (summarized in

Table 2) are presented as superimposed on the structure of the recently solved PFV intasome (Protein Data Bank code: 3L2T [71]). (A) The

basic structure of the tetramer, which is a dimer of dimers. In the first dimer, the two monomer chains are colored light and dark respec-

tively. In the second dimer, the two monomer chains are colored light and dark blue, respectively. DNA molecules are in yellow and

magenta. (B–J) The binding sites of each peptide are colored red on chain A and in orange on chain B [70]. IN and DNA coloring is the same

as in the basic tetramer (A).
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IN 110–124, bearing one DNA-binding residue, two

dimerization interface residues, one catalytic triad

residue and one drug-binding residue [71]; and

(c) IN 186–200, bearing two DNA-binding residues,

six dimerization residues and five tetramerization resi-

dues. The unique binding sites of INS may account for

its unique activity. In summary, our structural analysis

showed that all of the IN-interacting peptides may

potentially affect dimerization, tetramerization or

DNA binding.

Summary

Our kinetic studies suggest that, of the seven inhibitory

peptides studied, a5, IN-1 and LEDGF 361–370 exert

their inhibitory effect by promoting dissociation

between IN and its DNA substrate. Our structural

studies support the view that this may result from

either shifting of the oligomeric state of IN, as was

suggested previously [52,54,55,57], masking of the IN–

DNA interaction sites, or peptide-induced conforma-

tional changes.

On the basis of our results, some of these peptides

can be developed into efficient anti-HIV drugs. Indeed,

recent experiments in our laboratory demonstrated

that LEDGF 361–370 was able to inhibit HIV-1 infec-

tion in a mouse model system [53]. We also recently

converted this peptide to a cyclic analog [72], obtaining

a more cell-permeable and metabolically stable inhibi-

tory peptide.

Experimental procedures

Protein expression and purification

IN expression and purification were performed as described

in Jenkins et al. [73].

Peptide synthesis, labeling and purification

Peptides were synthesized on an Applied Biosystems

(ABI) 433A peptide synthesizer. Some of the peptides were

also labeled with tryptophan at their N-termini for UV

spectroscopy. The labeling with tryptophan did not have

any effect on the activity of the peptide. However, it

increased the accuracy of peptide concentration determina-

tion. Peptide purification was performed on a Gilson

HPLC, with a reverse-phase C8 semipreparative column

(ACE, Advanced Chromatography Technologies, London,

UK) with a gradient from 5% to 60% acetonitrile in water

(both containing 0.001% v ⁄ v trifluoroacetic acid). Peptide

concentrations were determined with a UV spectrophotom-

eter (Shimadzu Kyoto, Kyoto, Japan), as described previ-

ously [74]. The sequences of all the peptides are presented

in Table 1.

Determination of IN activity in vitro

Quantitative determination of IN enzymatic activity was

performed with a previously described assay system [75,76].

In this assay, the oligonucleotide substrate consists of one

oligomer (5¢-ACTGCTAGAGATTTTCCACACTGACTA

AAAGGGTC-3¢) labeled with biotin at its 3¢-end, and

another oligomer (5¢-GACCCTTTTAGTCAGTGTGGAA

AATCTCTAGCAGT-3¢ for unprocessed DNA or 5¢-GA

CCCTTTTAGTCAGTGTGGAAAATCTCTAGCA-3¢ for

processed DNA) labeled with digoxigenin at its 5¢-end. The
final reaction mixture contained 390 nm IN, 1 lm double-

stranded oligonucleotide DNA, 20 mm Hepes (pH 7.5),

10 mm MgCl2, 10 mm dithiothreitol, 10% (w ⁄ v) Me2SO,

5% (v ⁄ v) poly(ethylene glycol)-8000 and 0.1 mgÆmL)1 BSA

(Sigma, St. Louis, MO, USA) in 40 lL. When peptides

were tested, IN was incubated with the peptide for 15 min

prior to the addition of the DNA substrate (unless otherwise

specified in the figure legends). Following a 1-h incubation

at 37 �C, 60 lL of a buffer containing 20 mm Tris ⁄HCl

A B C

Fig. 6. IN-interacting peptides that uniquely bind IN sequences. (A) LEDGF 401–413 uniquely binds DNA-binding IN sequences. DNA chains

are represented as spheres. (B) The binding site of LEDGF 361–370 is marked on one of the dimers (red). The other dimer is represented as

spheres (light blue), demonstrating that the LEDGF 361–370 unique binding site on IN participates in the IN tetramerization interface. (C) INS

uniquely binds the IN sequence that participates in the binding of the drug raltegravir [71]. The drug molecule is colored green and depicted

as sticks. In all three cases, the unique binding site of the peptide within the IN is colored red and depicted as sticks. The IN and DNA chain

coloring is the same as in Fig. 5. It should be noted that the binding sites marked are superimposed on the PFV IN structure [71].
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(pH 8), 400 mm NaCl, 10 mm EDTA and 10 lm salmon

sperm DNA was added. This overall IN reaction was

followed by an immunosorbent assay on avidin-coated

plates as described previously [76]. For the strand-transfer

kinetics analysis, the reaction was performed with the

processed DNA at different concentrations of peptide and

substrate DNA. To study the dependence of IN’s overall

activity on its concentration, IN concentrations were varied

(Fig. 4), and the unprocessed DNA was used as a substrate.

Km and Vmax values were calculated from the Hanes–Woolf

plot [67]:

½S�
v
¼ Km

Vmax
þ ½S�

Vmax
ð1Þ

For the autocatalytic experiment, the curve was fitted to

the best R2 value (minimum R2 of 0.98), using sigmaplot

software version 11.

3¢-End processing analysis

The 3¢-end processing assay was performed exactly as

described in He et al. [77]. Briefly, the reaction was per-

formed at 37 �C in 96-well plates in a final volume of

100 lL per well. The reaction mixture contained 25 mm

Pipes (pH 7.0), 10 mm b-mercaptoethanol, 5% (v ⁄ v) glyc-

erol, 0.1 gÆL)1 BSA, 10 mm MnCl2, and 50 mgÆL)1 purified

IN. The reaction was initiated by the addition of 400 nm of

the 3¢-processing substrate (5¢-[FAM]-ACTGCTAGAG

ATTTTCCACGTGGAAAATCTCTAGCAGT-[DABCYL]

-3¢) or control substrate (5¢-[FAM]-TGCTAGAGATTTTC

CACGTGGAAAATCTCTAGCA-[DABCYL]-3¢). The flu-

orescence signal was continuously monitored under 485-nm

excitation and 535-nm emission. Enzyme-free control wells

were subjected to the same reaction conditions but without

IN in the reaction mixture, to monitor background signal.

Substrate control wells contained all of the reagents, except

for the 3¢-processing substrate, which was replaced with the

control substrate. These two controls were continuously

monitored as the 3¢-processing reaction proceeded. All of

the reagents used in the assay were made fresh before each

assay. Km and Vmax values were calculated from the

Hanes–Woolf plot (Eqn 1) [67].

Fluorescence anisotropy binding studies

Measurements were performed at 10 �C in a PerkinElmer

(Waltham, MA, USA) LS-55 luminescence spectrofluorom-

eter equipped with a Hamilton microlab 500 dispenser

[68,69]. The fluorescein-labeled DNA (1 mL, 0.05–0.1 lm in

20 mm Tris buffer, pH 7.4, and 185 mm NaCl) was placed

in a cuvette, and the nonlabeled protein (200 lL,
� 100 lm) was added in 20 aliquots of 10 lL each at 1-min

intervals. The total fluorescence and anisotropy were mea-

sured after each addition at an excitation wavelength of

480 nm and an emission wavelength of 530 nm. Data were

fitted to the Hill equation:

R ¼ R0 þ
DR � Kn

a � IN½ �
n� �

1þ Kn
a � IN½ �

n ð2Þ

where R is the measured anisotropy, DR is the amplitude of

the anisotropy change from R0 (free peptide) to peptide in

complex, [IN] is the added concentration of IN, and Ka is

the association constant.

In the DNA-binding experiments, a mixture of peptide

(at the indicated IN ⁄peptide ratio) and IN (4 lm) was incu-

bated for 0.5 h and then titrated into fluorescein-labeled

LTR DNA (10 nm): 5¢-AGACCCTTTTAGTCAGTGTG

GAAAATCTCTAGCAGT-3¢.

ELISA-based binding assays

Peptide–peptide binding was estimated with an ELISA-

based binding assay as described previously [78]. Briefly,

Maxisorp plates (Nunc) were incubated at room tempera-

ture for 2 h with 200 lL of carbonate buffer containing

10 lgÆmL)1 synthetic peptide from an IN peptide library

spanning the full length of the HIV-1 IN subtype B consen-

sus sequence, and containing 73 peptides, each 15 amino

acids in length, with an 11 amino acid overlap between

sequential peptides [AIDS Research and Reference Reagent

Program of the Division of AIDS, National Institute of

Allergy and Infectious Diseases, NIH: HIV-1 Consensus B

Pol (15-mer) peptides (complete set)]. After incubation, the

solution was removed, the plates were washed three times

with NaCl ⁄Pi, and 200 lL of 10% (w ⁄ v) BSA in NaCl ⁄Pi

was added for 2 h at room temperature. After rewashing

with NaCl ⁄Pi, biotinylated BSA–peptide conjugates dis-

solved in NaCl ⁄Pi containing 10% BSA at different concen-

trations were added for a further 1-h incubation at room

temperature. Following three washes with NaCl ⁄Pi, the

concentration of bound biotinylated molecules was esti-

mated after the addition of streptavidin–horseradish

peroxidase conjugate (Sigma), as described previously [79].

The enzymatic activity of horseradish peroxidase was

estimated by monitoring the product’s absorbance at

490 nm with an ELISA plate reader (Tecan Sunrise,

Männedorf, Switzerland). Each measurement was per-

formed in duplicate, and only sequences that showed a

binding curve with saturation at A > 0.1 were selected.

Structural analysis of the peptide-binding sites

on IN

The structure of the PFV intasome in the presence and

absence of several drugs served as the basis for the struc-

tural analysis [71]. The sequences of PFV and HIV IN are

remote, but the structural modules are similar. The PVF

IN tetramer structure solved with DNA was used to pin-

point residues that contact DNA, as well as residues that
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participate in dimerization and tetramerization interfaces.

The correspondence between the sequences of PFV and

HIV IN was based on [80].
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