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ABSTRACT: Integrase (IN) catalyzes insertion of the retroviral genome into the host via two sequential
reactions. The processing activity cleaves the 3′-dinucleotides from the two ends of the viral DNA which
are then inserted into the host DNA. Tetramers are required for the joining step. While dimers have been
shown to catalyze processing, they do so inefficiently, and the oligomeric requirement for processing is
unknown. We have replaced loop202-208 at the putative dimer-dimer interface of the avian sarcoma virus
IN with its analogue, loop188-194, from human immunodeficiency virus IN. The mutation abolished
disintegration activity and a 2× 10-2 s-1 fast phase during single-turnover processing. A 3× 10-4 s-1

slow processing phase was unaffected. Preincubation with a DNA substrate known to promote
tetramerization increased products formed during the fast phase by 2.5-fold only for wild-type IN, correlating
the fast and slow phases with processing by tetramers and dimers, respectively. We propose a novel
tetramer model for coupling processing and integration based on efficient processing by the tetramer. We
provide for the first time direct evidence of the functional relevance of a structural element, loop202-208,
which appears to be required for mediating the interaction between dimer halves of the active tetramer.

Integration of a DNA copy of the RNA viral genome into
the host DNA is a required step in the replication cycle of
retroviruses such as the human immunodeficiency virus
(HIV). Integrase (IN) catalyzes this in two sequential
reactions. First, in the processing reaction, IN catalyzes a
hydrolysis reaction to remove 3′-terminal dinucleotides from
both U5 and U3 long terminal repeats (LTR’s) of the duplex
viral DNA generated by reverse transcriptase (RT). IN then
catalyzes the nucleophilic attack by the processing-generated
recessed 3′-ends on the phosphate backbone of opposite
strands of the host DNA, fusing the viral sequence into the
host genome. Selection of the insertion sites on the host is
not sequence-specific. However, the two viral LTR’s are
inserted on opposite strands of the host target separated by
a virus-specific signature spacing, 6 bp for the avian sarcoma
virus (ASV) (1-3). This spatial constraint suggests that full-
site integration likely requires the simultaneous binding of
both processed viral DNA ends with the host DNA in a
multimeric IN-DNA complex.

The integration reaction is mechanistically better under-
stood than the processing reaction with respect to its

quaternary structural requirements. In Bao et al. (4), we
showed by active site titrations that ASV IN catalyzed
disintegration, an in vitro mimic of the microscopic reversal
of the integration reaction, with a 4:1 [IN]:[DNA] stoichi-
ometry. We further demonstrated by atomic force microscopy
that the responsible nucleoprotein complex is tetrameric and
that assembly is likely induced by the binding of host DNA.
Subsequently, cross-linked HIV-1 IN tetramers (5) as well
as non-cross-linked, stable tetrameric synaptic complexes of
HIV-1 IN bound to pairs of viral ends (6) have been isolated
and shown to be active in full-site integration of both viral
LTR’s, whereas dimers catalyze only half-site reactions.
These functional studies directly support an active tetramer
model during the integration reaction.

The structural requirement for processing the LTR’s prior
to integration, however, remains less clear. Biophysical
studies correlating activity with oligomeric states (7, 8) show
that dimers are sufficient to support processing activity,
leading to the proposal that processing at the two ends of
the viral DNA may be independently catalyzed by two
different dimers which then assemble into a tetramer on target
DNA for the subsequent integration reaction. However, IN
dimers catalyze processing extremely inefficiently, measured
at 0.004 min-1 per end for HIV-1 IN, and requiring two slow
steps in sequence prior to full-site integration would severely
limit the overall efficiency of the reaction. Furthermore,
mutational analysis of amino acids thought to be in contact
with LTR’s based on a tetramer molecular model (9) and
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earlier cross-linking studies (10, 11) implicate amino acids
from both dimer halves of a tetramer in the formation of
each LTR binding site. Finally, data from a number of other
studies also suggest coordination of LTR processing (6, 12,
13) and full-site integration (14) mediated by higher-order
oligomers, likely tetramers. However, correlation of process-
ing activity, enhanced or otherwise, with tetramers has not
been demonstrated.

Crystallographic and NMR structures for three subdomains
of IN (N-terminus, catalytic core, and C-terminus) and
several two-domain constructs (15-22) are dimeric. Thus,
it remains to be seen if the full-length enzyme and/or the
cocrystal with an appropriate substrate DNA would reveal a
tetrameric model. Several dimer-of-dimer models have been
suggested for the tetramer on the basis of contacts between
crystallographic dimers in the two-domain structures (9, 21,
22). In the HIV-1-based model of Wang et al., loop188-194

(KGGIGGY) from one dimer appears to interact reciprocally
with its counterpart from a neighboring dimer (Figure 1A,
black arrows), defining an apparent dimer-dimer assembly
interface. Structural alignment (23) further identifies an
analogous interfacial loop202-208 (RGENTKT) in ASV IN

(Figure 1B). A molecular dynamics modeling study sug-
gested a different role for this loop in recognizing and binding
the flanking DNA sequence one helical turn away from the
cognate CAGT termini of the pre-insertion viral DNA (24).
Interestingly, a different structural model hypothesized by
Chen et al. (9) does not include this loop segment within
the LTR binding trench. We have chosen to study the
function of ASV loop202-208 by replacing it with loop188-194

from the HIV-1 IN. The effects of the loop swap on the pre-
steady-state kinetic properties of IN-catalyzed reactions
demonstrate a significant functional role of the loop during
integration and further illustrate how structural features of
both protein and DNA are required in mediating the catalytic
function of the enzyme.

EXPERIMENTAL PROCEDURES

Oligodeoxyribonucleotides and Enzymes.Oligodeoxyri-
bonucleotides (ODNs) were synthesized by Integrated DNA
Technologies, Inc. (Coralville, IA), with the sequences listed
in Table 1. Fluorescent ODNs were 5′-labeled with hexachlo-
rofluorescein (HEX). Purification by denaturing PAGE and
spectrophotometric determination of concentrations were as
described previously (12, 13) using the extinction coefficients
listed in Table 1. Substrates were annealed at equimolar
concentrations of component ODNs in a MasterCycler
(Eppendorf) by being heated to 95°C for 2 min and then
cooled by 5°C every 2 min until the temperature reached
20 °C in 20 mM Tris (pH 8.0), 5 mM Na-HEPES (pH 7.5),
and 500 mM NaCl. Stoichiometric annealing were tested by
native PAGE. The use of the thermocycler ensured efficient
(40 min) and reproducible annealing. Wild-type integrase
(INWT) and mutant integrase (INHIV) were overexpressed in
Escherichia coliBL21(DE3), purified, and stored at-80
°C in 50 mM Na-HEPES (pH 7.5), 500 mM NaCl, and 40%
glycerol as described previously (12, 13).

Mutagenesis.The INHIV mutant enzyme was constructed
through a two-step mutagenesis process using the Stratagene
(La Jolla, CA) QuikChange II kit according to the manu-
facturer’s specifications. A half-loop mutation was first
created using the primer 5′-CGTGGTGAAATTGGTGGC-
TATCCGATACAGAAACACTGGAGACCTAC. The final
mutation was then generated with a second primer, 5′-
CACTTTGAGAAAGGTGGCATTGGTGGCTATCCGA-
TACAGAAAC. Complementary primers were also synthe-
sized. Targeted mutations and the absence of other mutations
were confirmed by direct DNA sequencing (Functional
Biosciences, Inc., Madison, WI).

Single-TurnoVer Disintegration and Processing Assays.
Standard reactions (100µL) were carried out at 37°C in 20
mM Tris (pH 8.0), 10 mM Na-HEPES (pH 7.5), 4% glycerol,
10 or 5 mM MnCl2, and 100 or 450 mM NaCl for processing
or disintegration, respectively. Integrase was initially incu-
bated with DNA substrate in the absence of MnCl2 for 30
min at 37°C. In processing reactions in the presence of the
disintegration Y-substrates, initial incubation with Y (30 min)
was followed by an additional incubation for 30 min at 37
°C in the presence of HEX-labeled processing substrate.
Reactions were initiated by the addition of MnCl2. Final
concentrations of IN and DNA substrates were 1µM and
250 nM for disintegration reactions and 3.65µM and 150
nM for processing reactions, respectively. Aliquots were

FIGURE 1: INHIV construction and activity. (A) A dimer-of-dimer
tetramer model of HIV-1 IN has two loop188-194 forms at the
putative dimer-dimer interface (black arrows) and two externally
facing loops (gray arrows). (B) Structural alignment of HIV and
ASV IN sequences shows the analogous loop202-208 of ASV IN
(23). (C) Coomassie-stained SDS-PAGE gel showing purification
of mutant INHIV from the cleared lysate by PEI pull-down,
extraction, and Hi-S column chromatography. (D) Initial end-point
analysis (2400 s) of processing shows comparable activities with
wild type and mutant enzymes.
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withdrawn at varying time points and quenched 1:1 (v/v) to
achieve final concentrations of 4 M urea, 10 mM EDTA,
and 0.1% SDS. Reaction products were separated by PAGE
on 12 or 20% denaturing gels for disintegration or processing
assays, respectively. Fluorescent bands were visualized on
a Typhoon 9410 instrument (Amersham Biosciences). Image
quantification and nonlinear least-squares fittings were
performed with ImageQuant version 5.0 (Molecular Dynam-
ics) and Kaleidagraph (Synergy, Reading, PA), respectively,
as described previously (12, 13).

Chemical Cross-Linking.The chemical cross-linking re-
agent,cis-aquahydroxydiaminoplatinum (AHDAP), was pre-
pared as described previously (5, 25). INWT or INHIV (20µM)
was preincubated in the presence of the YASV substrate (4
µM) in a 60µL reaction volume for 30 min at 37°C before
the addition of freshly prepared AHDAP to a final concen-
tration of 100µM. Cross-linking was allowed to progress
for 10 min at 37°C in the dark followed by the addition of
4× SDS gel loading buffer. Cross-linked oligomers were
separated by PAGE on 12% SDS gels.

Fitting of Kinetic Time Courses.Time courses were
generally fitted to a sum of exponential functions according
to eq 1:

using the minimum number of exponential phases. When
the second phase was slow on the time scale of the
experiment and appeared linear, the time courses were fitted
to the sum of a single-exponential function and a linear phase
as in eq 2:

Time courses with a lag phase were fitted to eq 3:

which describes the evolution of the product through two
sequential intermediate steps with comparable rate con-
stants,k1 and k2, followed by a much slower third step as
shown in eq 4:

Without concentration dependent data, values fork1 andk2

are interchangeable due to the symmetry of eq 3 and cannot
be assigned to specific steps.

RESULTS

Mutagenesis and Initial Characterization of INHIV. The
mutant enzyme, INHIV, was constructed by swapping
loop202-208 in ASV IN with loop188-194 from HIV-1 IN. The
mutation was verified by direct sequencing of the plasmid
clone, and INHIV was overexpressed and purified. Figure 1C
shows that overexpressed INHIV was soluble and was purified
in a manner identical to that for wild-type ASV (13). INHIV

was assayed for processing activity using a short 21 bp
duplex containing the ASV U3 end sequence. Processing
would remove the 3′-terminal TT pair from the cognate
CATT sequence, leaving a 19-nucleotide product which was
separated from the substrate 21-mer by denaturing PAGE.
Comparable processing products were observed after a
reaction time of 2400 s for both INWT and INHIV (Figure 1D).

INHIV Is Disintegration and Tetramerization DefectiVe.
Because the disintegration reaction has been demonstrated
to require tetramer assembly and can further be stoichio-
metrically correlated to IN activity in active site titrations
(4), it provides a robust functional measure of the active
tetramer population. Figure 2A schematically illustrates the

Table 1: Oligodeoxyribonucleotide Sequences Used in This Study Listed with Their Extinction Coefficients

a ODNs derived from the ASV or HIV-1 LTR’s are designated by asv or hiv, respectively. Nonvirally derived ODNs are denoted by target.b The
scissile strands shown are denoted by “T”. Sequences of asvU5B and asvU3B are not shown but are completely complimentary to asvU5T and
asvU3T.

y ) ∑
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n
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disintegration reaction with a Y-shaped substrate, YASV. This
substrate mimics the intermediate product of integrating a
single viral DNA end into a target sequence. The disintegra-
tion reaction represents the microscopic reversal of this

reaction by expelling the viral DNA arm to regenerate a
duplex 44-mer target and a 19/21-mer viral end sequence.

Initial analysis of total disintegration products (Figure 2B)
formed after 40 min showed∼90 and∼2% conversion to
products by INWT and INHIV, respectively. Similar end-point
assays were also performed using a Y-substrate, YHIV,
containing HIV LTR sequences. Figure 2B shows that the
wild-type IN could perform limited disintegration on this
“noncognate” substrate, but the HIV loop mutant, INHIV, had
no activity on the HIV substrate.

Analysis of the actual reaction time courses revealed even
more dramatic differences in the reaction rates (Figure 2C).
With the ASV Y-substrate, YASV, the INWT-catalyzed reaction
was best described by a double-exponential function (eq 1)
with >84% substrate converted within a 1.8× 10-2 s-1 burst
phase lasting∼200 s. A second slow phase followed at 2.3
× 10-4 s-1. In contrast, INHIV exhibited a>2.3 × 103-fold
slower linear rate of<8 × 10-6 s-1. With the HIV
Y-substrate, YHIV, and wild-type IN, reductions in both
amplitude and rate were apparent relative to those of the
reaction with INWT and YASV. The time course additionally
exhibited an initial lag instead of the characteristic burst
phase. The lag was fitted by eq 3 for two sequential steps
with comparable rate constants (k1 ) 3.2 × 10-3 s-1; k2 )
3.6× 10-2 s-1) followed by a linear phase (k3 ) 4.4× 10-5

s-1). The combination of INHIV and YHIV showed no
detectable activity, and its time course was therefore omitted.

To verify the structural correlation between the loss of
activity and the failure to form tetramers, we attempted to
cross-link protein-DNA complexes formed with YASV and
wild-type or mutant IN. Cross-linking reactions were carried
out by addition of 100µM AHDAP to preincubated mixtures
of enzyme and YASV followed by SDS-PAGE analysis to
resolve cross-linked oligomers (Figure 2D). With INWT,
bands representing proteins in the appropriate size range for
monomer, dimers, tetramers, and higher-order aggregates
were visible. In experiments with INHIV, however, only
monomer, dimer, and higher-order aggregate bands were
observed; bands corresponding to tetramers were completely
absent. Attempts to increase cross-linking efficiency by
increasing either reagent concentration or reaction time
resulted only in conversion of monomers directly to highly
molecular aggregated forms (darker bands near the top of
the gel). However, direct comparison of the tetramer region
between wild-type and mutant IN clearly shows a loss of
tetramerization, although, interestingly, dimer formation
appeared to be less affected.

Biphasic Processing by INWT. To better detect the process-
ing contribution by tetramers, we re-examined the single-
turnover time course of the wild-type processing reaction.
The reaction profiles for processing of ASV U3- and ASV
U5-derived substrates with INWT (Figure 3A) were biphasic
with 10-13% fast phases at 2.7× 10-2 and 2.0× 10-2 s-1,
respectively, followed by slower phases in the range of 3.7-
3.8× 10-4 s-1. The small differences between the ASV U3
reaction and the ASV U5 reaction are consistent with the
known preferences of ASV IN for the U3 sequence (12, 13).

To test if tetramers contributed the burst of efficient
processing, we preincubated INWT with YASV prior to adding
the labeled ASV U3 substrate as YASV should stimulate
tetramer assembly. As shown in Figure 3A, a 2.5-fold
increase in the amplitude of the fast phase was observed

FIGURE 2: Reduced disintegration activity with INHIV. (A) Sche-
matic of the disintegration reaction shows the transformation of a
5′-HEX-labeled 19-mer (targetY19) at the start of the reaction to a
44-mer product. The HEX label is denoted with an asterisk.
Component ODNs are as labeled (see Table 1 for sequence
information). (B) End-point gel analysis of the disintegration
reaction by INWT and INHIV using YASV showed∼90 and∼2%
conversion, respectively, at 2400 s. Reactions using YHIV with INWT

and INHIV showed reduced and complete loss of activity with INWT

and INHIV, respectively. (C) Kinetic time courses of disintegration
reactions for YASV by INWT (b) and INHIV (9) are shown. The full
time course of INWT-catalyzed disintegration on YASV showed a
characteristic rapid burst phase accounting for>84% conversion
to products within 200 s. The solid line represents the best fit to a
double-exponential function with the following rate constants for
the fast and slow phases:kf ) 1.8× 10-2 s-1 andks ) 2.3× 10-4

s-1, respectively. The time course for INHIV-catalyzed disintegration
on YASV was linear with a rate constant of<8 × 10-6 s-1 with
<2% product accumulation after 40 min. The time course of INWT-
catalyzed disintegration on YHIV (O) showed a lag phase that was
best fit to eq 3 with the following rate constants:k1 ) 3.2× 10-3

s-1, k2 ) 3.6 × 10-2 s-1, andk3 ) 4.4 × 10-5 s-1. (D) INWT and
INHIV preincubated (20µM) with YASV substrate (4µM) were
chemically cross-linked and resolved by SDS-PAGE to identify
the multimeric states of the wild-type and mutant enzymes during
disintegration. Oligomers with molecular weights appropriate for
the tetramer were present only in the wild-type lane. Reduced dimers
for the mutant enzyme was also observed. Significant accumulation
of aggregates larger than the tetramers was observed for both
enzymes, and the levels of these always increased with cross-linker
concentration or cross-linking time and likely reflect nonspecific
aggregation due to the high concentrations of IN and/or cross-linker-
induced aggregation.
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together with a marginal decrease of its rate constant to 1.2
× 10-2 s-1. The incomplete stimulation of the fast phase
amplitude as well as the 2-fold reduction in the apparent
rate constant likely reflects the occupation of one of the two
functional active sites on the tetramer by the Y-substrate,
halving the number of available active sites for processing.
The correlation of the rapid processing phase with tetramer
assembly demonstrates that tetramers catalyze processing
100-fold more efficiently than dimers.

INHIV Exhibits Only Slow-Phase Processing Kinetics.The
time courses of processing by INHIV showed a distinct
absence of fast phases (Figure 3B). Instead, we observed
only single-exponential behavior with rate constants of 3.3
× 10-4 and 2.4× 10-4 s-1 for U3 and U5 substrates,
respectively, comparable to those observed in the slow phases
of the wild-type reactions attributable to dimer activity.
Finally, addition of YASV failed to stimulate a burst phase in
mutant-catalyzed processing, confirming the loss of kinetic
behaviors characteristic of the tetramer in the loop mutant.
We note further that comparable amounts of processing
products were observed for mutant and wild-type enzymes

at long time points (Figure 1D) and that the tetramer activity
was distinguishable only within the initial 100 s of the
reaction, likely the cause for prior failures to detect the
enhanced tetramer activity.

DISCUSSION

Table 2 summarizes our pre-steady-state comparison of
the kinetics of disintegration and processing by the wild-
type, INWT, and HIV-loop-swapped chimeric enzyme, INHIV.
Comparison of the observed rate constants shows clearly that
the mutation abolished disintegration activity and rapid
processing but preserved slow processing activity. Cross-
linking further confirms that the loss of disintegration can
be correlated with the loss of tetramer assembly. These results
address two critical issues in the IN reaction mechanism.
First, the loss of the signature tetramer kinetic characteristics
in INHIV functionally confirms the putative position of
loop202-208 at the assembly interface, providing direct support
to the dimer-of-dimer model proposed by Wang et al. (9,
22). Second, the loss of rapid processing activity in the
tetramer-defective mutant suggests that the tetramer catalyzes
processing 100-fold faster than the dimers. Mechanistic
implications of these findings are discussed below, leading
to the proposal of a mechanism in which processing and
integration are coordinately coupled by tetramer assembly
to ensure full-site integration of both processed viral ends.

Loop202-208 of ASV IN Mediates Tetramer Formation.
Assembly of an IN tetramer for full-site integration, i.e.,
concerted integration of both viral LTR’s, is now well
supported by biochemical evidence (4-6, 8, 9). Quaternary
structural models have been proposed on the basis of
interactions observed in neighboring crystallographic dimers
of two-domain constructs (9, 21, 26). Additionally, modeling
based on cross-linking data has led to a proposed tetramer
model for the full-length polypeptide. Mutational analysis
of amino acids in putative LTR binding sites of this model
further established a functional correlation with processing
activity. However, knowledge of the tetramer structure is
lacking, due largely to the absence of a tetrameric crystal
structure, and structural elements directly responsible for
tetramer assembly have not been identified.

Ren et al. (27) recently obtained electron microscopy
images of tetramer particles with a substantial structural
asymmetry which cannot be explained by any of the current

FIGURE 3: Processing activity of INWT and INHIV. (A) INWT-
catalyzed processing of both ASV U3 (b) and ASV U5 (O)
substrates is biphasic with the following best-fit rate constants:kf
) 2.7 × 10-2 s-1 andks ) 3.7 × 10-4 s-1 for ASV U3 andkf )
2.0 × 10-2 s-1 andks ) 3.8 × 10-4 s-1 for ASV U5. Addition of
the YASV substrate to the ASV U3 processing reaction mixture
increased the burst amplitude of the reaction from 12% in the
absence of YASV to 31% in the presence of YASV (9) with the
following rate constants:kf ) 1.2× 10-2 s-1 andks ) 3.8× 10-4

s-1. (B) INHIV-catalyzed processing of both the ASV U3 (b) and
ASV U5 (O) substrates is monophasic with the following best-fit
rate constants:ks ) 3.3 × 10-4 s-1 for U3 andks ) 2.4 × 10-4

s-1 for U5. Addition of the YASV substrate to the U3 processing
reaction with INHIV did not significantly alter the time course (9)
and yielded a single-exponential rate constant (ks) of 3.3 × 10-4

s-1.

Table 2: Reaction Rate Constantsa

rate constant (s-1)

DNA INWT INHIV

disintegration YASV kf (1.8( 0.2)× 10-2 -
ks ∼2.3× 10-4 <8 × 10-6

YHIV k1 (3.2( 0.4)× 10-3 undetectable
k2 (3.6( 1.1)× 10-2 -
k3 (4.4( 0.8)× 10-5 -

processing ASV U3 kf (2.7( 1.4)× 10-2 -
ks (3.7( 1.5)× 10-4 (3.3( 0.7)× 10-4

U3 + YASV kf (1.2( 0.4)× 10-2 -
ks (2.4( 0.4)× 10-4 (6.2( 1.5)× 10-4

ASV U5 kf (2.3( 0.8)× 10-2 -
ks (3.8( 0.5)× 10-4 (2.4( 0.4)× 10-4

a Apparent rate constants derived from exponential fits to time
courses are listed for INWT and INHIV. Subscripts f and s denote rate
constants for fast and slow phases, respectively.
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structural models based on neighboring crystallographic
dimers. This asymmetry further resonates with previous
biochemical studies that have demonstrated functional asym-
metry in the catalytic mechanism (12, 13). On the other hand,
these electron microscopy images also cannot distinguish
between any of the putative dimer-dimer interfaces proposed
in these models, provided that the two dimer halves assemble
asymmetrically about that interface.

To directly test one such interface, we have chosen to
mutate a unique loop at the center of one such interfacial
model (22) by swapping the native ASV sequence with the
structurally analogous HIV-1 IN sequence. Results of pre-
steady-state kinetic analysis of the loop mutant, INHIV,
compared with wild-type ASV INWT clearly demonstrate that
replacement of loop202-208 does not affect dimer-catalyzed
processing activity but completely disrupts disintegration, an
activity characteristic of the tetramer. Additionally, while
chemical cross-linking led to tetramer-sized oligomers for
wild-type IN , these were completely absent in parallel
experiments performed using INHIV.

Because of the large number of amino acid changes in
the chimeric construct, we had concerns that the mutation
may disrupt the overall fold of the dimer. However, the
outward-facing position of the loop in the dimer structure
(Figure 1A, gray arrows) would suggest that the loop itself
contributed minimally to the fold and stability of the dimer
half to which it belonged. This was further validated
experimentally when we found that the mutant enzyme was
able to catalyze the processing reaction despite being
completely defective in disintegration. Our results, therefore,
directly validate the dimer-of-dimer models suggested by
Wang et al. (22) and Chen et al. (9) and provide the first
direct identification of a central structural element at the
tetramer assembly interface.

Interestingly, we had designed the loop swap originally
with the naı¨ve presupposition that the reciprocal nature of
the interaction by the loops and the symmetry at the assembly
interface would lead to retention of activity; i.e., HIV loop
can interact with HIV loop just as readily as ASV loop with
ASV loop. We had thus also constructed half-loop mutants
for the explicit purpose of abolishing the reciprocity of the
interaction. However, all loop mutations severely compro-
mised activity (M. A. Bosserman, personal communication),
suggesting other functionally important interactions and
structural constraints at play. We note, however, that the
amino acid side chains of the ASV and HIV loops differ
dramatically from each other: while the HIV sequence is
characterized by a uniquely small “footprint” consisting
almost entirely of four glycine residues, the ASV loop is
much bulkier and highly charged. Thus, the loss of activity
may simply reflect some spatial constraints imposed by the
rest of the structure at the interface which may, for example,
prevent two “downsized” HIV loops from reciprocally
contacting each other.

Flanking Sequence Recognition and Binding.Wielens et
al. (24) have suggested that this loop may be involved in
recognizing and binding the flanking DNA sequence one
helical turn away from the cognate CAGT termini of the
viral DNA. In contrast, Chen et al. (9) propose LTR-binding
trenches which do not appear to include the loop sequence;
however, they do not directly address any functions for the
loop in question in either assembly or DNA binding. Our

results are consistent with the latter model and do not support
a loop function for LTR binding.

If the primary function of the loop were to recognize viral
flanking sequences, then changing the Y-substrate to the
matching HIV DNA sequence in YHIV should have restored,
at least partially, activity to the INHIV mutant. Conversely,
the wild-type ASV enzyme, INWT, exhibited altered but
significant reactivity on the HIV Y-substrate, YHIV, despite
the clearly incorrect cognate terminal sequence (28). Finally,
mutant INHIV was able to process ASV U3 and U5 substrates,
albeit at the slower “dimer” rate. These results demonstrates
a distinct lack of correlation between the loop and LTR
binding and, therefore, support the structural model for LTR
binding proposed by Chen et al. (9).

Our results do not necessarily rule out the possibility that
the loop may play some other secondary role because a total
of four loops exist in the tetramer model. Only two of these
would be interfacial (Figure 1A, black arrows) per tetramer,
leaving two externally facing loops (Figure 1A, gray arrows)
available, at least in theory, to serve some other unknown
function. However, any such roles must necessarily be minor
relative to that of tetramerization, as their effects, if any,
are completely masked by the overriding effects of disrupting
the tetramer-promoting function of the interfacial loops.

Functional Role of Tetramers in Processing.While the
tetramer is clearly implicated in full-site integration, process-
ing of the two LTR ends is thought to be independently
catalyzed by different IN dimers (5, 6, 8, 14). These dimers
at the two ends would then assemble on the target DNA into
the required tetramer for concerted full-site joining (5, 6, 8,
14; Figure 4A). This model, however, lacks the experimental
support of a cooperative mechanism that ensures complete
processing at both ends prior to tetramer assembly. Thus,
full-site integration, which would require the processing of
both viral LTR’s, would be rate-limited by two consecutive,
slow processing steps (2× 10-4 s-1 for ASV IN or 0.004
min-1 for HIV IN) ( 7). On the other hand, tetramer assembly
occurs rapidly on this time scale, being complete within the
20-30 min preincubation period at 37°C (5, 6, 14).
Preliminary stopped-flow data suggest that assembly may
be 90% complete within 5 min (M. A. Bosserman, personal
communication). The catalytic flux through such a mecha-
nism would, therefore, favor the formation of a long-lived
tetramer intermediate with one processed and one unproc-
essed LTR. Rapid tetramer-catalyzed insertion would then
disrupt concerted full-site integration, yielding abortive half-
site integration products instead.

We have previously shown using synapsed processing
substrates containing two linked cognate end sequences that
processing was facilitated by the cobinding of both U3 and
U5 ends. Although this suggested that higher-order assembly
stimulated processing (12), due to the poor extent of reactions
in those experiments (<2%), the actual oligomeric state could
not be defined. Recently, we have found that tetramer
assembly was enhanced by a 20 min preincubation at 25-
37 °C (6, 7; M. A. Bosserman, personal communication),
and we now routinely observe significant processing products
(12-15%) formed at 2× 10-2 s-1 in early time points.
Correlation of this enhanced processing with tetramers is
based on two separate and independent lines of evidence.
First, a 2.5-fold enhancement of the amount of rapid
processing was observed in the presence of the YASV substrate
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under conditions that would stimulate tetramer formation.
Second, the enhanced processing was absent with the INHIV

loop mutant, which independent cross-linking and disintegra-
tion results have shown to be defective in tetramer formation.

Inefficient processing by HIV-1 IN dimers has been well
characterized by Smolov et al. (7) and Guiot et al. (8).
Neither study detected discernible activity attributable to the
tetramer. The single-turnover rate of 0.004 min-1 reported
for HIV-1 IN dimer-catalyzed 3′-end processing (7) is
consistent with the slow 3× 10-4 s-1 phase in our
experiments with ASV IN which we also attribute to the
dimer. While Smolov et al. use a 2:1 [IN]:[DNA] processing
stoichiometry to argue for a dimer reactive species, the same
2:1 reaction stoichiometry is also consistent with a tetramer
binding two DNA ends, as suggested elsewhere (4-6, 21,
22).

Guiot et al. (8) correlated processing activity of HIV-1
IN with particle size using time-resolved anisotropy. How-
ever, the processing activity was measured using a single
end-point assay at 400 min (∆rSDS at t ) 400 min) which is
well past the stated linear range of the assay of<180 min.
Because of the single-turnover nature of processing (7, 12),
differences in activities are not propagated and amplified

through multiple rounds of turnovers as during the steady
state but are instead manifested as distinct and characteristic
exponential phases. Thus, an end-point assay would fail to
reveal a mixture of activities contributed by distinct sub-
populations, as we have demonstrated (compare Figure 1D
with Figure 3A). Additionally, in their experiments, reactions
were initiated by increasing the temperature of preincubated
mixtures from 25 to 37°C, further compromising the
detection of rapid “bursts” because of the ill-defined time
zero.

Despite the vast structural and functional similarities
between HIV and ASV IN, there are differences as well,
especially with respect to metal requirements for conforma-
tional changes and assembly (17, 29). Thus, it is possible
that the discrepancy between our results and those published
for HIV-1 IN may simply reflect a more fundamental
difference between the two enzymes.

Coupling Processing and Assembly Facilitates Full-Site
Integration.The ability of tetramers to catalyze processing
2 orders of magnitude faster than dimers provides a kineti-
cally attractive mechanism for coupling processing, assembly,
and integration to ensure full-site integration of both viral
ends. As illustrated in Figure 4A, premature assembly of a
tetrameric integration-enabled complex on the host DNA with
a singly processed end (path a) would lead to half-site
integration in the absence of a coordinately increased speed
of processing at the other end. However, by enhancing the
tetramer-catalyzed rate of processing, a tetramer formed with
a singly processed viral DNA would be rapidly converted
to a doubly processed intermediate (path b) ready for full-
site integration. This coupling of processing activity with
tetramer assembly would therefore direct flux in the reaction
mechanism toward the desired full-site integration reaction
while bypassing the need to wait for the slow processing of
the second LTR.

To illustrate the effects of this kinetic coupling, we
simulated (30, 31) time courses (Figure 4B) for forming the
doubly processed intermediate required for full-site integra-
tion with (dashed line) and without (solid line) enhanced
processing by the tetramer. In this example,singlyprocessed
DNA appears with an apparent rate constant of 0.008 min-1

(the apparent doubling of the input value of 0.004 min-1 is
a statistical consequence of having two LTR ends in each
viral DNA). The generation of the doubly processed DNA,
however, shows a lag resulting from having to wait for two
consecutive 0.004 min-1 processing events to produce the
doubly processed viral DNA. The lag, a kinetic consequence
of two consecutive rate-limiting steps in the reaction
pathway, demonstrates the detriment of uncoupled processing
of the two ends. Assembly into a tetramer during this delay
(path a) without a coordinated increase in processing rate
by the tetramer would highjack the reaction in favor of
abortive half-site integration of the singly processed LTR.
Our simulation of this model does not take into account the
fact that dimers are likely capable of catalyzing half-site
integrations (6), which would serve only to exacerbate the
situation.

On the other hand, in the tetramer processing model, the
increased efficiency of tetramer-catalyzed processing would
allow assembly to be kinetically coupled to full-site integra-
tion by ensuring completion of processing upon tetramer
assembly. As shown in the simulation, because processing

FIGURE 4: Dimer vs tetramer models for coupling processing and
full-site integration. (A) Viral DNA is shown bound with IN dimers
at the ends. If processing of the two ends of the viral DNA were
to occur independently, then the slow rate of processing would favor
tetramer assembly after a single processing event (path a). Without
enhanced processing of the other end by the tetramer, insertion of
the single processed end would result in half-site integration and
an uncoupling of concerted integration. Path b shows how coupling
of tetramer assembly with enhanced processing would permit the
rapid processing of the unprocessed end needed for full-site
integration. (B) Simulation of the time courses for generating doubly
processed viral DNA showing the presence and absence of a lag
in the dimer model (s) and tetramer model (- - -), respectively.
The lag results from the need to undergo two consecutive rate-
limiting processing steps to generate a substrate intermediate
competent for concerted full-site integration. Simulations were
generated assuming 0.004 min-1 processing of all ends for the dimer
model vs 1.2 min-1 processing of the second end for the coupled
tetramer model.
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of the second end by the tetramer occurs much faster
(modeled at 1.2 min-1 on the basis of the ASV rate constant
measured here), a full-site integration complex can be
generated from a singly processed DNA concurrently with
assembly, thereby eliminating the lag observed with the
dimer model. The resulting time course would be, therefore,
identical to that for the processing of the first end. Coupling
would therefore result in a significant reduction in half-life
for complete processing of both ends in the given example.
The absence of the lag indicates the restoration of flux toward
the desired full-site integration product.

We have arbitrarily chosen a singly processed end as a
starting point for our simulations. Because tetramer assembly
occurs faster, being complete within 20 min of the preincu-
bation period, the slower dimer-catalyzed processing rate may
not be relevant at all if assembly of a tetramer were to
precede any processing. However, assembly likely requires
the binding of target DNA (4), which would in turn require
transport into the nucleus. The slow processing of at least
one end by dimers during this latent period is likely not
detrimental and may even prove to be useful in suppressing
aberrant premature integration of ends, e.g., into the middle
of the viral DNA itself as dimers are incapable of joining.

Interestingly, Li et al. (14) observed that unprocessed DNA
substrates led to an increased frequency of full-site integration
whereas “preprocessed” DNA substrates tended to generate
half-site integration products. These results further implicate
a mechanistic coupling among processing, assembly, and
integration. However, direct evidence for how this could be
achieved had been puzzling because of the slow rate of dimer
processing. The demonstration that assembled tetramers can
process efficiently, therefore, provides a key mechanistic link
for establishing a coordinated model in ASV IN. Whether
the HIV IN reaction will prove to be similarly coordinated
remains to be tested.

Structure and Sequence Specificity.In the proposed
tetramer model (Figure 1A), the dimer-dimer interface runs
almost parallel to a basic groove proposed to be the target
DNA binding site (4). Because of the abundance of positively
charged residues at the assembly interface, we had further
hypothesized that the target DNA would facilitate assembly
by neutralizing some of the like-charge repulsion between
the dimer halves (4). Subsequently, HIV IN tetramers have
been identified in vitro using only LTR ends (5, 6). Thus, it
is clear that LTR ends by themselves are sufficient at
inducing assembly (6). However, these studies either required
very specific incubation conditions or have relied upon
chemical cross-linking to trap the tetramers formed. In the
work of Ren et al. (27), a three-way junction DNA substrate
similar to the Y-substrate was used to form a homogeneous
complex of tetramers for single-particle imaging.

Our results support recognition and specificity for struc-
tural features of the Y-substrate in addition to the LTR
sequence information in facilitating IN tetramer formation.
Like the three-way junction DNA of Ren et al. (27), the
Y-substrate mimics both structural and sequence elements
of the integration intermediate recognized by the active site.
The superior ability of the Y-substrate to induce assembly
is clearly demonstrated in the experiment shown in Figure
3A, where the preincubation with the Y-substrate increased
the extent of tetramer-catalyzed processing. More impor-
tantly, this result also demonstrated that the Y-substrate-

induced tetramer supports processing at the enhanced rate
of 1.2 × 10-2 s-1 and thus represents a physiologically
relevant intermediate. Conversely, a Y-construct with the
incorrect sequence information was shown to support a
hobbled disintegration reaction, just as the viral LTR’s alone
could partially support tetramerization. Thus, both sequence
information from the viral LTR and structural features of
its junction to the target DNA are recognized by IN during
tetramer assembly.
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