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We report a methodology that combines affinity acetylation with
MS analysis for accurate mapping of an inhibitor-binding site to a
target protein. For this purpose, we used a known HIV-1 integrase
inhibitor containing aryl di-O-acetyl groups (Acetylated-Inhibitor).
In addition, we designed a control compound (Acetylated-Control)
that also contained an aryl di-O-acetyl group but did not inhibit
HIV-1 integrase. Examination of the reactivity of these compounds
with a model peptide library, which collectively contained all 20
natural amino acids, revealed that aryl di-O-acetyl compounds
effectively acetylate Cys, Lys, and Tyr residues. Acetylated-Inhibi-
tor and Acetylated-Control exhibited comparable chemical reac-
tivity with respect to these small peptides. However, these two
compounds differed markedly in their interactions with HIV-1
integrase. In particular, Acetylated-Inhibitor specifically acetylated
K173 at its inhibitory concentration (3 puM) whereas this site
remained unrecognized by Acetylated-Control. Our data enabled
creation of a detailed model for the integrase:Acetylated-Inhibitor
complex, which indicated that the inhibitor selectively binds at an
architecturally critical region of the protein. The methodology
reported herein has a generic application for systems involving a
variety of ligand-protein interactions.

IV-1 encodes three enzymes that are essential for virus
replication: reverse transcriptase, protease, and integrase
(IN). To date, only the first two proteins have been exploited as
therapeutic targets. The continuing emergence of new HIV-1
variants resistant to current treatments, together with cytotox-
icity problems, makes the search for new anti-HIV-1 drugs
imperative. HIV-1 IN is an attractive antiviral drug target that
has no known human counterparts. Furthermore, the use of a
common active site for 3’ end processing and DNA strand
transfer constrain the range of mutations that can contribute to
drug resistance without compromising catalytic activity.
HIV-1 IN catalyzes integration of the viral DNA, made by
reverse transcription, into the host chromosome in a two-step
reaction (reviewed in ref. 1). In the first step, called 3’ processing,
two nucleotides are removed at each 3’ end of the viral DNA. In
the next step, called DNA strand transfer, concerted transes-
terification reactions integrate the viral DNA ends into the host
genome. In vivo, the enzyme acts in the context of a large
nucleoprotein complex termed the “preintegration complex”
(PIC). A number of viral proteins and host factors assemble
within the PIC to orchestrate the integration process (2-10).
HIV-1 IN is composed of three distinct structural and func-
tional domains: the N-terminal domain (residues 1-50), which
contains the HHCC zinc-binding motif; the core domain (resi-
dues 51-212), which contains the catalytic site; and the C-
terminal domain (residues 213-270), which is thought to provide
a platform for DNA binding. Crystallographic or NMR struc-
tural data are available for each of the individual domains
(11-15). In addition, two-domain crystal structures [either the
core and C-terminal domains (16), or N-terminal and the core
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domains (17) of HIV-1 IN] have been recently determined.
However, tremendous efforts to obtain a structure of the full-
length protein have been impeded by poor protein solubility.

Systematic screening for potential inhibitors has been con-
ducted predominantly by using purified IN-based assays. These
studies have revealed several classes of compounds with
anti-HIV-1 IN activity including diketo analogs, pyrano-
dipyrimidines, nucleotide analogs, hydroxylated aromatic
compounds, DNA-interacting agents, peptides, and antibodies
(18-30). Whereas a number of promising drug candidates
targeting HIV-1 IN are emerging, structural details concern-
ing inhibitor:protein interactions lag substantially behind.

Crystallographic data on the interaction of HIV-1 IN with
small molecules are very limited. Goldgur et al. (31) showed that
a diketo group-containing inhibitor [1-(5-chloroindol-3-yl)-3-
hydroxy-3-(2H-tetrazol-5-yl)-propenone] binds to the active site.
However, this structure did not include the cognate DNA
substrate, which is believed to contribute to the inhibition
through formation of a ternary inhibitor:protein:DNA complex.
In separate work, a small molecule (3,4-dihydroxyphenyltriph-
enylarsonium bromide) inhibitor was shown to bind at the HI'V-1
IN dimer interface (32). These structural analyses were per-
formed by using the core domain of IN rather than the full-length
protein (31, 32). Therefore, there is a need to devise new
approaches that are complementary to crystallography and
NMR to enable rapid and accurate mapping of inhibitor:protein
contacts under biologically relevant conditions.

Here, we report a methodology that combines affinity acet-
ylation and MS analysis to map interactions of small molecule
inhibitors with target proteins. In particular, we have found that
aryl di-O-acetyl groups are capable of effectively acetylating Cys,
Lys, and Tyr residues. Using a known HIV-1 IN inhibitor
containing aryl di-O-acetyl groups, we have demonstrated a
specific ability of the inhibitor to acetylate an architecturally
critical region of the protein. Our methodology enabled analysis
of inhibitor:protein interactions under biologically relevant con-
ditions using reaction mixtures containing full-length IN, diva-
lent metals, and DNA substrates. In addition to providing
structural data at a single amino acid resolution, other benefits
of this MS approach include the speed with which the analysis
can be performed as well as a requirement for only very limited
quantities of protein and inhibitor. These features lay a foun-
dation for implementing high-throughput schemes.
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Schematic representation of methodology. An aryl di-O-acetyl-containing inhibitor is incubated with target protein at ~ICso concentration. Formation

of a specific complex results in covalent modification of the protein at the inhibitor-binding site. Subsequent SDS/PAGE purification ensures unfolding of the
protein, which is essential for effective proteolysis. Finally, specifically acetylated peptide fragments and individual residues are identified from MS and MS/MS

analysis, respectively.

Materials and Methods

Preparation of Recombinant HIV-1 Integrase and Aryl Di-0-acetyl
Compounds. Full-length integrase (F185K/C280S) was expressed
in Escherichia coli and purified as described [see Jenkins ez al. for
detailed procedure (33)]. Acetylated-Inhibitor and Acetylated-
Control were prepared according to the previously described
protocol (34). Measurements of the in vitro ICsq values of the
compounds were carried out as described (34).

Acetylation of Short Peptides and HIV-1 IN. The acetylation reac-
tions for short peptides were performed in 50 mM Hepes (pH
8.0) buffer containing 5 uM peptide and acetyl compounds.
Acetylation of HIV-1 IN was carried out in the same buffer that
also included 50 mM NaCl, 5 mM MgCl,, 1 uM DNA, 5 uM
full-length protein, and acetyl compounds. The reactions were
incubated at 37°C for 30 min and quenched by adding Lys in its
free amino acid form (5 mM final concentration). The peptides
were mixed with a-cyano-4-hydroxy-cinnamic acid and analyzed
by matrix-assisted laser desorption ionization/time-of-flight
(MALDI-TOF). HIV-1 IN was processed as follows. The protein
was unfolded by adding 40 mM DTT and incubating at 70°C for
20 min. To modify Cys residues, 100 mM iodoacetamide was
added to the mix, and the reaction was incubated at 25°C for 45
min. The process was quenched by addition of 100 mM DTT.
The modified protein samples were subjected to SDS/PAGE.
The integrase band was excised and digested with 1 ug of trypsin
or Lys C (Roche) in 50 mM ammonium-bicarbonate buffer (pH
8.0) at 25°C for 16 h. Proteolytic peptide fragments were
desiccated in a SpeedVac (Thermo Savant, Holbrook, NY) and
then resuspended in 15 ul of aqueous 0.1% trifluoroacetic acid.

MS Analyses. Acetylation of short peptides was monitored with a
Kratos MALDI-TOF instrument equipped with a curved field
reflectron feature (Kratos Analytical Instruments) enabling
generation of post source decay (PSD) data, i.e., amino acid
sequence information. MALDI-TOF experiments were per-
formed by using a-cyano-4-hydroxy-cinnamic acid as a matrix.
MS and tandem MS (MS/MS) analyses of the proteolytic digests
of HIV-1 IN were performed with a Waters Q-TOF-II instru-
ment equipped with an electrospray source and a Waters cap-
LC. The peptides were separated with a Waters Symmetrie300
precolumn and a MicroTech Scientific (Vista, CA) ZC-10-
C18SBWX-150 column by using two sequential linear gradients
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of 5-40% and 40-90% of acetonitrile for 35 and 25 min,
respectively.

Modeling of IN:Acetylated-Inhibtor Complex. The model was gen-
erated and minimized by using the Builder module of INSIGHTII
(v. 2000.1, Accelrys, San Diego). Polar hydrogens and electro-
static potentials were added to the IN core structure (16) by
using INSIGHTIIL. Docking was performed with AUTODOCK 3 (35).
The grid was centered on the side chain of Tyr 99. One hundred
dockings were calculated by using the Lamarckian genetic
algorithm (35). All other parameters remained at their default
values.

Results

Our experimental strategy for accurate mapping of inhibitor:
protein contacts using affinity acetylation and MS is depicted in
Fig. 1. Burke and coworkers have previously identified a new
promising class of potent HIV-1 IN inhibitors, acetylated bis-
caffeoyl derivatives of glycidic acid and amino acids such as
serine and B-aminoalanine (34). These compounds emerged
after significant structural changes in chicoric acid, such as
substituting the dihydroxy-containing catechol groups with di-
O-acetyl counterparts and replacing the two carboxylic groups
with methyl ester. The goal of the previous study (34) was to
develop new inhibitors with reduced toxicity and increased
bioavailability. In the present work, we exploited Acetylated-
Inhibitors as affinity modifiers that, together with MS, were
envisaged to enable accurate mapping of the inhibitor-binding
site on the protein. In particular, we postulated that acetyl groups
might serve as tags that would be transferred from the inhibitor
to the protein upon formation of a specific IN:inhibitor complex
(Fig. 1). The IN residues specifically acetylated could subse-
quently be identified by MS (Fig. 1). We chose to test this scheme
using the Acetylated-Inhibitor depicted in Fig. 2. This compound
had been shown to be one of the most potent HI'V-1 IN inhibitors
(ICsp = 3 uM) among a large number of acetylated inhibitors
tested (34). At the same time, we also used Acetylated-Control
depicted in Fig. 2 to confirm that Acetylated-Inhibitor func-
tioned as an affinity rather than as a nonspecific acetylator
because the control did not exhibit any anti-HI'V-1 IN activity at
300 uM (the highest concentration tested). Therefore, compar-
ative analysis of Acetylated-Inhibitor and Acetylated-Control
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Fig. 2.  Structures of Acetylated-Inhibitor and Acetylated-Control. Acety-

lated-Inhibitor impairs both HIV-1 integrase activities (3’ end processing and
strand transfer) with very similar ICsq values of ~3 pM. In contrast, no detect-
able inactivation of HIV-1 integrase activity was observed with 300 uM
Acetylated-Control.

was intended to distinguish between specific and nonspecific
acetylation.

Because acetylation of proteins with di-O-acetyl derivative has
not been described previously, our initial efforts focused on
revealing the amino acid residues that could be modified by these
compounds. Therefore, we used commercially available peptides
as a model system to rapidly identify acetylation sites. Five
peptides were selected that collectively contained all 20 natural
amino acids. The sequences of the peptides were as follows:
peptide 1, HCKFWW; peptide 2, RGDSPASSKP; peptide 3,
DRVYVHPF; peptide 4, HDMNKVLDL; peptide 5, CODSE-
TRTFY.

Formation of acetyl-derivatized peptides was monitored by
MS. Representative data in Fig. 34 show that upon acetylation
peptide 1 was converted into three distinct species. The molec-
ular masses of the new peptide peaks peptide 1 plus 42 Da,
peptide 1 plus 84 Da, and peptide 1 plus 126 Da corresponded
precisely to the addition of one, two, and three acetyl groups to
the peptide, respectively (Fig. 34). Our next efforts focused on
dissection of the modification sites within these newly formed
peptides.

We exploited the curved field reflectron capability of our
MALDI-TOF instrument to identify the acetylation sites in the
peptides (see Fig. 3B) by analyzing various modified species as
well as the original unmodified peptides. The representative PSD
data of the triply acetylated peptide is depicted in Fig. 3. These
results clearly indicate that acetyl groups are localized on Cys,
Lys, and the peptide N terminus. PSD analysis of the peptide 1
plus 42 Da species indicated that Cys was a primary target of
acetylation (data not shown). The fragmentation pattern of the
peptide 1 plus 84 Da peak revealed acetylation of both Cys and
Lys residues (data not shown), indicating that Lys is also very
efficiently modified by di-O-acetyl compounds. Finally, we ob-
served a triply acetylated peptide due to the peptide N terminus
gaining an additional acetyl group (Fig. 3B). The data in Fig. 34
clearly show that the latter reaction was substantially less effi-
cient than modification of Cys or Lys residues.

Identical detailed analyses were also performed with the other
four peptides. Interestingly, these studies not only confirmed
productive acetylation of Lys and Cys and residual modification
of the N terminus but also revealed that Tyr residues were
efficiently acetylated with our compounds. For example, peptide
3 gained two acetyl groups, with PSD analysis unequivocally
identifying modifications of Tyr and the peptide N terminus.
Peptide 5 gained three acetyl groups on Cys, Tyr, and the N
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Fig.3. MALDI-TOF data on acetylation of peptide 1 (P1). (A) MS data of the
original peptide before (Upper) and after (Lower) treatment with Acetylated-
Inhibitor. Incubation of P1 with Acetylated-Inhibitor resulted in the formation
of new peptide peaks: P1 plus 42, P1 plus 84, and P1 plus 126, corresponding
to the addition of one, two, and three acetyl groups, respectively. The original
peptide preparation contained small amounts of sodium adduct (P1 plus Na)
and an oxidized species (P1 plus 20), which were also susceptible to acetyla-
tion (see Lower). (B) PSD data of the unmodified peptide: P1 (Upper) and the
acetylated peak P1 plus 126 (Lower). The b’ and 'y"’ ions peaks are derived
from internal fragmentation of peptide bonds and provide amino acid se-
quence information read from the peptide N terminus to C terminus and from
the C terminus to N terminus, respectively. The PSD data confirm the known
amino acid sequence of this commercially available peptide. After acetylation
(Lower) b1, b2, and b3 ions were shifted by 42, 84, and 126 Da, respectively.
These data indicate acetylation of the N terminus, Cys and Lys. The 126-Da gap
persisted for b4, b5, and the parent ion, indicating that there are only three
acetylation sites in the peptide. The fact that the y2 ion remained unchanged
confirms that two C-terminal Trp residues were not acetylated.

terminus. Thus, this screening approach using a model peptide
library and MS analysis enabled us to identify the three amino
acid residues Cys, Lys and Tyr as target sites in proteins that can
effectively be modified by aryl di-O-acetyl group-containing
compounds.

Our next goal was to compare the relative chemical reactivity
of Acetylated-Inhibitor and Acetylated-Control with respect to
short peptides. The representative data depicted in Fig. 4
demonstrate that these two compounds exhibited very similar
reactivity with respect to peptide 4, which contained a single
internal acetylation site (the Lys residue). In particular, high
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Fig.4. MALDI-TOF data demonstrating similar chemical reactivities of Acety-

lated-Inhibitor and Acetylated-Control with respect to model peptide 4 (P4).
(A) P4 plus 500 uM Acetylated-Inhibitor. (B) P4 plus 3 um Acetylated-Inhibitor.
(C) P4 plus 500 uM Acetylated-Control. (D) P4 plus 3 um Acetylated-Control.
PSD analysis revealed acetylation of Lys in the P4 plus Ac peak (data not
shown). P4 plus Na and P4 plus Na plus Ac are sodium adducts of the original
and acetylated peptides, respectively.

concentrations of the compounds (=500 uM) were necessary for
efficient acetylation of the peptide whereas, at low uM concen-
trations of Acetylated-Inhibitor or Acetylated-Control, no acety-
lated peptide peaks were detected. Obviously, the short peptide
fragments did not possess a tertiary structure that could be
specifically recognized by Acetylated-Inhibitor whereas acety-
lation at high concentration was due to nonspecific interactions.
Importantly, Acetylated-Inhibitor and Acetylated-Control ex-
hibited comparable chemical reactivity with short peptides (Fig.
4), indicating that the latter compound could be used as a valid
control when studying the interaction of Acetylated-Inhibitor
with full-length HI'V-1 IN.

We next analyzed interactions of the acetyl compounds with
HIV-1 IN. The enzyme contains 5 Cys, 27 Lys, and 8 Tyr that
represent “reporter” amino acids for inhibitor binding. Lys
residues are the most abundant in HIV-1 IN, and their distri-
bution throughout the protein provides an excellent environ-
ment for detailed analysis of modified sites. Mapping tryptic or
Lys C peptides detected by MS revealed ~98% coverage of the
entire amino acid sequence of the protein. Thus, we were able
to probe a large fraction of possible binding sites of Acetylated-
Inhibitor to the full-length HIV-1 IN. Interestingly, treatment of
HIV-1 IN with 3 uM (=ICsy concentration) of Acetylated-
Inhibitor resulted in formation of a single new peak in the MS
spectra when compared with digestions of free IN (Fig. 5). The
molecular mass of this peak (2,220.13 Da) corresponded to the
167-185 peptide fragment (2,178.12 Da) plus one acetyl group
(42.03 Da). Importantly, this peak was not formed in the
presence of Acetylated-Control (compare Fig. 5 4 and B).
Particularly striking is the contrast between Acetylated-Inhibitor
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Fig. 5. MS data showing specific acetylation of HIV-1 IN with Acetylated-
Inhibitor. (A) IN plus 3 um Acetylated-Inhibitor. (B) IN plus 3 um Acetylated-
Control. (C) Free IN. MS spectra illustrate that treatment of IN with 3 uM
Acetylated-Inhibitor resulted in a single new peak: 167-185 plus Acetyl (A).
The molecular mass of this triply charged ion peak [741.033* = (741.03 —
1.008) X 3 = 2,220.13 Da] corresponds to that of the 167-185 peptide (mo-
lecular mass = 2,178.12 Da) plus one acetyl group (molecular mass = 42.03 Da).
Importantly, this acetylated peptide peak was not formed in the presence of
Acetylated-Control (B). C1, C2, and C3 represent unmodified tryptic peptides
of HIV-1 IN.

and Acetylated-Control with respect to their interaction with
HIV-1 IN protein (Fig. 5) whereas these compounds behaved
identically with the short peptides (Fig. 4). These data indicate
that the observed modification of IN was due to specific binding
of Acetylated-Inhibitor to the protein whereas this site was
unrecognized by Acetylated-Control.

Our next goal was to identify the modified residue within the
IN peptide fragment 167-185 (DQAEHLKTAVQMA-
VFIHNK). This peptide contains two potential acetylation sites:
K173 and K185. The former residue remained resistant to
trypsin hydrolysis whereas K185 was readily digested by the
protease. These data suggested acetylation of K173 because
modified Lys residues are known to be resistant to trypsin
cleavage. Unequivocal proof for K173 modification emerged
from MS/MS analysis of the acetylated peak (Fig. 6).

In our experiments, we tested effects of divalent metal ions
and DNA substrates on the acetylation of HIV-1 IN. The
presence or omission of these components in the reaction mix
had no detectable effect on specific modification of K173. The
MS results enabled us to create a detailed model of the Acety-
lated-Inhibitor:IN complex (Fig. 7). Our model reveals that the
Acetylated-Inhibitor specifically binds at an architecturally crit-
ical region of HIV-1 IN, which is located at the protein dimer
interface (Fig. 7). Of four O-acetyl groups present on Acety-
lated-Inhibitor, only one is positioned to modify a “reporter”
residue, K173. Thus, our model and experimental observations
are consistent.

Discussion

We report a methodology for accurate mapping of inhibitor:
protein interactions that combines affinity acetylation and MS
analysis. Using a library of model peptides, we found that aryl
di-O-acetyl compounds can productively acetylate Cys, Lys, and
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MS/MS data on the acetylated IN peptide (167-185 plus Acetyl). Internal fragmentation of the peptide provided its amino acid sequence information.

Sequential fragmentation of peptide bonds from the peptide N and C terminus resulted in “’b” and "'y"" ions, respectively (Upper). *, These peaks were generated
due to the loss of the NH3 group from fragments. ++, Doubly charged ions (all other fragments possessed a single charge). The mass increment between "b6"
and ""b7" ions corresponds to an acetylated lysine (K173 plus Acetyl). Moreover, the masses of ions preceding and following /b’ or ’y"’ ions assign perfectly to

the IN sequence only when K173 is considered to be acetylated.

Tyr residues. We exploited this chemical reactivity to study
interaction of Acetylated-Inhibitor with HIV-1 IN. Importantly,
our analyses were performed under biologically relevant condi-
tions with reaction mixtures containing full-length IN enzyme,
divalent metal ions, and DNA substrate.

Our data indicate that the inhibitor specifically binds at the
protein dimer interface, modifying K173. Whereas this partic-
ular residue serves as a reporter amino acid for inhibitor binding,
the model depicted in Fig. 7 reveals interactions of Acetylated-
Inhibitor with a number of architecturally important residues
(K173, T174, and M178). Sire and coworkers have recently
demonstrated that viruses with IN mutated within this region
(172/173, 174, 178, and 180/181) are impaired for HIV-1

Fig. 7. A model of IN:Acetylated-Inhibitor complex. The spacefilling model
shows that the inhibitor (colored red) binds at the protein dimer interface
contacting residues K173, T174, and M178 (all colored in blue). Separate
protein monomers are colored in yellow and white.
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replication (36). It has also been reported that the peptide
reproducing the IN amino acid sequence segment, residues
167-187, strongly inhibits enzyme activity by interfering with
protein oligomerization (37). It is now intriguing to reveal how
a small molecule such as Acetylated-Inhibitor may affect the IN
architecture.

Alterations introduced in the IN structure upon Acetylated-
Inhibitor binding may be detrimental for a number of protein:
protein interactions that are essential for viral replication. For
example, Sire and coworkers (36) have shown that the region of
HIV-1 IN encompassing residues 170-181 is important for
packaging of the host uracil DNA glycosylase (UNG?2) enzyme
into virions. In fact, the integration process in vivo is orchestrated
by a number of viral and cellular proteins through their inter-
action with IN. Therefore, identification of inhibitors selectively
disrupting multiprotein complexes essential for the virus repli-
cation is of significant interest.

Our finding that Acetylated-Inhibitor binds with high affinity
at an architecturally critical region of HIV-1 IN in vitro highlights
the potential for further development of this compound as a
selective IN inhibitor. Indeed, a very limited number of unique
structural pockets present in this enzyme have complicated
development of commercially available drugs targeting HIV-1
IN. Therefore, a specific inhibitor-binding pocket, depicted in
this work, represents an interesting structural target.

Comparison of Acetylated-Inhibitor with 3,4-dihydroxyphe-
nyltriphenylarsonium bromide, an HIV-1 IN inhibitor that has
been shown to also bind at the IN dimer interface, is interesting
(32). Our data indicate that Acetylated-Inhibitor binds deep into
the dimer interface pocket owing to its “slim” structure (see Figs.
2 and 7). 3,4-Dihydroxyphenyltriphenylarsonium bromide binds
to the same region of the protein, but the bulky tetra phenyl
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structure limits interaction of this compound to the outer surface
of the dimer interface (32). The ICsy values for Acetylated-
Inhibitor and 3,4-dihydroxyphenyltriphenylarsonium bromide
are ~3 uM and ~150 uM, respectively (32). Taken together,
these findings enable us to begin to observe a correlation
between structural interactions and inhibitory potency, which is
important for better understanding of HIV-1 IN as a therapeutic
target.

Comparison of Acetylated-Inhibitor with chicoric acid is also
noteworthy. Robinson and coworkers (38, 39) reported that
HIV-1 resistance to chicoric acid results from a single mutation
of integrase amino acid G140. Pluymers et al. (40) have shown
that the primary target of chicoric acid is viral envelope glyco-
protein gp 120, indicating a dual function for this compound.
Because our affinity acetylation approach is limited to modifi-
cation of Cys, Lys, and Tyr residues, we were unable to detect
whether Acetylated-Inhibitor could also bind to G140 of HIV-1
IN, leaving open the possibility of multiple binding sites. How-
ever, it is important to point out that Acetylated-Inhibitor and
chicoric acid exhibit key structural differences. For example,
Acetylated-Inhibitor contains one methyl ester group originating
from the central linker region (Fig. 2) whereas chicoric acid
possesses two carboxylic acid moieties on its linker segment.
Previous studies have shown that structural variations in this
region could markedly alter functionality of IN inhibitors (34).
Therefore, the mechanism of inhibition of IN with Acetylated-
Inhibitor could significantly differ from that of chicoric acid.
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