THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 19, pp. 17047-17059, May 13, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Architecture of a Full-length Retroviral Integrase Monomer
and Dimer, Revealed by Small Angle X-ray Scattering and

Chemical Cross-linking™

Received for publication, December 17,2010, and in revised form, February 28,2011 Published, JBC Papers in Press, March 15,2011, DOI 10.1074/jbcM110.212571

Ravi S. Bojja*', Mark D. Andrake*', Steven Weigand®, George Merkel*, Olya Yarychkivska®, Adam Henderson*,

Marissa Kummerling*, and Anna Marie Skalka™

From the *Institute for Cancer Research, Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111 and the §Dupont
Northwestern Dow Collaborative Access Team Synchrotron Research Center, Northwestern University, Argonne, lllinois 60439

We determined the size and shape of full-length avian sar-
coma virus (ASV) integrase (IN) monomers and dimers in solu-
tion using small angle x-ray scattering. The low resolution data
obtained establish constraints for the relative arrangements of
the three component domains in both forms. Domain organiza-
tion within the small angle x-ray envelopes was determined by
combining available atomic resolution data for individual
domains with results from cross-linking coupled with mass
spectrometry. The full-length dimer architecture so revealed is
unequivocally different from that proposed from x-ray crystal-
lographic analyses of two-domain fragments, in which interac-
tions between the catalytic core domains play a prominent role.
Core-core interactions are detected only in cross-linked IN
tetramers and are required for concerted integration. The solu-
tion dimer is stabilized by C-terminal domain (CTD-CTD)
interactions and by interactions of the N-terminal domain in
one subunit with the core and CTD in the second subunit. These
results suggest a pathway for formation of functional IN-DNA
complexes that has not previously been considered and possible
strategies for preventing such assembly.

Retroviral integrase (IN)® catalyzes the insertion of viral
DNA into the DNA of the infected host cell. IN is one of three
retrovirally encoded enzymes that are essential for retroviral
replication and therefore is an important target for drugs to
treat HIV/AIDS. One IN active site-directed inhibitor, raltegra-
vir, is approved by the Food and Drug Administration for this
purpose, and a second, elvitegravir, is in advanced clinical trials.
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The availability of such drugs offer hope to HIV-positive indi-
viduals, especially those who have developed resistance to ther-
apies that target the other two viral enzymes, reverse transcrip-
tase and protease. Nevertheless, the inevitable development of
drug-resistant HIV mutants drives a continuing need for addi-
tional strategies to block the activity of this viral enzyme.
Unfortunately, progress has been limited by a lack of critical
details concerning the molecular structure of full-length HIV
IN protein and its functional multimers. Much of the difficulty
arises from the fact that the HIV protein is relatively insoluble
and therefore difficult to study using biophysical methods. As
retroviral INs are likely to share architectures for active com-
plexes (1), we have focused our studies on avian sarcoma virus
(ASV) IN (2), which is more soluble than HIV IN and, as we
show here, suitable for structural analyses.

IN proteins are composed of three distinct structural
domains (Fig. 1, A and B). The largest (amino acids 50 —207 in
ASV IN) is the central catalytic core domain (CCD or “core”).
This domain contains the DD(35)E motif of acidic residues that
coordinate the required divalent metal ions, Mg®" or Mn?"
(3—6). The isolated HIV IN core domain forms a dimer in solu-
tion (7), and the three-dimensional structure of the core from
several retroviral IN proteins has been solved by x-ray crystal-
lography of either the isolated domain or two-domain frag-
ments that include the N- (NTD) or C-terminal (CTD) domains
(8—14). The same extensive interface of two core domains (e.g.
Fig. 1C) has been observed in every crystal structure analyzed so
far, and consequently, it is thought to be physiologically rele-
vant. The isolated, Zn>"-binding NTD (amino acids 1-50) and
the Src homology 3-like CTD (amino acids 210 -286) of HIV IN
also form dimers in solution (15-20), but the significance of
these interactions is uncertain. For example, the spatial rela-
tionships between the CTDs and cores are different in each of
the two-domain crystal structures that have been deter-
mined, and the crystal structure of the NTD + core, two-
domain fragment shows a different NTD-NTD interface
than that observed in the NMR structure of the NTD alone.
One might ask if these interactions reflect alternative, phys-
iologically relevant assemblies.

Full-length IN proteins are known to exist as monomers,
dimers, and tetramers in solution (21-26), and complementa-
tion experiments indicate that IN functions as a multimer (27—
30). An IN dimer appears to be the most catalytically active
form for the endonucleolytic processing of a single end viral
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DNA substrate in vitro (31). However, as two processed DNA
ends must be joined by IN to host DNA in a concerted fashion
in vivo, a tetramer is assumed to be the minimal functional
multimer for this step. Indeed, analysis of ASV IN-DNA com-
plexes imaged by atomic force microscopy revealed that assem-
bly of a tetramer is induced upon interaction with a “disintegra-
tion” substrate, which represents a viral-host DNA integration
intermediate, and that four IN monomers are required for a
single catalytic turnover with this substrate (32). Purification
and analysis of covalently cross-linked multimers of HIV-1 IN
showed that although a dimer could process and join a single
viral DNA end substrate, only a tetramer was capable of cata-
lyzing the concerted integration of two viral ends into a target
DNA (33). Analyses of in vitro assembled HIV IN synaptic com-
plexes containing viral and target DNA substrates also indicate
that concerted integration is catalyzed by an IN tetramer (34).

Models for IN dimers (Fig. 1C) and tetramers have been
derived from consolidation of the crystal structures of two-do-
main protein fragments and other studies (13, 35-37). How-
ever, their validity has been difficult to evaluate, as experimen-
tal knowledge has been lacking concerning the disposition of
the three domains with respect to each other, in the intact full-
length monomer or multimers. The crystal structure of full-
length IN from the human prototype foamy virus (PFV) was
recently solved in complex with viral DNA (38) revealing two
different dimer interfaces for IN within the “intasome” struc-
tures. Here, we report the use of small angle x-ray scattering
(SAXS) and biochemical cross-linking analyses to determine
the architecture of full-length ASV IN monomers and dimers,
in the absence of DNA substrates. Our results show that the
solution dimer interface is distinct from that previously pro-
posed in models derived from two-domain crystal structures
and more closely resembles that in the DNA-binding “inner”
dimer in PFV intasome (38, 39). Analyses of the ASV apo-IN
architecture described herein highlight key domain interac-
tions and the specific conformational changes that may occur
upon DNA substrate binding.

EXPERIMENTAL PROCEDURES

Light Scattering Analysis—Measurements were made with a
Protein Solutions DynaPro temperature-controlled microsam-
pler. Samples were adjusted to the desired concentration, and
particulates were removed by filtration through a 0.2-um Mil-
lipore filter and subsequent clearing by brief centrifugation at
14,000 X gat 4 °C. The protein concentration was then deter-
mined directly using absorbance at 280 nm and a calculated
molar extinction coefficient, taking the average of three read-
ings. All samples were analyzed under conditions of 10 °C in a
buffer of 25 mm BisTris, pH 6.1, 500 mm NaCl, 1 mm DTT, 0.1
mMm EDTA, 5% glycerol. The apparent molecular mass (MW-I)
was calculated from the static light scattering measurements (at
least 300 acquisitions per protein sample) using the DynaPro
software.

SAXS and ab Initio Shape Modeling Methods—X-ray scatter-
ing experiments were performed at the Advanced Photon
Source at Argonne National Laboratories, 5ID-D beamline.
Data were collected at 10 keV (1.24 A) with the SAXS detector
at a distance of 2.584 m and simultaneous WAXS detector at
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291 cm, which produced an accessible g range of 0.005 to 1.8
A1 (where g = 4msinf/A, where 20 is the scattering angle). To
minimize protein damage, four 10-s exposures were typically
taken at 10 °C with sample flowing at 4 ul/s using a 0.3 X 0.3
mm? collimated x-ray beam. Exactly matched dialysates were
sampled under the same conditions to subtract from protein
samples, which were tested in the range of 0.8 -3 mg/ml in the
same buffer conditions used for light scattering. Samples were
filtered and cleared by centrifugation at 16,000 X gjust prior to
placement in the sampler. Combining of SAXS and WAXS data
and subsequent data reduction were as published previously
(40). Although initial R, estimates were made at APS by a linear
fit of a typical Guinier plot in the g range of 0.5-1.2/R,, subse-
quent data analysis using Irena software developed at APS (41)
was used for data in the broader g range of 0.01-0.4 to deter-
mine R,, 1(0), as well as to calculate a paired distance distribu-
tion function (or P(r) function) and D,,,,, either by Fourier
transform by the method of Moore or conventional regulariza-
tion. Goodness of fit was assessed with the reduced x> param-
eter. In all cases, equivalent results were obtained by regulariza-
tion with the program GNOM (42). A dilution series was
performed with the wild type ASV IN protein and, using the
ATSAS program PRIMUS (43), these data were extrapolated to
infinite dilution. The results (not included) showed no signifi-
cant variation in R,, confirming the absence of any concentra-
tion-dependent effects. Accordingly, our data analyses assume
a single component ideal behavior under the concentrations
tested.

Subsequent ab initio shape modeling was performed with
both DAMMIN and GASBOR programs (43), with and without
P2 symmetry when appropriate. In each case, several ¢, cut-
off values were sampled in the range of 0.3—0.9, with the stan-
dard final processing using a g, of 0.4. These produced
dummy atom output files that were then used to generate the
final envelopes with the Situs software (44). To test for unique-
ness, 10 shape reconstructions were performed with the pro-
gram GASBOR for wild type ASV IN dimers and monomers
(supplemental Fig. S1). The results showed a high degree of
stability and convergence in the shape modeling for both mon-
omer (normalized spatial discrepancies (NSDs) of 1.0 to 1.19)
and dimer (NSDs of 1.0 to 1.34) envelopes, with ranges compa-
rable with those reported in other SAXS analyses (45).

Protein Cross-linking and In-gel Digestion—A mixture of 1:1
unlabeled and isotopically labeled ASV IN proteins (6.5 um
each) was equilibrated overnight (46) and dialyzed in 20 mm
HEPES, pH 7.8, 0.5 M NaCl, 2 mm DTT, 10% glycerol. Freshly
prepared BS® (Pierce) homo-bifunctional cross-linker was used
at increasing concentrations. After addition of the cross-linker,
the reaction was allowed to continue at 37 °C for 5 min and then
quenched by addition of 20 ul of 2 M glycine and left on ice for
30 min. The reactants were precipitated with acetone and
resuspended in 20 mm HEPES, pH 7.8, 0.5 M NaCl, 2 mm DTT,
10% glycerol. The products were separated on a denaturing
NuPAGE 4-12% BisTris gel using MES running buffer and
Coomassie Blue stain. We confirmed that sample recovery was
unaffected by acetone precipitation. Furthermore, treatment
with a different reagent, EDC/NHS (Pierce), produced a similar
distribution of cross-linked products (data not shown). Mono-
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TABLE 1
Light scattering and activity summary
Apparent Single end Concerted
Protein Concentration MW-1* multimer” Cutting Joining integration®
mg/ml kDa

ASV IN(1-286) 2.3 69 (3.6) Dimer (32) +++ +++ +++
Wild type

ASV IN(1-286) 25 71 (3.6) Dimer (34) +++ +++ -
F199K

ASV IN(1-286) 2.2 72 (1.8) Dimer (34) - - -
E157C/F199K

ASV IN(49-286) 2.0 54 (5.2) Dimer (27) +++ +++ -
F199K

ASV IN(1-207) 1.5 28 (1.9) Monomer (23) +(—3)4 — —

ASV IN(1-286) 1.0 34 (6.8) Monomer (34) +(—3) — —
C23S/C125S/F199K/W259A

ASV IN(1-286) 2.5 37 (3.8) Monomer (34) +(=3) - -
W259A

PFV-IN(1-402) 1.0 57 (8.8) Monomer (45) ND¢ +++ +++
Wild type

“ Apparent molecular mass was determined by static light scattering. The number in parentheses is the percent standard error (%).
 The numbers in parentheses are values for the mass of a monomer calculated from the amino acid sequence and includes N-terminal tag residues where appropriate.

¢ Activities are expressed relative to wild type.

@ Cleavage is observed at the —3 position rather than the expected —2 position. Similar —3 activity is observed with the ASV IN isolated core.

¢ ND means not tested.

mer, dimer, and tetramer bands from a reaction in which the
molar ratio of protein to BS® was 1:20 were excised and
destained (50% MeOH, 5% HOAC in water) overnight, after
which they were dehydrated completely using 100% acetoni-
trile. Reduction and alkylation were performed by adding 20
mMm dithiothreitol (DTT) and 50 mm iodoacetamide. After a
second dehydration, gel bands were rehydrated at 4 °C for 45
min in trypsin solution (10 ng/ul, Promega sequencing grade
modified trypsin, 10 mm NH,HCO,, 10% acetonitrile). Proteins
were digested overnight at 34 °C.

Mass Spectrometry and Data Base Searching—The digested
samples were acidified with 0.3% formic acid before being
injected into an LC/MS/MS instrument QSTAR (Applied Bio-
systems/MDS Sciex, Foster City, CA). An Agilent nano-HPLC
(Agilent, Wilmington, DE) was equipped to interface the
Q-TOF mass spectrometer. Samples were automatically loaded
onto a C-18 trap column (ZORBAX 300SB-C18, 0.3 X 5 mm, 5
mm) and then eluted to a reversed-phase C-18 analytical col-
umn (ZORBAX 300SB-C18, 100 X 150 mm, 3.5 mm). A typical
HPLC gradient for the tryptic mixture of peptides was 5—80%
organic solvent over a period of about 85 min, followed by
80-100% organic solvent for the next 15 min and 100 to 5% in
the last 15 min. The 300-nl/min flow from the column elution
was sprayed through a coated emitter (FS360-50-5-CE, New
Objective Inc., Woburn, CA) into a mass spectrometer with a
set voltage of +2.5 kV. The system was equilibrated for 15 min
at the end of the gradient. The acquisition method of QSTAR
was set at a 2-s TOF-MS “survey” scan followed by three
MS/MS scans (3s, 4s, and 5s, respectively). Parent ions with
charge state of +2 and +3 or intensity above 15 counts were
fragmented. The mass range for survey scan was 400-1000
atomic mass units and was 100-2000 atomic mass units for
MS/MS scan.

The MS wiff files were processed into MGF files using Mas-
cot Distiller with default parameters. Data were searched with
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MassMatrix PC suite 1.1.3 program (47), and search parame-
ters were as follows: MS accuracy, 10 ppm; MS/MS accuracy,
0.8 Da (at this level of search stringency, no peptide adducts
were identified that are inconsistent with the reaching dimer);
enzyme, trypsin; specificity, fully tryptic; allowed number of
missed cleavages, four; fixed modifications, carbamidomethy-
lation on cysteine. Further allowed variable modifications were
K+8 for lysine; R+10 for arginine; oxidation of methionine,
tryptophan, and histidine; deamidation of asparagine and glu-
tamine. End products of BS®> mono-cross-linked adducts with
lysine and N termini were allowed with water or glycine. Results
of the cross-linked peptides were also manually validated using
GPAMW program (48).

RESULTS

Light Scattering Analyses Reveal Homogeneous ASV IN
Dimers—Static light scattering provided a direct measure of the
MW-I of our proteins and protein complexes in solution. The
molecular uniformity of these preparations in the concentra-
tion range appropriate for SAXS analysis, 1-4 mg/ml (32—-128
uM), was also evaluated by use of dynamic light scattering. As
summarized in Table 1, we obtained an MW-I of 69 kDa for
wild type IN, only in slight excess of the calculated mass of a
dimer, 64 kDa. This difference could reflect the presence of a
minor amount of higher order multimers in the preparation.
However, the values calculated from static light scattering can
also differ somewhat from the theoretical because of the
dynamic exchange of subunits in multimeric complexes (46).
Enzymatic activity assays confirmed that this wild type protein
preparation catalyzes single end cutting and joining of viral
DNA as well as concerted integration (Table 1). Among the
other ASV IN derivatives prepared and analyzed, several con-
tain an F199K substitution (Fig. 1, B and C). Structural align-
ments show that residue Phe-199 in ASV IN is adjacent to that
of Phe-185 in HIV-1 IN (1), and as with HIV, its replacement
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FIGURE 1. Integrase protein domains and a core-stabilized dimer model.
A, linear representation of IN, indicating the borders of the three domains and
the locations of several important residues. The color code, red for the NTD,
blue for the CCD (core), and green for the CTD, is used throughout; linkers and
the unstructured CTD tail are white. B, ribbon models of the isolated core and
CTD of ASV IN are based on published data (PDB code 1C1A). The helical NTD
is modeled from the HIV-1 IN domain (PDB code 1K6Y). The conserved HHCC
residues, in ball-and-stick representation, bind a zinc ion (cyan sphere). The
three conserved active site residues in the CCD (core) are shown in ball-and-
stick coordinating the metal co-factors (green spheres) required for catalysis.
Two additional residues of relevance to the present studies (Phe-199 and
Trp-259) are also shown in ball-and-stick. C, a core-core stabilized ASV IN
dimer model based on the HIV-1 IN model of Wang et al. (14). One subunit is
depicted in muted colors.

enhances protein solubility, a feature that was required for suc-
cessful crystallization of the respective two-domain IN frag-
ments of ASV and HIV-1 IN. To examine the effects of this
substitution on ASV IN multimerization, we analyzed full-
length derivatives containing the F199K substitution alone, or
in combination with other substitutions. The MW-I values
observed, 71 and 72 kDa, were not appreciably different from
the value for wild type IN, indicating that these preparations
also contained primarily dimers under the conditions tested.
These results are noteworthy, as Phe-199 lies at the core-core
interface in crystals of the isolated core domain or the core +
CTD of ASV IN, and substitution of this large hydrophobic side
chain is predicted to reduce the stability of this interface, as
illustrated with HIV-1 IN (49). Although our data (Table 1)
show that the F199K substitution in full-length ASV IN does
not compromise either dimerization or single end cutting and
joining of viral DNA, a role in formation of higher order IN
complexes (i.e. a tetramer) is likely, as the F199K derivative is
unable to catalyze concerted integration.

The importance of the ASV CTD for IN multimerization is
illustrated by comparison of the molecular mass of IN frag-
ments in which either the NTD or CTD is absent. The MW-I of
ASV IN(49 -286), which lacks the NTD, is 54 kDa, exactly twice
the mass calculated from the amino acid sequence of a respec-
tive monomer, 27 kDa. In contrast, under comparable condi-
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tions the MW-I of the ASV IN(1-207), which lacks the CTD, is
28 kDa, a value close to the calculated monomer mass of 23 kDa.
These light scattering data are consistent with previously pub-
lished results from size exclusion chromatography of these
same IN fragments (50).

Shapes and Lengths of IN Proteins in Solution Determined by
SAXS—SAXS analyses provide a rotationally averaged version
of the scattering of a single particle, from which size and shape
can be determined. Certain features can be established unam-
biguously, i.e. the radius of gyration (R,) and the longest dimen-
sion of the particle (D,,,,). As verification of our methods, we
performed SAXS on a preparation of the two-domain fragment
lacking the NTD, ASV IN(49 —-286) F199K, and we compared
the results with the shape and size determined from the pub-
lished crystal structure of the same fragment (13). Fig. 2 shows
the light scattering data and the P(r) function for this fragment
from which we determined the D, to be 75 A, close to the
maximum of 81 A calculated from the coordinates of the crystal
structure. A low resolution shape of the dimer was derived from
the SAXS data (51). Computational methods were used in
reverse to calculate the expected scattering and P(r) function
from the published atomic coordinates of the dimer. As shown
in Fig. 2, these results were nearly super-imposable on the
experimental data, and the SAXS-derived envelope was found
to accommodate the atomic model of the crystal dimer neatly
within its borders (Fig. 2B, right).

SAXS was then applied to the full-length wild type ASV IN
protein, which is a homogeneous dimer at the relevant concen-
trations (Table 1). From the results in Fig. 34,a D, of 109.4 A
was established for this dimer. Fig. 3B shows a plot of the scat-
tering intensity (I(g)) versus Q> (a “Guinier plot”) for this pro-
tein; an R, of ~32.8 A was calculated from the slope of a linear
fit of these (oiata in the Q"R, <1.2 region. A similar value (R, =
33.1 = 0.6 A) was obtained from a nonlinear regression fitting
(41). The linearity of the data at low angles verifies that the
preparation was free of aggregates. A SAXs-derived envelope
for the ASV IN dimer is shown in Fig. 3C (see also supplemental
Fig. S14).

The SAXS parameters obtained for full-length ASV IN and
several other IN derivatives are summarized in Table 2. We
note that, as with light scattering (Table 1), data obtained with
the IN fragment that lacks the CTD (IN(1-207)) are as expected
for a monomer, confirming that important determinants of
dimerization reside in the CTD of ASV IN. Therefore, whereas
core-core interactions can facilitate dimerization of the isolated
CCD under crystallization conditions (9), under our conditions
these interactions are not sufficient to allow dimerization of a
protein that lacks the CTD. Furthermore, because a full-length
derivative with an alanine substitution for residue Trp-259 in
the CTD also displays the parameters of a monomer in solution
(Table 2), we conclude that this tryptophan residue plays a key
role in the dimerization interface of full-length ASV IN in
solution.

SAXS-determined Shape of Monomeric IN Establishes Con-
straints for the Relative Arrangement of the Three Domains—To
determine how the subunits and their respective domains could
be arranged within the experimentally determined IN dimer
envelope, we performed SAXS analysis on a full-length ASV IN
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FIGURE 2. Comparison of the crystal structure with solution SAXS dimen-
sions and shapes of the same NTD-lacking two-domain ASV IN fragment
(IN(49-286) F199K at 1.1 mg/ml). A, experimentally determined SAXS scat-
tering is shown in red triangles. Values calculated from the crystal structure of
the same IN fragment (PDB coordinate file 1C1A) using the Crysol program
are represented by a blue line. B, experimentally derived plot of P(r) function
for the SAXS data is compared with values calculated from the same crystal
structure. Color code is the same as in A. Right, SAXS envelope shape derived
from the experimental data is portrayed as a blue wire mesh, and the atomic
resolution coordinates of TC1A are shown within the SAXS envelope, with
one monomer colored red and the other yellow.

derivative that includes the W259A substitution. This protein
contained three additional substitutions (C23S/C125S/F199K)
that improve solubility but have no affect on single end cutting
or joining activity (data not shown). The data obtained with this
monomer (Fig. 44), and its predicted elongated shape (Fig. 4D;
supplemental Fig. S1B), are consistent with a structure contain-
ing the IN core domain (at the base in the figure) and the two
smaller terminal domains, one close and one distal to the core.
To determine whether the distal domain corresponds to the
NTD or CTD, we produced a chimeric protein in which thiore-
doxin (trxA) is fused to the NTD of the W259A derivative
(trxA-IN-W259A). The SAXS parameters for this derivative
are summarized in Table 2, and the scattering data are shown in
Fig. 4B. The envelope derived for the chimeric protein is con-
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FIGURE 3. SAXS analyses of the full-length, wild type ASV IN dimer.
A, experimentally determined SAXS data for ASV IN at 2.3 mg/ml, combining
scattering data (green data points and blue fit line) and P(r) function (red points
with error bars) into a four axis plot. B, Guinier plot of the natural log of the
scattering intensity /(Q) versus Q°. A linear fit with data from 0.5/R;to 1.2/R,
was used to approximate a radius of gyration (Ry) of 32.8 A. G, shape of the
wild type ASV IN dimer in solution, based on the SAXS data and modeled with
the program GASBOR. The dimer envelope is shown in a blue mesh represen-
tation and two views.

siderably longer than that of the monomer lacking the N-ter-
minal trxA domain, consistent with a distal placement for the
NTD (Fig. 4D). Furthermore, the theoretical curve for a struc-
ture, in which the CTD of this derivative is the distal domain,
produces parameters and an envelope that are inconsistent
with the data in Fig. 4B (Fig. 4C). We therefore conclude that
the distal domain in the ASV IN monomer is the NTD. A pro-
visional model consistent with this conclusion is shown to the
right of the trxA-ASV-IN envelope in Fig. 4D. This model is also
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TABLE 2
Parameters derived from SAXS experiments
Sample Concentration” Q range” RS D,..c 100)° x>
mg/ml A A a.u.
ASV-IN(1-286)¢ 2.3 0.007-0.4 33.1*06 109.4 = 1.3 0.033 0.8
(wild type)
ASV-IN(1-286)% 24 0.01-0.4 36.8 +0.2 119.7 £ 0.8 0.034 3.4
(E157C/F199K)
ASV-IN(1-286)¢ 0.7 0.01-0.4 31.5*0.2 92.8 * 1.0 0.024 1.7
(C23S/C125S/F199K/W259A)
trxA-ASV-IN(1-286)° 2.3 0.01-0.4 39.0 =04 1149 £ 1.1 0.030 11
(C23S/C125S/F199K/W259A)
ASV-IN(49-286)%" 11 0.01-0.42 26.0 = 0.8 75.0 £ 2.2 0.022 2.2
(F199K)
ASV-IN(1-207)%" 3.6 0.01-0.41 200=*0.1 61.0 = 0.4 0.011 0.8
PFV-IN(1-402)* 4.3 0.007-0.42 385*0.2 117.9 = 0.6 0.031 2.7
(wild type)

“ Data were determined by absorbance at 280 nm with a calculated molar extinction coefficient.
© Q = 4msin/A, where 20 is the scattering angle; recorded data in this range were used for P(r) analysis and subsequent ab initio shape reconstructions.
¢ This was determined using the program IRENA. Comparable results were obtained using the program GNOM and by Guinier analysis with Auto R, (65).

4 Goodness of fit was assessed by reduced x? analysis.
¢ Data were collected at APS beamline DND-CAT 5ID-D.
/Data were also collected at local sources.
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FIGURE 4. SAXS analyses of monomeric ASV IN proteins and relative positioning of the terminal domains. A, SAXS data obtained with the ASV IN
C23S/C125S/F199K/W259A monomer at 0.7 mg/ml. Four axis plot is as described in Fig. 3. B, SAXS data obtained with the thioredoxin-ASV IN chimeric
derivative, trxA-IN-C23S/C125S5/F199K/W259A at 2.3 mg/ml. C, comparison of experimentally derived P(r) function for trxA-IN protein in B (red circles)
with two possible P(r) plots calculated from alternate arrangements of a distal NTD (green line) or distal CTD domain (blue line). D, left, ASV IN monomer
envelope indicating possible alternate arrangements of the NTD and CTD. Middle, trxA-IN monomer envelope, Right, ribbon model of a trxA-IN chimeric protein with
the trxA domain (magenta) in a distal position from the core domain; IN coloring as in Fig. 1. E, envelope of the dimeric wild type ASV IN is shown in blue mesh
representation, with two monomeric envelopes positioned (red and green mesh representations) to fit within the dimer envelope.

supported by results from our SAXS analysis of wild type PFV
IN, which contains a natural N-terminal extension called NED
and is a monomer under the conditions of analysis; like the
chimeric protein, the PFV monomer is longer than the ASV IN
monomer (Table 2) and has a shape consistent with an NTD
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extension (envelope not shown). Fig. 4E shows how two mon-
omer envelopes of ASV IN might fit within the dimeric enve-
lope of wild type ASV IN with the approximate positions of
each domain noted. We call this arrangement a “reaching
dimer.”
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FIGURE 5. Monomer and dimer proximities uncovered by protein cross-linking coupled with mass spectrometry. A, SDS-PAGE showing the separation
of ASV multimers after cross-linking with increasing concentrations of BS®. Positions of cross-linked monomers, dimers, and tetramers, which migrate slightly
faster than the non cross-linked forms, are indicated at the right of the gel. B, cross-link map of the ASV IN monomer and a model structure. Residues involved
in cross-linking between NTD and CTD in labeled wild type monomers are joined with dashed lines; solid lines identify cross-links within CTD residues or
between CTD and CCD residues. Similar cross-links were observed with unlabeled monomers (data not shown). Right, HADDOCK-generated monomer IN
structure, using the monomer cross-linking data and the SAXS envelope derived from the W259A IN derivative. C, map of dimer cross-links between labeled
and unlabeled IN subunits. CTD to CTD links are shown with red lines; some included in supplemental Table S2 are omitted here for clarity. NTD to core or NTD

to CTD links are denoted with dashed black lines.

Strategy for Identifying Amino Acid Proximities in the IN
Monomer and Multimers—To identify their regions of proxim-
ity within a dimer, it is necessary to be able to distinguish the
two subunits. To do so, we prepared wild type ASV IN protein
that was isotopically labeled with '*C and "N in lysine and
arginine residues (supplemental Fig. S2). The doubly labeled IN
was then equilibrated with an equal amount of unlabeled IN
using conditions described by Kessl et al. (46). After equilibra-
tion, half of the dimers are expected to be “mixed dimers,” con-
taining one labeled and one unlabeled monomer, and the
remainder either fully labeled or fully unlabeled. The mixture
was then treated with BS?, a reagent that forms covalent cross-
links between primary amines in lysine side chains and also
with protein N termini that lie within 11.4 A of each other.
Samples were then subjected to electrophoresis in a denaturing

MAY 13,2011+VOLUME 286-NUMBER 19

polyacrylamide gel to determine the optimal concentration of
BS? (Fig. 5A4). Cross-linked monomer, dimer, and tetramer
bands were excised from the 1:20 lane, and the proteins eluted
for identification of intra- and intersubunit cross-links, respec-
tively, using trypsin digestion followed by mass spectrometry
(see examples in supplemental Fig. S3).

Proximities Determined from Analysis of Cross-linked Mono-
meric IN—MS/MS analysis of protein excised from the mono-
mer band, which contained both labeled and unlabeled IN pro-
tein, showed extensive intra-protein cross-linking (Fig. 5B and
supplemental Table S1). However, no peptides corresponding
to chemical cross-linking between the labeled and unlabeled IN
proteins were detected in the isolated monomers. Demonstrat-
ing the uniform accessibility of side chains by this methodology,
15 of the total 20 surface-accessible lysine residues in all three
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domains of IN, as well as the N termini, were found to be mono-
modified by the BS?, with dead ends comprising glycine or
water (supplemental Table S1). As summarized in Fig. 5B, 5 of
the 10 lysine residues in the CTD are within ~11 A of lysines in
the NTD and the core; CTD tail residue Lys-278 was cross-
linked to NTD Gly-1, and residues in the core domain, Lys-116
and Lys-191 were cross-linked to CTD Lys-264. In the CTD
linker region, residues Lys-211 and Lys-225 were cross-linked
to Lys-266 and Lys-272, respectively (Fig. 5B and supplemental
Table S1), consistent with the Src homology 3-like fold of the
CTD.

A monomer structure of IN that satisfies the observed cross-
link constraints would place the NTD close to the C-terminal
tail region of the CTD. In addition, the observed cross-links
between lysine residues in the CTD with those in the NTD and
core domains places the CTD in a position proximal to both. A
structure consistent with all of the cross-linking data (Fig. 5B,
right) has an extended NTD, which points away from the core
domain, and a CTD in the cleft between the NTD core-linker
region. This independently derived arrangement is consistent
with the SAXS data summarized in Fig. 4.

Identification of Inter-subunit Proximities in the IN Dimer—
Protein excised from the cross-linked dimer band was then ana-
lyzed. In this sample, inter-subunit proximities in mixed dimers
can be identified unambiguously by mass spectrometry because
of the hybrid mass of cross-linked peptides. Results from anal-
ysis of such peptides revealed an extensive network of interac-
tions with a total of 21 cross-links between lysine residues in all
domains of both subunits (Fig. 5C and supplemental Table S2).
For example, NTD residue Lys-6 in the unlabeled IN monomer
cross-linked with core domain Lys-116 in the labeled IN, and
NTD Lys-21 in the unlabeled subunit formed cross-links with
Lys-166 in the core and the CTD Lys-264. In addition, the
amino group of the N-terminal glycine in the labeled IN subunit
formed cross-links with core domain residues Lys-116 and Lys-
164 and CTD residues Lys-264, Lys-266, and Lys-278 near the
base of the tail in the unlabeled subunit. Reciprocal cross-links
were identified between the core domain residue Lys-164 in the
unlabeled subunit to the N-terminal Gly-1 and CTD residue
Lys-264 in the labeled subunit. At least five lysine residues in
the CTD of the unlabeled IN were found to cross-link with six
residues in the labeled IN, and the identified cross-link adduct
pairs were as follows: Lys-211:Lys-264, Lys-264:Lys-6, Lys-264:
Gly-1, Lys-264:Lys-264, Lys-164:Lys-264, Lys-21:Lys-278, Lys-
21:Lys-166, Lys-6:Lys-116, and Lys-266:Lys-264, respectively.
Representative mass spectrometry data from the analysis of
cross-linked peptides with hybrid mass are shown in supple-
mental Fig. S3. In summary, a total of 16 unique cross-links
were uncovered, of which 8 of the 20 lysine residues in the
unlabeled IN subunit formed cross-links with lysines in the
labeled IN subunit, and 7 of the 20 lysine residues in the labeled
IN subunit formed cross-links with unlabeled IN subunit (Fig.
5C and supplemental Table S2). The failure to identify com-
pletely reciprocal adducts could be due to incomplete detection
or to minor asymmetry of interactions between the dimer inter-
faces, perhaps reflecting some flexibility in the subunit
domains. With greater than 95% sequence coverage, we favor
the latter interpretation.
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The proximity data obtained from our analyses of cross-
linked IN monomers and dimers support a dimer model that
includes the following notable features. (a) In the dimer inter-
face, CTD domains from each monomer come into close
enough contact (i.e. =11A) to form the following cross-links:
Lys-264:Lys-211, Lys-264:Lys-264, and Lys-264:Lys-266, and
others not included in Fig. 5C (see supplemental Table S2). (b)
No cross-links between the two core domains were detected in
the dimer. Consequently, the position of this domain in each
subunit is sufficiently remote to exclude such interaction. As no
cross-links were observed between NTDs in the mixed dimers,
a similar constraint applies to this domain. (¢) The NTD from
one subunit is sufficiently close to the core domain and CTD of
the other subunit to permit the following cross-link interac-
tions between the subunits: Gly-1:Lys-116, Gly-1:Lys-164, Gly-
1:Lys-264, Lys-116:Lys-6, Lys-166:Lys-21, and Lys-264:Lys-21.
Additional experiments with the zero length protein cross-
linker EDC confirmed NTD-core proximities (data not shown.)

The features delineated above are uniformly inconsistent
with the core-core dimer model proposed from the two-do-
main crystal structures (14). The full-length dimer deduced
from our results is stabilized by CTD-CTD interactions
between both subunits and by interactions of the NTD of one
IN subunit with the core domain and the CTD of the second
subunit.

Identification of Core-Core Interactions in the IN Tetramer—
MS/MS analysis of protein from the IN tetramer band (Fig. 5)
revealed core-core cross-links in addition to the novel cross-
links identified in protein from the dimer band (supplemental
Table S3). Cross-links were observed with five of the seven
lysine residues in this domain, of which reciprocal adducts of
Lys-164:Lys-184 were observed between the labeled and unla-
beled subunits (Fig. 6A4). The remaining cross-links between
these subunits were as follows: Lys-116:Lys-166, Lys-119:Lys-
164, Lys-129:Lys-116, Lys-164: Lys-116 and Lys-211:Lys-164.
These interactions are consistent with the interface observed in
crystals of the isolated ASV IN core domain and those of the
core + CTD two domain fragment (3, 13).

As illustrated in Fig. 6B, reciprocal interactions in the core-
core dimer interface of ASV IN are mediated predominantly by
side chains from a-helices 1 and 5; potential electrostatic inter-
actions between Arg-114 and Glu-200 and His-103 and Glu-
187 are highlighted. To investigate the functional importance of
these interactions, we made charge-reversing single substitu-
tions, E187K and H103D, and a compensatory double substitu-
tion, E187K/H103D. Comparison of the single end processing
activity as a function of time showed no significant differences;
each derivative was capable of —2 cleavage (Fig. 6C). In con-
trast, an assay for concerted integration activity showed that the
protein with a single substitution, E187K, is defective in this
reaction (Fig. 6D, lanes 5 and 6). However, this function is
restored in the derivative with the compensatory substitutions,
which exhibits activity similar to that of the wild type protein
(Fig. 6D, lanes 7 and 8). We conclude that stability of a core-
core interface, which is detected only in the cross-linked
tetramers, is required for concerted integration but not single
end processing.
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FIGURE 6. Cross-linking evidence for core-core interactions in tetramers and their functional relevance. A, summary of core-core cross-link data. Red
dashed lines show cross-links that were unique to protein in the tetramer band. B, reciprocal interactions in the core-core dimer interface in the crystal structure
of the isolated ASV domain (PDB code 1VSH) are mediated predominantly by side chains in a-helices 1 and 5 of this domain; potential electrostatic interactions
between Arg-114’ and Glu-200, as well as His-103" and Glu-187 are highlighted; the prime designation distinguishes subunits. C, single end processing assays.
Times of incubation were 5, 10, 20, and 30 min. The arrow labeled —2 shows the position of the normal processing product. The position of the 5’-*P-labeled
viral DNA end substrate is indicated by S at the right of the gel; the control reaction in the lane marked N contained no IN protein. D, concerted integration
assays. An arrowhead marks the position of a half-site reaction, in which a single end is joined to the plasmid target; the product of concerted integration is
identified with an asterisk. Minutes of incubation are shown above each lane. The reaction in lane T contained no donor DNA, and in lane No Me?*, the divalent
metal cofactor, Mg®*, was omitted. Lane M contains molecular markers, and positions of the supercoiled and nicked circular forms of the target DNA are
marked sc and nc, respectively.

ASV IN Solution Dimer Derived from Data-driven Docking— Fig. 7B shows the P(r) function derived from our SAXS anal-
To gain more detailed insight into the architecture of the IN  ysis of the wild type ASV IN dimer and theoretical curves cal-
dimer, we employed the HADDOCK 2.0 docking program (52)  culated from the core-stabilized dimer model (Fig. 1C) and the
with distance constraints established by our cross-linking data  reaching dimer in Fig. 7A. This comparison shows that the
(Fig. 5C). These data-driven runs were performed on superim-  core-stabilized dimer model possesses a significantly shorter
posed monomers constructed from the coordinates of the ASV D, .. and isless elongated and more spherical in shape than that
core + CTD crystal structure (1C1A) and HIV core + NTD deduced from our experimental SAXS data. The theoretical
crystal structure (1K6Y) maintaining a minimum distance of curve for the reaching dimer matches the experimental data
2.5 A to a maximum reach of 11 A between the defined cross- more closely, and it shows the same D, . These results,
linked lysines across both monomers. Iterative runs were per-  together with the observation that the IN W259A derivative
formed until R, values from the docked structures were in close ~ behaves as a monomer, are consistent with a subunit arrange-
approximation to our experimentally determined SAXS enve- ment in which the CTDs, rather than the core domains, play a
lope (supplemental Fig. S4). Rigid body fitting of these models critical role in dimerization. Fig. 7C shows a close-up view of
within the SAXS envelope was performed by steepest descent  potential stacking interactions between Trp-259 residues in the
local optimization, which converges on an orientation that CTDs of the reaching dimer.
minimizes the number of atoms lying outside the envelope. The A Reaching Dimer Model for HIV-1 IN—Although sequence
resulting minimized symmetrical arrangement, shown in Fig. identity between ASV and HIV IN proteins is less than 20%,
74, is stabilized by face-to-face hydrophobic interaction they have very similar domain structures (1). Consequently, we
between Trp-259 from each of the monomers (see also supple-  constructed a reaching dimer model for HIV IN, based on the
mental Movie 1). ASV IN dimer, to uncover any conserved features and evaluate
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FIGURE 7. A reaching dimer model of the ASV IN apoprotein. A, dimer model of ASV IN that satisfies both distance constraints from the cross-linking
experiments and the envelope shape and dimensions from SAXS experiments. Two orthogonal views are shown with our standard color coding for the three
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wild type ASVIN, with a P(r) function calculated from the core-core stabilized dimer model shown in Fig. 1C (red line) and the reaching dimer structure in A (green
line). C, details of the CTD-CTD interface in the ASV IN dimer showing how stacking between proximal Trp-259 side chains from each CTD is a prominent feature
of this interface. D, model of a reaching dimer of HIV-1 IN reveals the potential for conservation of CTD-CTD interface interactions.

the correlation with previous mutagenesis data. A comparison
of the two reaching dimers shows that the CTD interfaces of
both can be stabilized by face-to-face interactions between aro-
matic residues as follows: Trp-259 residues as described above
for ASV IN and Trp-243 residues for HIV-1 (Fig. 7, Cand D). As
noted in Table 1, replacement of Trp-259 with alanine abol-
ishes both dimer formation by ASV IN and proper cleavage at
—2in the viral DNA substrates. The comparable substitution in
HIV IN (W243A) also results in the loss of single end processing
activity (53), as would be expected if Trp-243 played a similar
role in HIV-1 IN.

Further inspection of the reaching dimer interfaces of
ASV IN and HIV-1 IN revealed a network of potential hydro-
gen bonds between the NTD from one monomer to both of
the linkers and the CTD in the second monomer (summa-
rized in supplemental Fig. S5). With ASV IN, we have
observed that interruption of the proposed hydrogen bond-
ing between Asn-24 and Arg-53 in the linker region (supple-
mental Fig. S54) by replacement of the latter residue with
alanine resulted in loss of single end joining activity (data not
shown). Potential interactions between the CTD from one
monomer with the CTD and NTD in the second monomer
include buried hydrophobic interactions involving Trp-259
in ASV IN and Trp-243 in the HIV IN. In the ASV IN struc-
ture, side chains from residues 244 to 246 can stabilize the
dimer interface further through formation of inter-molecu-
lar hydrogen bonds between the two tyrosine side chains
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(supplemental Fig. S54). We have observed that substitution
of alanine for Tyr-246 results in a 50% decrease in single end
joining activity (data not shown). These results are consis-
tent with a role for such hydrogen bonds in the architecture
of a functional dimer. The potential hydrogen bond interac-
tions in the proposed reaching dimer interface of HIV IN
(supplemental Fig. S5B) includes residues that are highly
conserved in the HIV genome, with less than 1% variance
observed in the genomes of viruses isolated from 488 inhib-
itor-naive patients in a recent study (54). Such conservation
would be expected from stringent evolutionary pressure for
assembly of a functional form of the apoenzyme.

DISCUSSION

Here, we describe the use of two complementary
approaches to elucidate the architecture of both monomeric
and multimeric forms of a full-length retroviral IN protein,
in the absence of its DNA substrates. These are the first
experimentally derived full-length apoprotein solution
structures of IN to be reported. Others have characterized
the solution size and shape of HIV-1 IN but in the presence
of the LEDGF protein fragments, which are known to mod-
ulate IN multimerization (45). Although of relatively low
resolution, the use of SAXS with wild type IN and IN deriv-
atives provided valuable insight into the length, shape, and
domain organizations in full-length monomers and dimers.
Protein cross-linking, which tethers all dynamically involved
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lysines separated by =11 A coupled with mass spectrometry,
provided independent constraints for docking within the
SAXS-derived envelopes. After equilibrating an equal mix-
ture of unlabeled and labeled IN proteins, inter-molecular
cross-links could be identified unambiguously by the isola-
tion of adducts with hybrid mass. As no hybrid adducts were
observed in our analyses of cross-linked monomers isolated
from the mixture, we conclude that the native structure was
conserved within the cross-linked proteins.

In the IN monomers, the CTD was found to cross-link with
the core and the NTD, and the NTD with the CTD “tail”
(residues 270 -289). A model for the full-length IN monomer
structure that combines our SAXS and cross-linking data
(Fig. 5B) shows the core and NTDs at distal poles and the
NTD in close proximity to the extended tail of the centrally
located CTD. The solution dimer interface revealed in our
studies is noteworthy for the absence of any core-core
domain interactions, which had previously been thought to
stabilize this multimeric form. Analysis of our cross-linked
dimers uncovered a cluster of hybrid adducts formed
between two IN monomers. The unanticipated architecture
so revealed shows a reciprocal arrangement in which the
CTD from one monomer anchors into the CTD of the sec-
ond monomer, and the NTD from one monomer interacts
with core and CTD of the second monomer. The absence of
any core-core and NTD-NTD cross-links between the sub-
units implies that these domains are distantly separated in
the two subunits. A model consistent with results from the
SAXS and cross-linking studies places the two core domains
at opposite ends, with the association of subunits stabilized
by interactions between opposing NTDs and CTDs, which
reach out to each other (Figs. 4E and 7A).

Cross-links corresponding to the core-core interface ob-
served in crystals of the isolated core, and two-domain frag-
ments were detected only in full-length ASV IN tetramers (Fig.
6A). Results from our mutational studies suggest that the sta-
bility of this interface is required for concerted integration, but
it is not essential for catalysis of single end processing or joining
by IN, which can be accomplished by IN dimers (33). Conse-
quently, we conclude that the primary role of the core-core
interface is in assembly of a tetrameric synaptic complex, which
can catalyze the concerted joining of two 3’ viral DNA ends into
a target DNA (33, 34). This interpretation is supported by pre-
viously published effects of other substitutions in this core-core
interface (55).

A detailed structural model of the reaching dimer of ASV IN
was obtained by combining the observed chemical cross-link-
ing distance constraints with data-driven docking (Fig. 7A and
supplemental Fig. S4). In the iterative docking runs, the pro-
tein-protein buried surface area increased from 1100 to 2200
A2 whereas R, was reduced from 47 to 34 in the final minimum
structure. Increase in the buried surface area and decrease in R,
implies a structure that is considerably more compact than the
sum of the initial docking monomers. In studies with other
proteins, values within the range of 1600 = 400 A? have been
observed for the buried surfaces in complexes that undergo
minimal conformational change during their assembly,
whereas values in the range of 2000—4400 A? are typical for
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complexes that undergo large conformational changes during
formation (56).

As the SAXS envelope of the ASV monomer was only
observed with an IN W259A derivative, we cannot be definitive
about the orientation of the CTD in this structure. We note that
our original rationale for substituting Trp-259 stemmed from a
comparison of the IN CTD to other Src homology 3-like
domains in proteins that bind DNA, such as the Sso7 chroma-
tin-binding protein (57). Alignment, modeling, and identifica-
tion of potential DNA-binding residues in the ASV IN CTD
suggested a likely role for Trp-259 in binding to DNA sub-
strates. It was only after purification and analysis of this protein
that we noticed its deficiency in dimerization, implying a poten-
tial dual role for this particular residue in both dimerization and
DNA binding.

The interface in the reaching dimer model is dominated by
aromatic interactions between a cluster of residues in the
CTDs, which represent a unique hot spot for the mainte-
nance of dimer stability. Results from our mutational studies
indicate that the tryptophan residues, Trp-259 in ASV IN
and Trp-243 in HIV IN, play a critical role in both catalytic
activity and stability of an intersubunit interface (Table 1
and Fig. 7, C and D) (53). Amino acids surrounding such hot
spots, classified as O-ring residues, are predicted to protect
the hydrophobic residues from solvent and to stabilize their
interaction via hydrogen bonds and salt bridges (58). Close
analysis of reaching dimers of ASV-IN and modeled HIV-IN
reveals that the majority of potential variable O-ring resi-
dues at the CTD-CTD interfaces in both structures can form
hydrogen bonds or electrostatic interactions. The potential
for similar interactions can be observed in a number of other
retroviral IN proteins.

Previous studies on the mechanism of inhibition by mono-
clonal antibodies that are specific to the HIV-INNTD and CTD
have uncovered critical epitope residues in these domains (59,
60). The inhibitory activity of mAb17 can be explained by dis-
tortion of the NTD helix-turn-helix motif via binding to resi-
dues 25-35. The epitope of mAb33 includes CTD residues Phe-
223, Arg-224, Tyr-226, Lys-224, Ile-267, and Ile-268 and
expression of a mAb33 sFv fragment in host cells blocks HIV-1
infectivity prior to the integration step (61). Our HIV-1 IN
model predicts that binding of either one of these antibodies
would interfere with the assembly of a functional reaching
dimer. Furthermore, alanine substitution of any one of these
epitope residues drastically reduces the single end joining activ-
ity of HIV-1 IN (53, 60). This result is consistent with the
derived reaching dimer interface of HIV-1 IN in which Lys-34 is
predicted to hydrogen bond with Glu-246; buried Arg-262 is
predicted to interact with the backbones of Pro-30 and Val-31
and Arg-263 to hydrogen bond with Glu-33. Substitution of the
conserved, buried Arg-262 with alanine was also found to abol-
ish catalytic activity (53), suggesting that this residue might
represent a second hot spot in the dimer interface, in addition
to the buried Trp-243. Taken together, these data indicate that
the dimer interfaces of both ASV and HIV-1 IN apoproteins are
characterized by fully buried tryptophan hot spots as well as
O-ring residues that are partly accessible to solvent. The dele-
terious effects of alanine substitution for some of the partly
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Apo-integrase Solution Architecture

A.

Conformation in apo-dimer
W259
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Conformation in intasome

FIGURE 8. Conformational change required for the transition from a
reaching dimer to the intasome complex with DNA. A, conformation of a
single ASV IN subunit in the apo-IN reaching dimer. B, conformation pre-
dicted from the inner dimer of an intasome complex that includes the viral
substrate DNA. The subunit structure is modeled from the PFV intasome (PDB
code 30YA (38)). The change in orientation of the CTD residue Trp-259,
shown in ball-and-stick, is highlighted with arrows. Active site residues are
also shown in ball-and-stick fashion. A supplemental movie that simulates the
conformational change between these two states is provided.

accessible residues can be modulated by water molecules. In
contrast, substitution of buried residues that are close-packed,
optimizing van der Waals interactions, cannot be tolerated
without significant structural and functional cost. The buried
hydrophobic interactions in our model at the CTD-CTD inter-
face likely shield the hydrophobic patch prior to interaction
with DNA.

The organization of the reaching ASV IN dimer that forms
in the absence of DNA substrate bares a striking resemblance to
the “inner” dimers observed to bind DNA substrates in the
recently reported crystal structure of the PFV intasome (38, 39).
The major difference between the two is in the position of the
CTD (Fig. 8 and supplemental movie 2). However, the reaching
dimer is in a conformation that is energetically favorable to
accommodate association with viral DNA ends, simply by
unpairing of the conserved CTD tryptophans (Trp-259 for ASV
and Trp-243 for HIV IN) and rotating via the linker region. A
DNA-induced conformational change that involves the linker
of HIV-1 IN has been reported previously (62). A stable inta-
some would then be formed by association of the viral DNA
strand to be processed with the catalytic triad and stabilization
of the nontransferred DNA strand by hydrophobic interactions
between the terminal bases and the now translocated conserved

17058 JOURNAL OF BIOLOGICAL CHEMISTRY

tryptophans. Stabilizing or disrupting alternate multimeric
assemblies to modulate enzyme activity in an allosteric manner
has been suggested as an alternative to active site inhibition
(63). Although such an approach has been proposed for HIV-1
integrase (64), these studies targeted only the core-core dimer
interface. Disruption of the critical CTD-CTD interface inter-
actions could represent a novel strategy for development of
anti-HIV drugs.
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