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To identify functional contacts between HIV-1 integrase (IN)
and its viral DNA substrate, we devised a new experimental
strategy combining the following two methodologies. First, dis-
ulfide-mediated cross-linking was used to site-specifically link
select core and C-terminal domain amino acids to respective
positions in viral DNA. Next, surface topologies of free IN and
IN-DNA complexes were compared using Lys- and Arg-selec-
tive small chemical modifiers and mass spectrometric analysis.
This approach enabled us to dissect specific contacts made by
different monomers within the multimeric complex. The foot-
printing studies for the first time revealed the importance of a
specific N-terminal domain residue, Lys-14, in viral DNA bind-
ing. In addition, a DNA-induced conformational change involv-
ing the connection between the core and C-terminal domains
was observed. Site-directed mutagenesis experiments con-
firmed the importance of the identified contacts for recombinant
IN activities and virus infection. These new findings provided
major constraints, enabling us to identify the viral DNA binding
channel in the active full-length IN multimer. The experimental
approach described here has general application to mapping inter-
actions within functional nucleoprotein complexes.

HIV-1 integrase (IN)* is commonly viewed as an important
therapeutic target for the following reasons: its catalytic activi-
ties are required for viral replication, there is no closely related
cellular equivalent of IN, and specific IN inhibitors are likely to
be effective against viral strains resistant to currently available
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therapies targeting reverse transcriptase (RT), protease, and
virus-cell fusion. Detailed structural information on functional
IN-DNA complexes could aid drug design efforts. For example,
the promising diketo acid class of inhibitors preferentially bind
to the assembled IN-viral DNA complex rather than the free
protein (1-4).

The two chemical reactions catalyzed by HIV-1 IN, 3’ proc-
essing and DNA strand transfer, have been characterized in
detail (reviewed in Ref. 5). First, IN removes two nucleotides
from each 3'-end of the viral DNA synthesized by reverse tran-
scriptase. In the following step, concerted transesterification
reactions covalently join the viral DNA ends into the host
genome (6). In vivo, the enzyme acts in the context of a large
nucleoprotein complex with a number of viral and host pro-
teins contributing to the integration process (7-21).

HIV-1 IN is composed of three distinct structural and func-
tional domains: the N-terminal domain (NTD) (residues 1-50)
that contains an HHCC zinc binding motif, the catalytic core
domain (CCD) (residues 51-212) containing the DDE motif
essential for coordinating catalytic divalent metals, and the
C-terminal domain (CTD) (residues 213-288) that is
thought to provide a platform for DNA binding. Crystallo-
graphic or NMR structural data are available for each of the
individual domains (22-26). In addition, two-domain CCD/
CTD (27) and NTD/CCD (28) crystal structures have been
determined. However, efforts to obtain detailed structures
for the full-length protein or IN-DNA complexes have been
impeded by relatively poor protein solubility and/or full-
length enzyme flexibility.

To better understand IN-DNA interactions, a number of
biochemical approaches have been employed. Site directed
mutagenesis experiments indicated that different monomers
within the IN multimer provide complementary rather than
symmetrical contacts to DNA (29-31). Photo and chemical
cross-linking studies revealed several potential DNA binding
residues (32-37). These biochemical experiments together
with crystallographic determination of the two-domain struc-
tures prompted molecular modeling research. However, the
IN-DNA models obtained by different groups vary signifi-
cantly, indicating that the available experimental data com-
prises an insufficient number of constraints for formulating a
common outcome (28, 37—43).

VOLUME 283 -NUMBER 9-FEBRUARY 29, 2008

6T0Z ‘77 000100 U0 158Nn6 Aq /610 0g [ Mmmy//:dny wody papeojumoq


http://www.jbc.org/cgi/content/full/M705241200/DC1
http://www.jbc.org/

Here we employed a new experimental strategy combining
two established methodologies of site specific protein-DNA
cross-linking through disulfide bond formation and mass spec-
trometric (MS) protein footprinting. This approach enabled us
to identify monomer selective contacts with substrate DNA.
Importantly, our studies uncovered an essential role for the
NTD in binding to the viral DNA substrate. We also found that
upon DNA binding, IN undergoes a conformational change
involving the a-helical connection between the core and C-ter-
minal domains. The functional importance of the identified
residues were confirmed by site-directed mutagenesis. Our
data provide new and important details on how HIV-1 IN inter-
acts with its viral DNA substrate.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant HIV-1 IN, DNA Oligonucleo-
tides, and Cross-linked Products—Full-length IN and mutant
proteins were expressed in E. coli and purified as described pre-
viously (35). The catalytic activities of recombinant proteins
were monitored according to the reported procedure (35).

Phosphoramidites (O6-phenyl-dI, O4-triazolyl-dU and 2-F-
dI) were purchased from Glen Research (Sterling, VA) and syn-
thetically incorporated in the viral DNA sequences using an
Applied Biosystems 392 DNA synthesizer. Post-synthetic
attachment of the carbon tether (cystamine) to the modified
bases, and subsequent activation and purification of oligonu-
cleotides were performed as published previously (35).

For cross-linking reactions, 10 um IN was incubated with
equimolar DNA duplex in 50 mm HEPES, pH 7.0, 100 mm NaCl,
5 mm MgCl,, and 10% glycerol at 37 °C for 20 min. The reac-
tions were quenched by 20 mm methyl methanethiosulfonate
and subjected to surface topology analysis described below.

MS Footprinting—Free IN and cross-linked IN-DNA com-
plexes were treated at 37 °C with NHS-biotin or p-Hydroxyphe-
nylglyoxal (HPG) for 30 and 60 min, respectively. The reagent
concentrations are indicated in the text and figure legends. The
reactions were quenched by excess Lys and Arg using free
amino acid forms. Cross-linked products were separated by
denaturing SDS-PAGE using nonreducing gel loading and sep-
aration buffers. Bands were visualized by Microwave Blue stain
(Protiga, Gaithersburg, MD), excised, and destained according
to the described procedure (44 —49). In-gel proteolysis was per-
formed using 0.5 ug of trypsin to generate small peptide peaks
amenable to MS and MS/MS analysis. Tryptic peptides were
monitored by a Kratos MALDI-ToF instrument equipped with
a curved field reflectron feature (Kratos Analytical Instruments,
Manchester, UK), enabling generation of postsource decay
(PSD) amino acid sequence data. MALDI-ToF experiments
were performed using a-cyano-4-hydroxy-cinnamic acid as a
matrix. For accurate quantitation of the modified peptide
peaks, the intensities of unmodified IN tryptic peptides were
used as internal controls.

CD Spectroscopy—CD spectra were recorded on an AVIV
202 circular dichroism spectrometer. A 0.01-cm pathlength cell
and 1-nm bandwidth were used to make measurements in the
near (215-320 nm) ultraviolet region. The protein concentra-
tion was 10 um in 20 mm PIPES, pH 6.8, 750 mm NaCl, 2 mMm
B-mercaptoethanol, 0.1 mm EDTA, and 1 mm CHAPS.
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Virus Infectivity—The Spel-EcoRI fragment from pNL4-3
containing the IN coding sequence subcloned into pBlueScript
(Invitrogen) was subjected to QuikChange mutagenesis (Strat-
agene, La Jolla, CA), and the mutated fragments were returned
to pNL4-3. Agel-PfIMI fragments were subsequently
exchanged for the IN-coding fragment in the NLX.Luc.R-strain
that carries the luciferase reporter gene (50). Normalized levels
of viral infectivities using SupT1 target cells were calculated as
previously described (50).

RESULTS

We chose to employ MS protein footprinting (44—49) to
study IN-viral DNA interactions for the following reasons. The
methodology proved to be effective for identifying contact
amino acids to cognate nucleic acids for a number of nucleo-
protein complexes not amenable to conventional structural
biology analyses such as x-ray crystallography or NMR. Of note,
the MS footprinting consistently revealed functionally essential
interactions (44 —49). Briefly, the approach is based on compar-
ing surface topologies of free protein versus pre-assembled
nucleoprotein complexes using amino acid specific reagents
such as NHS-biotin and HPG that modify exposed lysine and
arginine residues, respectively. The basic residues are targeted
due to their likely role in electrostatic contacts with nucleic
acids. Reagent concentrations are carefully optimized to ensure
mild modification conditions where the integrity of the func-
tional complex is preserved. Subsequent MS analyses reveal the
surface residues readily labeled in free protein yet shielded from
modification in the complex due to bound nucleic acid.

Unlike previously examined nucleoprotein complexes, IN-
DNA interactions presented us with a new challenge as homol-
ogous protein monomers are predicted to provide complemen-
tary rather than symmetrical contacts to cognate DNA. Indeed,
earlier complementation studies (29, 30) suggested that the
viral DNA is coordinated by the CCD of one monomer and the
CTD of another monomer. Because of this, it was essential to
separate individual monomers based on their differential inter-
actions with DNA to accurately assign contacts within full-
length multimeric IN. For this, we employed a new experimen-
tal strategy combining two technologies established in our
laboratories: site-specific protein-DNA cross-linking through
disulfide bridging (reviewed in Ref. 51) and MS footprinting
(44-49) (Fig. 1). Our goal was to obtain two different cross-
linked complexes: one with the CCD tethered to the DNA end,
and the other with the CTD linked to a subterminal position in
the DNA substrate. The two complexes were then exposed to
selective amino acid modifying reagents. Subsequent SDS-
PAGE enabled us to separate the cross-linked complexes from
free protein. As depicted in Fig. 1, monomer 1 cross-linked to
DNA through CCD residue E152C was separated from mono-
mer 2 (Fig. 1, middle). In a parallel experiment, the monomer
2-DNA complex cross-linked through a selective CTD residue
was separated from monomer 1 (Fig. 1, bottom). Cross-linked
products were then processed and analyzed separately using
MS. We predicted that protection patterns within monomer 1
and monomer 2 would differ, and the identified amino acids in
the respective monomers would reveal a DNA binding channel
in the context of full-length multimeric IN.
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Treatment with SDS-PAGE
group specific separation and
modifiers in-gel proteolysis

Mon. 1
E152CXDNA

Mon. 2

Mon. 1

=  E2486CxDNA
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FIGURE 1. Experimental strategy. Free IN (space-filling model of the two domain CCD/CTD structure is used for
illustration), and the two cross-linked IN-DNA complexes are examined in parallel experiments. The two IN
mutants each containing a reactive Cys residue in either the CCD (E152C) or CTD (E246C) are cross-linked to
DNA substrates that contain modified nucleotides placed at respective positions. Free IN and the two com-
plexes are subjected to treatment by small chemical modifiers (M). Surface residues in free IN and complexes
are modified, but amino acids interacting with DNA are shielded from modification. Complexes and free IN
monomers are separated by SDS-PAGE. Monomer-DNA complex bands are excised and subjected to in-gel
proteolysis. Subsequent comparative MS analyses reveal modification patterns in free protein and individual

monomers.

To form disulfide-bridged IN-DNA complexes, the alkane-
thiol tether was placed at selected sites in the viral DNA
sequence. DNA oligonucleotides were prepared through syn-
thetic incorporation of commercially available analogs of A, C,
and G. Crystallographic and NMR studies have shown that
placements of cross-linkable base analogs in double stranded
DNA do not alter Watson-Crick base pairing or global nucleic
acid structures (reviewed in Ref. 51). Furthermore, viral
sequences containing the modified bases were effective IN sub-
strates (Fig. 2A4).

IN was prepared for cross-linking using a previously reported
two-step procedure (35, 39). First, three surface Cys residues
(Cys-56, Cys-65, and Cys-280) were replaced with Ser to rid
nonspecific cross-linking between the wild type protein and
modified DNA. Of the remaining three cysteines, Cys-40 and
Cys-43 coordinate the structural Zn>* ion, and Cys-130 is hin-
dered from the protein surface (27, 28). Indeed, the triple
mutant (C568S, C65S, and C280S) exhibited minimal reactivity
with cross-linkable DNA (35). In the second step, the reactive
Cys residue was introduced at a surface position predictive of
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mation. Based on available mecha-
nistic and structural studies, we
chose E152C to tether IN to DNA
modified at base G2 (numbering as
in Fig. 2, upper panel). Glu-152 is
the catalytic Glu of the DDE motif,
and G2 is located at the scissile
phosphodiester bond. Furthermore,
the reactive SH group in the G ana-
log points to the minor groove (51),
stabilizing the IN catalytic site
immediately adjacent to the scissile
M bond. To confirm specificity, bind-
ing of E152C protein to DNA mod-
ified at other positions was exam-
ined. The results reveal a striking
preference for formation of the
IN(E152C)xDNA(G2) complex (Fig.
2B). The reduced reactivity for
position 2 in the lower strand could
be explained by the fact that the SH
group of the C-analog points to the
M major groove, away from the
cleavage site. The observation
that the other sites yield only
residual cross-linking (Fig. 2B)
indicates the specific nature of the
IN(E152C)xDNA(G2) interaction.
Previous studies by Bushman
and co-workers (39) identified
IN(E246C) as a plausible CTD
contact to DNA. Using TNB-thio-
tethered substrates, the authors
observed robust but nonspecific
cross-linking of IN(E246C) to vari-
ous nucleotide positions. Further
experiments with less reactive
nucleotide analogs uncovered the relative preference of
IN(E246C) for position A7 albeit significantly reduced forma-
tion of the nucleoprotein complex. To generate sufficient
amounts of cross-linked products for our MS footprinting we
used TNB-activated DNAs. In addition to IN(E246C) cross-
linking to A7 (Fig. 2C, lane 5) we probed interactions with addi-
tional nucleotides including G16 and G19 located at the distal
region of the DNA substrate (Fig. 2C, lanes 6 and 7). The data
indicated comparable reactivities of IN(246C) with various
cross-linkable nucleotides (Fig. 2C). While these nonspecific
interactions were expected, the available crystal structure of the
CCD-CTD fragment (27) allowed us to delineate functional
from non-productive IN-DNA interactions. For example,
based on the spatial separation between the CCD and CTD, we
could predict that crosslinking IN(E246C) to nucleotides adja-
cent to the scissile bond (Fig. 2C, lanes 2 and 3) would position
the CCD toward the opposite terminus of the DNA substrate.
In contrast, in the functional complex the CCD would have to
directly interact with the 3’-processing site, apposing the CTD
to the distal regions of the DNA substrate. Therefore, for the
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FIGURE 2. The upper panel shows the 21-mer U5 viral DNA end substrate used in
our studies. The modified nucleotides are in bold and the IN cleavage site is indi-
cated by a vertical arrow. A, wild type IN 3’-processing and strand transfer activi-
ties using native and thiol cross-linkable oligonucleotides. Lane 1, no IN control;
lane 2, unmodified DNA sequence+IN; lane 3, DNA(G2) +IN; lane 4, DNA(A7)+IN;
lane 5, DNA(G16)+IN; lane 6, DNA(G19)+IN. B, cross-linking efficacy of IN(E152C)
to the following modified DNAs: 7) no DNA control, 2) DNA(C2), 3), DNA(G2), 4)
DNA(G5), 5) DNA(A7), 6) DNA(G16), and 7) DNA(G19). C, cross-linking efficacy of
IN(E246C) to the following modified DNAs: 7) no DNA control, 2) DNA(C2), 3),
DNA(G2), 4) DNA(G5), 5) DNA(A7), 6) DNA(G16), and 7) DNA(G19). D, 3'-process-
ing and strand transfer activities of the following proteins: lane 1, no IN control;
lane 2, wild type IN; lane 3, the background triple (C56S, C65S, and C280S) mutant
IN; lane 4, the IN(E152C) mutant; lane 5, the IN(E246C) mutant. Of note, while
E152C (lane 4) and E246C (lane 5) mutations where introduced in the background
SSS sequence (lane 3), these proteins for simplicity are referred in the figure and
text as IN(E152C) and IN(E246Q). E, effects of the modifying reagent on IN func-
tion. Lane 1, reactions without any modifications; lane 2, IN was pretreated with
NHS-biotin (IN/NHS-biotin ratio of 1/50) prior to DNA substrate addition. Lane 3,
NHS-biotin added after IN-DNA complex formation. 21-mer substrate (21-5),
19-mer cleavage (19-P) and strand transfer (STP) products are indicated.
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footprinting studies we chose to examine IN(E246C) cross-
links to positions A7, G16, and G19.

Of note, the triple (C56S, C65S, and C280S) background
mutant and E246C proteins were catalytically active, indicating
these mutations did not significantly alter IN folding or its
interactions with viral DNA (Fig. 2D). As expected, replace-
ment of active site residue E152 compromised IN activity, due
to the inability of the substituent amino acid to coordinate the
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essential magnesium ion for catalysis. Therefore, the integrity
of E152C IN was assessed as follows. First, E152C efficiently
crosslinked with DNA(G2) (Fig. 2B, lane 3), indicating that its
global structure is intact. Chemical modification and subse-
quent MS analyses importantly revealed very similar surface
topologies for the wild type and E152C INs. Furthermore, the
two proteins yielded overlapping CD spectra. This collection of
data supports the notion that substituting Cys for Glu-152 does
not overtly alter IN structure.

The modification reactions were carried out under mild con-
ditions such that the integrity of the nucleoprotein complex
was preserved. For this, effects of increasing concentration of
NHS-biotin and HPG modifiers on wild type IN activities were
examined. Representative data in Fig. 2E show that treatment of
free IN with NHS-biotin using the 1:50 ratio of protein/reagent
inactivated IN function, probably due to modification of essen-
tial lysine residues in the vicinity of the enzyme active site (32).
To ensure that this was the case as compared with gross disrup-
tion of IN structure, we subjected the pre-assembled IN-DNA
complex to the same modification. The result was a remarkable
retention of original IN activity, indicating that under these
conditions, the integrity of the functional complex is preserved
(Fig. 2E, lane 3). The optimal IN/HPG ratio was analogously
defined as 1:1000. Importantly, centrifugation assays (15,800 X
g for 1 h) indicated that the crosslinked complexes were fully
soluble (data not shown).

The two nucleoprotein complexes IN(E152C)xDNA(G2)
and IN(E246C)xDNA(A7) were subjected to MS footprinting
analysis according to the scheme depicted in Fig. 1. Represent-
ative segments of the mass spectra are depicted in Fig. 3. C1,
C2, and C3 peaks are unmodified IN peptides that provide internal
controls for accurate quantitation of modified peptides. The pep-
tide peak 265-269 containing biotinylated Lys-266 is another con-
trol, as this lysine is equally exposed in the free protein and IN-
DNA complexes (Fig. 3A). Fig. 3B reveals monomer selective
protection of Lys-160. This residue is readily modified in free IN.
However, upon formation of the IN(E152C)xDNA(G2) complex,
Lys-160 is shielded from modification. In contrast, the residue
remains surface-exposed in the IN(E246C)xDNA (A7) complex.
A converse picture is observed for CTD residue Lys-264 (Fig.
3C). The intensity of the modified peak persists in the
IN(E152C)xDNA(G2) complex, but was significantly dimin-
ished in the IN(E246C)xDNA(A7) complex. Taken together,
these results alongside the summary in Table 1 demonstrate
that separate monomers differentially contact substrate DNA.
DNA cross-linked via E152C specifically protected Lys-14, Lys-
159, Lys-160, and Arg-199, whereas residues Lys-219, Lys-244,
Arg-263, Lys-264, and Arg-269 were footprinted only via the
E246C link. The protection patterns of E246C with positions
A7, G16, and G19 were very similar.

Interestingly, a unique modification pattern was observed for
Arg-199 (Fig. 4). This residue was only marginally modified in
the context of free IN. The reactivity was further reduced in the
IN(E152C)xDNA(G2) complex. Of note, we observed a
remarkable increase in the extent of Arg-199 modification
within the IN(E246C)xDNA (A7) complex (Fig. 4C), indicating
that subunit-specific DNA binding significantly exposes this
amino acid to the protein surface. Arg-199 was also more reac-
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265-269
A (K266+Biot) B
100 c1

Free IN
(relative intensity, %)
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IN(E152C)xDNA(G2)
(relative intensity, %)
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IN(E246C)xDNA(A7)
(relative intensity, %)
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Cc2 C c3

264-269
(K264/K266+2Biot)

160-166
(K160+Biot)

1170

1030 1190

mass/charge

1150

FIGURE 3. Representative segments of MALDI-ToF data. Free IN, IN(E152C)xDNA(G2), and IN(E246C)xDNA(A7) complexes were treated with NHS-biotin
(A-Q).IN peptides as well as the affected residues are indicated. Peaks C1, C2,and C3 are unmodified tryptic peptide peaks of IN, which serve as internal controls.

tive in the IN(E246C)xDNA(G16) and IN(E246C)xDNA(G19)
complexes as compared with the free protein. However, a pat-
tern could be noticed wherein the extent of Arg-199 modifica-
tion decreased as the cross-linking points were further dis-
tanced from the cleavable DNA end (compare Fig. 4, C-E).

To address the specificity of the IN-DNA interactions,
E152C was cross-linked with nonspecific double-stranded and
single-stranded DNA. The nonspecific double strand did not
yield sufficient cross-linked species for quantitative MS analy-
sis. These results together with the data depicted in Fig. 2B
indicate that in nonspecific IN-DNA complexes, E152C is not
positioned close enough to establish disulfide cross-links with
the DNA. The single-stranded oligonucleotide resulted in
higher yields of cross-linked product than its double-stranded
counterpart, but constituted only ~25% of the specific
IN(E152C)xDNA(G2) complex (data not shown). MS compar-
ison of IN(E152C)-ssDNA and IN(E152C)xDNA(G2) products
indicated sharp differences in protein-DNA contacts within the
two complexes. The residues protected in the latter complex
remained surface exposed in the former species. Representative
data showing differential accessibilities of Lys-14 in the two
complexes are depicted in Fig. 5. These results suggest that
detectable cross-linking between E152C and ssDNA was due
probably to the highly flexible nature of the oligonucleotide,
rather than its specific binding to IN.

We next used site-directed mutagenesis to confirm the func-
tional importance of the identified amino acids. In fact, several
interacting residues revealed from our footprinting results have
previously been examined by mutagenesis due to their high
degree of conservation among various HIV strains, and were
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shown to be essential for recombinant IN function and HIV-1
replication (32, 50, 52). Therefore, our efforts focused on ana-
lyzing two novel contacts: Lys-14, the first NTD residue to be
implicated in viral DNA binding, and Arg-199, involved in the
protein conformational change in one subunit while interacting
with DNA in the other monomer (Table 1). The substitution of
Ala or Glu was engineered at each position within the wild type
IN background. MS surface mapping and CD spectroscopy
revealed proper folding of the recombinant mutant proteins.
The results in Fig. 6 show that the K14A/E and R199A/E
mutants exhibited residual levels of specific activity (3'-proc-
essing and DNA strand transfer) and generated nonspecific
(20-mer) cleavage products. Interestingly, the same phenome-
non was observed with mutations of certain IN residues (for
example GIn-148) implicated in specific recognition of the viral
DNA substrate (35). An alternative scenario that our prepara-
tions could be contaminated with Escherichia coli nucleases is
less tenable as the D116N active site mutant purified according
to the identical procedure did not generate the 20-mer product
(Fig. 6, lane 7). Also noteworthy is that the Ala mutants dis-
played significantly reduced specific activity, while the Glu
mutations yielded more pronounced affects (Fig. 6, compare
lane 4 to lane 3 and lane 6 to lane 5). Neutralizing the positive
charge that is needed to stabilize DNA at the specific site by Ala
substitutions could reduce binding affinity, while the place-
ment of Glu may result in more efficient displacement of the
nucleic acid from its specific site due to electrostatic repulsions.

Each of the four mutations also significantly impacted the
infectivity of the virus. The R199A mutant retained ~0.24% of
wild-type HIV-1,,,_5 function in a single-round infection,
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TABLE 1
Susceptibility of IN basic residues to modification

Amino acids that become shielded from modifiers in the nucleoprotein complex are
highlighted.

Residue Free IN

K14 +
K111
K159/K160
K160
R166
K188
R199
K211
K219
R224
R228
K244
R262
R262/R263
K264/K266
K266
R269
K273

“IN(E246C) complexes with DNA(A7), DNA(G16), and DNA(G19) yielded very
similar protection patterns.

® Surface-exposed residues readily modified.

¢ Amino acids inaccessible to modification.

@ Increased reactivity (see Fig. 4).

IN(E152C)xDNA(G2)  IN(E246C)xDNA(A7)”

+
+|+||+|++|+I++++++
U

R i o T o e S R SR
R e A e LI o L

whereas the other viruses failed to yield detectable infectivities
(Table 2).

Our experimental results were used to dissect the viral DNA
binding channel in the functional IN nucleoprotein complex.
For this, a full-length IN model was created by superimposing
the two available crystal structures: NTD/CCD and CCD/CTD
(27, 28). Then the residues identified by our footprinting anal-
ysis were located on the IN monomers (Fig. 7). The assignment
of the amino acids to the respective IN subunits was critical to
visualize a plausible DNA binding channel. The DNA substrate
was readily positioned along the path of the basic residues (Fig.
7) with all three protein domains providing direct contacts to
nucleic acid.

DISCUSSION

We have investigated interactions between full-length HIV-1
IN and its viral DNA substrate using a novel experimental strat-
egy combining two established methodologies: site-specific
protein-DNA cross-linking through disulfide bridging, and MS
protein footprinting. The cross-linking technology has been
successfully used in combination with x-ray crystallography to
obtain atomic structures of a number of nucleoprotein com-
plexes including the covalently trapped complex of RT with a
DNA primer-template and a deoxynucleoside triphosphate (51,
53). Analogous efforts for the HIV-1 IN-DNA complex have so
far been hampered by poor protein solubility and/or full-length
enzyme flexibility. Combining site-specific cross-linking and
MS footprinting offered a powerful alternative and led us to the
following important findings. Asymmetric contacts between IN
and viral DNA were identified, which provided major con-
straints to dissect the viral DNA binding channel in the func-
tional nucleoprotein complex. In addition, our experiments
uncovered a subunit-specific conformational change induced
upon DNA binding.

Our work was based on and expanded previous optimization
of IN-DNA cross-linking through disulfide bridging (39). We
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FIGURE 4. Representative segments of MALDI-ToF data. Free IN (A),

IN(E152C)xDNA(G2) (B), IN(E246C)xDNA(A7) (C), IN(E246C)xDNA(G16) (D),

and IN(E246C)xDNA(G19) (E) complexes were treated with HPG in parallel

reactions. The amino acid 189-211 peptide containing HPG-modified Arg-

199 is indicated. Peak C4 is an unmodified tryptic peptide of IN, which served

as an internal control.

2300

complemented the cross-linking approach with MS surface
topology analysis of basic amino acid residues. Our results
reveal the importance of these technologies for identification of
asymmetric contacts between IN and viral DNA. While the
observed protections near the cross-linking points were
expected, the method also revealed subunit selective contacts
distant from the disulfide linkages. For example, Lys-14 within
the NTD was protected when CCD residue E152C was cross-
linked to DNA(G2). In addition, increased reactivity rather
than protection of Arg-199 was observed in the IN(E246C)
complexes with DNA substrates. Site-specific cross-linking was
also essential to delineate specific from nonspecific IN-DNA
interactions. IN-DNA binding could yield a mixture of active
and non-productive complexes. However, functional site-spe-
cific modification of IN and DNA enabled us to covalently link
and separate specific complexes from non-productive IN-DNA
interactions, the latter of which dissociated under denaturing
SDS-PAGE (Fig. 2B). Although our method does not distin-

JOURNAL OF BIOLOGICAL CHEMISTRY 5637

6T0Z ‘77 000100 U0 158Nn6 Aq /610 0g [ Mmmy//:dny wody papeojumoq


http://www.jbc.org/

HIV-1 Integrase-Viral DNA Complex

C5
100 270-284
K273+Biot]
A { ) £
Free IN (K14+Biot)
(relative intensity, %)
) L - A
100
B
IN(E152C)xDNA(G2)
(relative intensity, %)

-

100

WL‘ - e v"l Nentoby e
C
IN(E152C)xssDNA
{relative intensity, %)
e, Nt Mml s

1700 1740 1780 1820 1860 1900 1940 1980
mass/charge

(=]

FIGURE 5. Representative MALDI-TOF spectra showing specific protec-
tion of Lys-14. In parallel experiments IN(E152C)xDNA(G2) and IN(E1520)-
ssDNA complexes were subjected to NHS-biotin treatment. The presented
spectra indicate that Lys-273 remained surface assessable in both complexes,
while Lys-14 was specifically protected in IN(E152C)xDNA(G2) but not
IN(E152C)-ssDNA. C5 is an unmodified tryptic peptide of IN, which served as
an internal control.

guish whether the observed amino acid protections are due to
direct protein-nucleic acid or protein-protein contacts, the
protections nonetheless strictly depend on the presence of the
specific HIV-1 DNA substrate in the reaction mixture. The sur-
face basic residues identified in this study are moreover likely to
engage in electrostatic interactions with the DNA substrate.
Indeed, all the interacting amino acids align in a plausible DNA
binding channel (Fig. 7).

Our results for the first time implicate the NTD in direct
contact with viral DNA. Previous studies revealed the impor-
tance of the NTD for IN catalytic activities via testing mixtures
of different protein domains in functional trans-complementa-
tion assays (29 —31). This approach, however, fell short of dem-
onstrating direct NTD-viral substrate interactions. We in con-
trast observed specific protection of NTD residue Lys-14 in the
IN(E152C)xDNA(G2) complex, but importantly not with the
nonspecific IN(E152C)-ssDNA complex (Fig. 5) nor IN(E246C)
complexes (Table 1). Other studies reported that the N-termi-
nal 11 residues of HIV-1 IN cross-linked to the target DNA
component rather than viral sequences in a dumbbell disinte-
gration substrate (36, 37). Given that the authors examined a
limited number of cross-linkable sites in the viral DNA, the
contribution by Lys-14 could easily have been missed. In con-
trast, the Lys and Arg modifying reagents employed here pro-
vide a significantly more detailed picture of individual amino
acid residues. The alternative scenario that Lys-14 became pro-
tected at a point in the reaction pathway that lay significantly
downstream of IN-viral DNA complex formation for example
during assembly of the DNA strand transfer complex could be
ruled out for the following reasons. While our in vitro assays
could yield strand transfer reaction products after 3'-process-
ing of the blunt-ended 21-mer substrate, our crosslinking and
modification reactions were performed for relatively short peri-
ods of time under which no 3'-processing or strand transfer
products were detected (data not shown). In addition, the
IN(E152C)xDNA(G2) complex, in which Lys-14 was protected
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FIGURE 6. Effects of amino acid substitutions on recombinant IN activi-
ties. The upper image depicts strand transfer activities. Positions of 21-mer
substrate and reaction products (STP) are indicated. Lower image displays
3’-processing activities. The positions of 21-mer substrate, and specific (19-
mer) and nonspecific (20-mer) products are shown.

TABLE 2

Infectivities of IN mutant viruses

Percent wild-type infectivity (2.7 X 10° relative light units/ug total cell protein using
4 X 107 RT-cpm of HIV-1,;; x 1.z and 5 X 10° SupT1 cells) of three independent
infections with standard error. V165A and D64N/D116N were included as proto-
typical class II and class I IN mutant viruses, respectively (50).

Mutant Infectivity
V165A 0.01 = 0.01
K14A <0.01
K14E <0.01
R199A 0.24 = 0.13
R199E <0.01
D64N/D116N 0.05 = 0.02

from modification, was catalytically inactive. Therefore, our
findings suggest that Lys-14 plays an important role in interact-
ing with viral DNA. This conclusion is further supported by the
site-directed mutagenesis studies, which showed that substitut-
ing Lys-14 with Ala or Glu compromised both 3'-processing
and strand transfer activities in vitro and abrogated HIV-1
infectivity in cell culture. Interestingly, the recombinant
mutant proteins generated -1 cleavage products (Fig. 6), a phe-
notype reminiscent of the pattern observed with mutations of
certain IN residues involved in selective interactions with viral
DNA (35). Fig. 7 indicates that Lys-14 is positioned in the viral
DNA binding channel, where it could indeed contribute to cog-
nate DNA recognition.

Another key finding of this study is a DNA-induced protein
conformational change involving the extended alpha helix that
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K159

FIGURE 7. Dissecting a viral DNA binding channel in full-length IN. The
molecular model of full-length HIV-1 IN was generated by overlaying the
CCDs within PDB structures 1EX4 (27) and 1K6Y (28) using Insight Il software
package (Accelrys). Subunit-specific protected residues within their respec-
tive IN monomers (yellow and green) are highlighted in blue. One viral DNA
end is readily positioned over the channel revealed by the basic contacts. The
three acidic active site (DDE) residues including Glu-152 that coordinate cat-
alyticMg®" ions are in red, the DNA substrate is in magenta, the G2 nucleotide
is in yellow, the G19 nucleotide is in green, and the CTD residue Glu-246 is in
orange.

connects the CCD to the CTD. In a previous study, Asante-
Appiah and Skalka identified a metal induced reorganization of
HIV-1 IN structure, which affected the recognition of the CCD
and CTD, but not the NTD, by domain selective antibodies
(54). Bushman and co-workers (39) observed differential cross-
linking of CTD residues with blunt ended and processed DNA
substrates, suggesting protein structural changes upon cleavage
of the viral DNA terminus. Roth and co-workers (55) found that
a19-amino acid sequence insertion at E212, located on the helix
connecting the CCD and CTD, was tolerated by IN as this large
structural change did not significantly impact enzyme function.
Our observation of the increased reactivity of Arg-199 in the
IN-viral DNA complex (Fig. 4) provides important clues
regarding the nature of protein structural changes. Arg-199 is
located on the ridged helix (amino acids 196 —221) bridging the
CCD to the CTD (see supplemental Fig. S1). The helix is flanked
by a flexible loop (amino acids 187-195) and the highly basic
CTD onits N and C termini, respectively. Such structural orga-
nization enables the flexibility of the loop to be translated to and
exploited by the CTD upon formation of the functional nucle-
oprotein complex.

Our interpretation of the stepwise decrease in Arg-199 reactiv-
ity within the IN(E246C)xDNA(G16) and IN(E246C)xDNA(G19)
complexes as compared with IN(E246C)xDNA (A7) is the follow-
ing. Linking the CTD on A7 with the CCD concomitantly com-
mitted to the scissile bond at the 3'-end of the cleaved strand
would require a significant conformational change in the protein.
Accordingly, the CTD accommodated distal G16 and G19 sites
with less overall structural rearrangements (Fig. 4). This obser-
vation reflects an extraordinary degree of flexibility within this
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region of HIV-1 IN. The residual reactivity of R199 in the
IN(E246C)xDNA(G16) and IN(E246C)xDNA(G19) complexes
could reflect relatively minor adjustments of the CTD to bound
DNA. We would argue that the CTD interacts with the ener-
getically more favorable distal regions of the DNA substrate. In
Fig. 7, G19 is located nearby protected Lys-244 and crosslink-
able Glu-246 residues. However, the binding site of the CTD
can apparently vary. Unlike the CCD that needs to precisely
position over the cleavable scissile bond, the CTD is highly flex-
ible and thus engages in nonspecific contacts with DNA in vitro
(Fig. 2C). In this respect it is noteworthy that insertion of 19
amino acids at the CCD-CTD connection, which could have
very well altered the positioning of the CTD on viral DNA, did
not significantly affect IN activity (55). We propose that this
reflects an inherent flexibility of the CCD-CTD connector loop,
which could be essential for the productive assembly and sta-
bility of the nucleoprotein complex.

Why does viral DNA bind to only one surface of the IN mul-
timer while the opposite side of the protein remains unaligned?
There are at least the following two factors to consider. The
crystal structure of the CCD-CTD fragment indicates that the
extended a-helix (amino acids 196 —221) is a canonical cylinder
in one monomer and is bent by ~45 degrees at GIn-209 in the
second monomer, thus rendering the IN dimer asymmetric
((27), also see supplemental Fig. S1). Our findings indicate that
upon DNA binding only one of the two monomers undergoes a
conformational change. Thus, the DNA bound and surface
exposed sites within the IN multimer differ significantly. We
suggest that the conformational change together with the kink
observed in the crystal structure have biological relevance and
are important for the assembly of the functional nucleoprotein
complex.

IN dimers have been shown to bind each viral DNA end and
catalyze the 3'-processing reactions (56, 57). Following GT
dinucleotide removal IN remains stably associated with cog-
nate DNA (56) and the two viral DNA-bound dimers presum-
ably form a tetramer to carry out the integration of both viral
DNA ends, as occurs during infection (58). Fig. 7 depicts the IN
dimer bound to one viral DNA end. Using this model we were
able to assemble the synaptic complex (supplemental Fig. S2),
where two NTDs, two CCDs, and four CTDs within the IN
tetramer complement each other to coordinate the two viral
DNA substrates. The prediction that either of two CTDs within
the tetramer can bind a single viral DNA end is fully consistent
with the promiscuous behavior of this domain in functional
trans-complementation assays (29, 30). The model depicted in
supplemental Fig. S2 is however one possible scenario, and fur-
ther experimental data elucidating protein-protein interfaces
are needed to validate higher order interactions at play during
the concerted integration of both viral DNA ends. Conditions
for effective full-site integration by recombinant IN and two-
dimensional gel electrophoretic isolation of synaptic com-
plexes have been reported (58, 59). These techniques can be
combined with MS surface topology analyses to better under-
stand the protein-protein interactions essential for the two-
ended integration reaction. It will also be intriguing to apply our
footprinting approach to study effects of physiologically rele-
vant cell factors like LEDGF/p75 on IN-DNA interactions. Our
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identification of a restricted, single viral end-specific DNA
binding channel by the combined use of subunit-specific pro-
tein-DNA cross-linking and MS footprinting is an important
step toward these long-term goals. In addition, the new exper-
imental strategy reported here can be employed by other
research groups to analyze a large variety of nucleoprotein
complexes.

The new findings reported here also have implications for
exploiting the IN-viral DNA structure as a therapeutic target.
For example, the most promising diketo class of inhibitors are
known to specifically interact with the pre-assembled IN-viral
DNA complex and impair the DNA strand transfer activity (1,
2, 60). More recently, IN-DNA interfacial quinolonyl diketo
acid derivatives, which potently inhibit both 3'-processing and
strand transfer, were reported (61). The novel IN-viral DNA
contacts uncovered herein could help to elucidate the mecha-
nisms of these known compounds and facilitate rational evolu-
tion of new potent inhibitors.
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