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Summary

The quasi-random integration of retroviral DNA elements into the chromosomes of infected cells is believed to
proceed by a four-step mechanism. The 3'- ends of the long terminal repeats (LTRs) are processed by the
endonucleolytic cleavage and removal, usually, of a GT dinucleotide (step 1); the 3'-processed DNA ends are
inserted at staggered nicks in the host DNA via a DNA strand transfer reaction, simultaneously generating short
gaps at the sites of insertion (step 2); the gaps are repaired by a DNA polymerase (step 3); and the 5'-ends of the
viral DNA are joined to the host DNA (step 4). Human immunodeficiency virus type 1 (HIV-1) integrase was
previously reported to possess enzymatic activities capable of performing at least the first 3 steps of the integration
process including an intrinsic DNA - dependent polymerase activity capable of short gap repair (Acel et. al., 1998 J.
Virol. 72: 2062-2071). In the present study, the behavior of the integrase DNA polymerase was examined in a DNA
end-repair assay in which the frequency of polymerization on 3'-processed HIV-1 U5 LTRs was examined. The
frequency of polymerization was negatively regulated by the 5'-AC sequence comprising the 2-nucleotide template
and by the sequence of the adjacent conserved 5'TG/CA dinucleotide. Mutations within these DNA elements of the
LTR enhanced the polymerization frequency on 2-nucleotide templates between 3- and 100-fold. In most cases, the
integrase DNA polymerase added only one nucleotide to 3'-processed LTRs even though the DNA was comprised of
2-nucleotide template-primers. This level of regulation was controlled by a DNA binding and/or zinc finger domain
in the integrase protein. By contrast, the integrase DNA polymerase behaved in a processive manner with
homopolymeric pyrimidine templates, extending nascent DNA chains up to at least 20 nucleotides, whereas DNA
polymerization with an oligo dA template exhibited a lower processivity of 1-7 nucleotides. The results suggest a
model whereby an interaction between integrase and specific DNA elements in the HIV-1 LTRs prevents the repair
of 3'-processed LTRs by the integrase DNA polymerase. Drugs with the ability to alter this regulatory aspect of
integrase DNA polymerase function and thus induce repair of processed LTRs are predicted to block integration of
HIV-1 DNA, and thus have potentially lethal consequences for HIV-1 replication.

model systems for the study of the mechanisms of repair

L. Introduction and recombination in mammalian cells are needed to

The success of gene therapy in treating disease will provide a means to study DNA integration processes.
ultimately depend on the ability of the target tissue to Retroviruses provide accessible model systems to study
integrate foreign DNA into its chromosomes and therefore the integration of DNA elements into mammalian
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chromosomes. The process of integration, whereby a
double stranded DNA copy of a retroviral genome is
joined to host cell DNA, is typified in the human
immunodeficiency virus typel (HIV-1) replicative cycle
(Ansari-Lari et al., 1995; Cannon et al., 1994; Cara et al.,
1995; Engelman et al., 1995; Englund et al., 1995;
Lafemina et al., 1992; Sakai et al., 1993; Shin et al., 1994;
Taddeo et al., 1994; Wiskerchen and Muesing, 1995a;
Wiskerchen and Muesing, 1995b). In this process, two
nucleotides are cleaved from the ends of the U3 and U5
portions of the HIV-1 long terminal repeats (LTRs) by the
HIV-1 encoded integrase protein (Engelman et al., 1991;
Tramontano et al., 1998; Vink, 1991; Vink et al., 1991).
Cleavage occurs next to an invariant CA dinucleotide
within each copy of the LTR, thus creating recessed 3'
ends and 5' overhangs (Bushman and Craigie, 1991;
LaFemina et al., 1991; Leavitt et al., 1992; Sherman and
Fyfe, 1990; Vink et al., 1991). The 3' ends of the cleaved
preintegration intermediate are then joined pairwise in a
concerted manner to the host cell DNA (Brown, 1990;
Craigie, 1992; Grandgenett and Mumm, 1990). The
mechanism of DNA strand transfer, sometimes referred to
as 3' end joining, involves a nucleophilic attack of
adenylate hydroxyls on phosphodiester bonds located 5
base pairs apart on either strand of the host DNA. This
concerted transesterification reaction produces an
intermediate in which the viral genome is flanked by 5-
nucleotide gaps and is linked to the host DNA by its 3'
ends (Fig. 1). Gap repair and removal of adjoining
mispaired nucleotides (the so-called 5'-joining reaction)
may be carried out either by the integrase itself (Acel et
al., 1998) or by host cell DNA repair enzymes, although
experimental evidence to support the latter notion is
lacking (Roe et al., 1997). Characteristic 5-bp repeats
flank the inserted provirus (Ellison et al., 1990; Vink et al.,
1990).

Cleavage and integration reactions are catalyzed in
vitro by purified recombinant HIV-1 integrase produced in
bacteria (Asante-Appiah and Skalaka, 1997). The in vitro
reactions utilize synthetic oligonucleotide substrates
homologous to terminal portions of the U3 and US regions
of the HIV-1 LTR (Bushman and Craigie, 1991; Bushman
et al., 1990; Carteau et al., 1993; LaFemina et al., 1991;
Sherman and Fyfe, 1990; Vincent et al., 1993; Vink and
Plasterk, 1993; Vink et al., 1991). Integrase also catalyzes
bimolecular disintegration reactions using cross bone
substrates indicating that integrase forms dimeric
structures that are able to coordinate two substrate
molecules perhaps by utilizing two appropriately
positioned DNA binding sites (Chow and Brown, 1994a;
Chow and Brown, 1994b; Mazumder et al., 1994). The
crystal structure of a central catalytic core domain (amino
acid residues 50-212) confirms the existence of dimeric
contacts (Fig. 2) (Dyda et al., 1994; Goldgur et al., 1998;
Maignan et al., 1998).

There is a sequence requirement for approximately 5
nucleotides in line to the CA dinucleotide at which
cleavage occurs (Balakrishnan and Jonsson, 1997;
Katzman et al., 1989; LaFemina et al., 1991; Vink et al.,
1991). Cleavage of LTR sequences is specific for the
homologous IN protein so that HIV-1 IN does not cleave
the LTR sequences of either the avian sarcoma virus or the
murine leukemia virus (Katzman et al., 1989; LaFemina et
al., 1991).

Purified integrase exists as a homodimer in solution
(Vincent et al., 1993) but likely functions as a multimer in
which individual subunits provide separate functions for
DNA binding, cleavage and integration (Engelman et al.,
1993; Kalpana and Goff, 1993; van Gent et al., 1993).

Fig. 1. Schematic illustration of a gapped retroviral DNA integration intermediate. The diagram depicts the structure at the
ends of the retroviral U3 and U5 LTRs after the 3'-ends of the viral DNAhave been joined to host cell DNA. Also shown are 5 -
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nucleotide gaps and unpaired 5' -AC tails, representative of HIV-1. In HIV-1 LTRs the base pair adjacent to the unpaired 5'-AC tails is 5'

- TG/CA.

Fig. 2. Ribbon diagram of the 3-dimensional structure of the HIV-1 integrase catalytic core domain (Dyda et al., 1994). The
illustration depicts a dimeric structure in which aspartate and glutamate residues (D64, D116 and E152) form a pocket believed to be
required for catalysis. The 3-dimensional structure has features in common with RNase H and other polynucleotidyl transferases.

Dimeric, tetrameric and oligomeric forms of avian

sarcoma virus integrase have been detected by
crosslinking  experiments and by gel exclusion
chromatography (Andrake and Skalka, 1995).0nly

multimeric forms of HIV-1 integrase display DNA
polymerase activity (Acel et al., 1998). Specific regions of
integrase required for multimerization have been localized
to the catalytic and C-terminal domains (Donzella et al.,
1998). In vivo integrase may be part of a preintegration
complex in which it interacts with other viral and cellular
proteins (Carteau et al., 1997; Miller et al., 1997) .

Detailed analysis of the effects of a variety of
mutations in integrase on the in vitro cleavage and
integration reactions has allowed the definition of distinct
protein domains (Vink and Plasterk, 1993). Separate N-
and C-terminal domains in the integrase molecule are
responsible for DNA binding. The N-terminal domain
contains an HHCC region resembling a zinc finger motif
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(Bushman et al., 1993; Cai et al., 1997, Woerner and
Marcus-Sekura, 1993) which may play a role in
positioning integrase on the viral DNA together with the
C-terminal nonspecific DNA binding domain (Engelman
et al., 1993; Vincent et al., 1993; Vink et al., 1993;
Woerner et al., 1992; Woerner and Marcus-Sekura, 1993).
A role for the zinc finger motif in the cleavage reaction
has also been recognized (Asante-Appiah and Skalaka,
1997; Engelman and Craigie, 1992; Khan et al., 1991;
Lafemina et al., 1992; Van Gent et al., 1992). Binding of
zinc ions to the N-terminal domain promotes
tetramerization of full length integrase (Lee et al., 1997).
A highly conserved central domain (amino acids 50-212)
contains the catalytic center upon which all cleavage and
strand transfer reactions are dependent (Skalka, 1993).
Indeed, there is an absolute requirement in catalysis for
conserved Asp64, Aspl16 and Glul52 residues which
make up the so called D,D,(35)E region (Bushman et al.,
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1993; Drelich et al., 1993; Drelich et al., 1992; Engelman
and Craigie, 1992; Kulkosky et al., 1992; Lafemina et al.,
1992; Leavitt et al., 1993). These residues form a pocket
which likely binds divalent cations.

In the present study we sought to define in greater
detail the role of the integrase DNA polymerase in the
integration process as exemplified by HIV-1. In terms of
the current models for integration, it is assumed that
multimeric forms of integrase are assembled at the ends of
the viral DNA where they carry out the enzymatic
reactions that are necessary to effect the integration
process. In considering this model, it became clear that a
mechanism would have to exist to regulate the repair of
the viral DNA ends once they had been processed by the
endonuclease activity of integrase. Model DNA substrates
representing processed viral DNA ends were therefore
used to examine the behavior of the integrase DNA
polymerase to determine if there exists a regulatory
mechanism governed strictly by the structure of HIV-1
integrase and/or the DNA sequence of the HIV-1 U5 LTR.

I1. Results

A. Repair of a 3'-processed HIV-1 U5 LTR
terminus by the integrase DNA polymerase is
dependent on template sequence

Template primers consisted of a U5 duplex DNA
segment attached to a 2-nucleotide 5'-tail such as would
exist in a DNA end that had undergone 3'-processing by
integrase (Fig. 3A). All 16 2-nucleotide combinations
were tested as substrates for the integrase DNA
polymerase. Repair reactions were conducted in the
presence of all 4 ANTPs and one radiolabeled dNTP. The
latter was complementary to the first base next to the
primer terminus and varied according to the sequence of
the template - primer. Thus, we could ensure that if only
the first base was utilized as a template by the integrase
DNA polymerase, which was the case in many instances
(see below), a radiolabeled product would still be
produced. The results indicated that repair is controlled by
the sequence of the DNA template. The frequency of
polymerization observed for 13 out of the 16 template
sequence combinations examined was increased up to 4-
fold relative to the wild type sequence 5'-AC. (Fig. 4,
Table 1).

Analysis of the various reaction products by single-
nucleotide resolution PAGE revealed that in many cases
the integrase DNA polymerase appeared to add only a
single nucleotide to the 2-nucleotide template (Fig. 4). In
some cases the second nucleotide was added as well, but
in these cases the enzyme paused frequently after the first
nucleotide, yielding a doublet in the PAGE analysis (Fig.
4, lanes 8, 10, 12, 14, 15, 16). By contrast to this behavior
of the integrase DNA polymerase, the Klenow fragment of
E. coli DNA polymerase I and the HIV-1 reverse
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transcriptase copied both nucleotides almost quantitatively
regardless of sequence (see below). It seemed unlikely that
these results were due in part to the action of the integrase
mediated 3'-processing activity since we have also
observed this behavior of the integrase DNA polymerase
with DNA substrates lacking the conserved TG/CA
dinucleotide known to be necessary for the processing
reaction (see below).

Fig. 3. Diagram of hairpin 2-nucleotide template-primers
used as substrates for DNA repair. The hairpin stem region
designated as U5 in the diagram is 30 nucleotides in length
including the two 5' -TG/CA terminal base pairs and its sequence
is homologous to the terminal 30 nucleotides of the HIV-1 U5
LTR (see Materials and Methods). The diagram also indicates
how the template sequences (A) or the internal dinucleotide
sequences (B) were varied to produce different substrates for end
repair reactions.

B. Effect of mutations in the conserved 5'-
TG/CA dinucleotide on the repair of 3'-
processed US LTRs

All template primers used in this series of experiments
had a 5'-AC unpaired tail and differed in the sequence of
the adjacent conserved 5' -TG/CA dinucleotide (Fig. 3B).
Repair by integrase DNA polymerase was conducted in
the presence of all four dNTPs and radiolabeled dGTP.
Thus, the first incorporated nucleotide would be
radiolabeled in all DNA products. Mutations in the wild
type TG/CA conserved dinucleotide had profound effects
on the polymerization frequency occurring on the same 5'-
AC unpaired tail (Fig. 5, Table 2). The wild type
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sequence 5'-ACTG exhibited a polymerization frequency
that was between 3 and 100-fold lower than that obtained
with 14 other sequences. The greatest polymerization
frequency was obtained with the template-primer bearing
the sequence, 5-ACAA (Fig. 5, lane 9). Only one

Fig. 4. Effect of

template sequence on end
repair by the wild type
integrase DNA polymerase.
Reaction mixtures (described
in Materials and Methods)
contained 4dNTPs and either
[a-*2P] ACTP (lanes 1-4), [a-
32p] dGTP (lanes 5-8), [a-
32P]TTP (lanes 9-12) or [o-
32P] dATP (lanes 13-16). The
template sequence of each 2-
nucleotide template-primer is
given at the top of each lane.
The numbers to the right of
the Fig. refer respectively to
the incorporation of either 1
(+1) or 2 (+2) nucleotides
into the DNA substrate.
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mutation, 5'-ACGC, reduced the polymerization frequency
relative to the wild type sequence ACTG (Fig. 5, lanes 1
and 7). Thus, the overwhelming overall effect of mutations
in the conserved

Fig. 5 Effect of changes in the
conserved dinucleotide on end
repair by the wild type integrase
DNA polymerase. The reaction
mixtures as described in Materials
and Methods contained all 4dNTPs
and [0-32P] dGTP as the only
radiolabeled nucleotide. The boxed
5'-AC at the top left of each section
of the Fig. represents the 2-
nucleotide template sequence in
each of the 16 different template-
primers. The sequences of the
dinucleotides adjacent to the 5'-AC
tail are given at the top of each lane
of the gel. The complementary
nucleotides to each of these
sequences (not shown) were also
included in the oligonucleotide
template-primers. The number (+1)
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to the right of the Fig. refers to the
incorporation of 1 nucleotide into
the 32 -nucleotide template-primers.

Table 1. Relative frequency of polymerization by integrase DNA polymerase using 2-nucleotide NNTG templates?

Template sequence AG TG GG CG AC TC GC CC AA TA GA CA AT TT GT CT

5'=3'

Polymerization 05 27 34 10 10 28 19 12 16 42 01 22 38 23 30 10
frequency ©

Polymerization 02 10 22 03 10 31 14 28 09 40 07 17 24 16 09 0.6

frequency 9

8Phosphorimager adjusted volumes normalized to 1.0; PDNA concentration - 0.02 ug/ml; °Wild type; dCore domain.

Table 2. Relative frequency of polymerization by integrase DNA polymerase using 2-nucleotide ACN'N' templates -

Template sequence AC AC AC AC AC AC AC AC AC AC AC AC AC AC AC AcC
5'=3' AG TG GG CG AC TC GC CC AA TA GA CA AT TT GT CT
Polymerization 55 10 67 90 25 97 02 10 100 12 87 95 18 12 33 17
frequency ©

Polymerization 12 10 14 14 26 16 01 18 59 10 10 01 20 10 11 19

frequency 9

aphosphorimager adjusted volumes normalized to wild type = 1.0; PDNA concentration - 0.02 ug/ml; *Wild type; 9Core Domain

TG/CA dinucleotide was to enhance the polymerization
frequency at the 5'-AC unpaired tail by as much as 100-
fold. Despite this significant increase in the
polymerization frequency, only the first template
nucleotide was consistently copied in every case.

C. The integrase DNA polymerase is
processive with homopolymeric pyrimidine
templates

Next, the integrase DNA polymerase was incubated
with a homopolymeric template-primer in which the
primer stem consisted of a nonviral sequence and the
template was oligo dC,; (Fig. 6, lanes 3 and 4). The
reaction products constituted a heterogeneous mixture of
radiolabeled DNA molecules that formed a ladder after gel
electrophoresis whose pattern was consistent with the
addition to the primer terminus of between 1 and 21
deoxyguanylate residues. Although there was clear
evidence of pausing at many positions, DNA products
representing the addition of between 17 and 20 nucleotides
to the DNA primer terminus predominated. When the
template contained adenylate residues interspersed among
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oligo dC at 7 nucleotide intervals the integrase DNA
polymerase appeared to pause less frequently before
reaching the end of the template (Fig. 6, lane 2). Integrase
DNA polymerase activity with an oligo dT,, template,
primed from an HIV-1 U5 LTR hairpin primer, likewise
supported the synthesis of relatively long 19-20
oligonucleotide DNA chains and the size distribution of
the DNA products remained the same over an 8-fold range
of enzyme concentration indicating that the reaction
mechanism was processive (data not shown). Template
pyrimidines therefore can be said to support DNA chain
elongation largely by a processive mechanism. The final
nucleotide of these homopolymeric templates was not
utilized efficiently in either case, as reported previously
(Acel et al., 1998), so that polymerization with relatively
short DNA templates may be governed by different
mechanisms as mentioned earlier. The results show
clearly, that in contrast to the general inability to
polymerize both nucleotides of a 2-nucleotide template,
the integrase DNA polymerase is capable of polymerizing
relatively longer DNA chains when presented with the
appropriate template-primer.
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D. Evidence for quasi-processive
(distributive) chain elongation with a
homopolymeric purine template

When incubated with a homopolymeric oligo dA21
DNA template (Fig. 7, lane 2), the integrase DNA

Fig. 6 Behaviour of the integrase DNA polymerase
with a homopolymeric oligo dC template. Reaction
mixtures contained either dGTP alone or all 4 dNTPs together
with [0-32P] dGTP. The letters to the right and left of the Fig.
represent the number of guanylate residues incorporated into
DNA. G357CA and G357C21 oligonucleotides consist of the
same nonviral hairpin stem of 30 nucleotides and 21
nucleotide templates as defined in Table 3.
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polymerase generally added between 1-7 nucleotides to
this DNA as template - primer. Products consistent with
the polymerization of up to 19 nucleotides, were not
produced in significant amounts. There was a tendency to

make longer DNA chains at intermediate DNA
concentrations,
Fig. 7 Effect of template
pyrimidines on DNA chain
elongation by integrase DNA

polymerase. The different template-
primers used all were comprise of a
common hairpin stem as described
in Materials and Methods and a 21
nucleotide template sequence as
designated at the top of each lane
and defined in Table 3. A template
consisting of oligodA 21 is listed in
lane 2 and designated AAA. The
numbers at the side of the Fig. refer
to the number of nucleotides
incorporated into DNA whereas the
letters to the left and right of the Fig.
indicate the identity of nucleotides
incorporated into DNA in lanes 1
and 6, respectively.
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albeit inefficiently, but this was abrogated at high DNA
concentrations (not shown). The mechanism of chain
elongation with an oligo dA template therefore appears to
be either quasi-processive or distributive in nature. The
longer DNA products obtained with an oligo dA,,
template were comparatively in low abundance versus the
products of polymerization on a pyrimidine template
(compare Fig. 6, lanes 3 and 4 with Fig. 7, lane 2). Hence,
the processivity of the integrase DNA polymerase may be
enhanced by pyrimidine tracts in the DNA template, a
suggestion we explore further below.

E. Utilization of mixed nucleotide sequence
templates

We explored the possibility that the processivity of the
integrase DNA polymerase may be enhanced by
pyrimidine tracts in the DNA template. When 3 dC
residues were placed at 7-nucleotide intervals within an
oligo dA1g template, processivity increased dramatically

to a value of 20 (Fig. 7, lane 1). Also, there appeared to be
many pause sites with the strongest ones corresponding to
the location of the dC residues in the template (Fig. 7, lane
1). A parallel experiment in which Ts were used in place
of dC yielded an almost identical effect on processivity
while increasing the polymerization frequency several fold
(Fig. 7, lane 6). Once again many pause sites were
observed with the strongest ones located at A5 and A13,
the position of these latter sites being apparently unrelated
to the template T residues at positions 7 and 14 (Fig. 7,
lane 6).

When the dinucleotides CT and GT were included in
an oligodA s template (Table 3) much the same results
were obtained; the inclusion of these extra nucleotides
enhanced the overall extent of DNA chain elongation (Fig.
7, lanes 3 and 4). Finally, when 3 dG residues were
included in the oligo dA;g template (see Table 3), the
extent of DNA chain elongation was relatively low and
resembled the result obtained with an oligo dA,; template
(Fig. 7, lane 5). This result confirms the suspicion that
template purines tend to contribute to low processivity by
the integrase DNA polymerase. Nevertheless, the integrase
DNA polymerase is clearly capable of chain elongation
beyond one or two nucleotides, regardless of template
sequence, as seen with 2-nucleotide template-primers.

Table 3. List of oligonucleotide template sequences used in this
study to examine DNA chain elongation by the integrase DNA

polymerase?

G357C21........ ccecececcecececceecc - 5'

G357CA.......... cccccaccccccacececccac - 5'
CAA............. aaaaaacaaaaaacaaaaaac - 5'
AAA............... aaaaaaaaaaaaaaaaaaaaa - 5'
CGA....ccoeees aaaaagcaaaaagcaaaaagc - 5'
CTA....coveee. aaaaatcaaaaatcaaaaatc - 5'
GAA............... aaaaaagaaaaaagaaaaaag - 5'
TAA................ aaaaaataaaaaataaaaaat - 5'

athe sequences listed represent extensions at the 5' - end of a
common hairpin stem whose sequence is given in Materials and
Methods.

F. Sequence specificity exhibited by a core
domain integrase DNA polymerase

Next we determined whether the amino or carboxyl
terminus of integrase might play a role in the mechanism
of sequence recognition at 2-nucleotide DNA template-
primers. We isolated a core domain segment of integrase
that included the first 3 N-terminal amino acids, linked to
amino acids 51-190 and termed IN!-3X451-190  Thjg
truncated form of integrase displayed virtually the same
specific activity for DNA polymerase as the wild type
enzyme (data not shown).

The core domain deletions had a profound effect on
the relative polymerization frequencies observed for
template-primers with mutations in the conserved
dinucleotide 5'-TG/CA (Fig. 8, Table 2). The main effect
was an overall tendency to reduce the variation in
polymerization frequency among the various mutant
sequences. Thus, while the wild type enzyme exhibited a
relatively large variation in polymerization frequency,
depending on the sequence of the dinucleotide adjacent to
the 5'AC template, the core domain exhibited only a 2-5-
fold variation in this regard. There were two exceptions to
this, namely the 5'-ACGC sequence which was not utilized
at all by both enzymes and the 5' - ACCA sequence which
exhibited a 50-fold reduction in polymerization frequency
in the case of the core domain (Fig. 8, lanes 10 and 16,
Table 2).

An amino terminal deletion construct IN1-3X4 51-288
missing specifically the zinc finger domain (amino acids
4-50) gave identical results to that obtained with the core
domain indicating that the amino terminus is responsible
for maintaining the large differences in polymerization
frequency observed with the wild type enzyme.

G. Effect of core domain deletions on DNA
chain elongation

The polymerization frequency of the core domain was
not affected differently from wild type integrase in respect
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to changes in the 5’-AC template sequence (Fig. 9, Table
1). The core domain deletions seemed to enhance the
ability of the integrase DNA polymerase to copy both
nucleotides of various 2-nucleotide template-primers (Fig.
9, lanes 3, 6 and 7). This capability of the core domain
was further enhanced at higher enzyme concentrations but
even under these conditions wherein the wild type enzyme
also was more efficient in copying both nucleotides (data
not shown) the core domain (and the wild type enzyme)
paused frequently after inserting one nucleotide in the

Fig. 8. Effect of changes

in the conserved 5'-TG/CA
dinucleotide on end repair
by the integrase core
domain. All reaction mixtures
contained all 4 dNTPs and [a-
32P] dGTP as the only
radiolabeled nucleotide. The
boxed 5' -AC at the top left of
each section of the Fig.
represents the 5'-AC 2-
nucleotide template sequence
in each of the 16 different
template-primers. The
sequences of the dinucleotides
adjacent to the 5'-AC tail are
given at the top of each lane of
the gel. The complementary
nucleotides to each of these
sequences (not shown) were
also included in the
oligonucleotide template-
primers. The number (+1) to
the right of the Fig. refers to
the incorporation of 1
nucleotide into the 32 -
nucleotide template-primer.
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various 2-nucleotide template-primers. It is noteworthy
that even at relatively high enzyme concentrations, the
wild type template sequence 5'-AC was relatively
inefficiently repaired either by the core domain or the wild
type DNA polymerase (Fig. 9, lane 5). By contrast, the
HIV-1 reverse transcriptase readily repaired both
nucleotides of all the 2-nucleotide template-primers
examined even when the enzyme was present at a
relatively low concentration (compare Figures 4 and 10).
The results add to the evidence for an inherent regulatory

Fig. 9 Effect of template
sequence on end repair
by the integrase core
domain. All reaction
mixtures contained all 4
dNTPs and one [a-32P]
dNTP as described in
Materials and Methods
and as indicated in Fig. 4.
The template sequence of
each 2-nucleotide
template-primer is given at
the top of each lane. The
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numbers to the right of the
Fig. refer respectively to
the incorporation of either
1 (+1)or2 (+2)
nucleotides into the DNA
substrate.

Fig. 10 Effect of template sequence on end repair by HIV-1 reverse transcriptase. All reaction mixtures contained all 4 dNTPs
and one [a-*?P] ANTP as described in Materials and Methods and as indicated in Fig. 4. The template sequence of each 2-nucleotide
template-primer is given at the top of each lane. The numbers to the right of the Fig. refer respectively to the incorporation of either 1

(+1) or 2 (+2) nucleotides into the DNA substrate.

mechanism intrinsic to the structure of the HIV-1
integrase.

III1. Discussion

The relatively poor ability of the HIV-1 integrase DNA
polymerase to repair the ends of DNA molecules is one of
the most striking observations presented in this study. This
is in stark contrast to the behavior displayed by this
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enzyme with gapped DNA substrates, reported previously,
where gaps of 1,2,5 or 7 nucleotides were efficiently and
completely repaired, regardless of sequence (Acel et al.,
1998). As far as we know, this differentiation of function
is unique among DNA polymerases and would be
consistent with a role for the integrase DNA polymerase in
the repair of 5-nucleotide gaps that arise during the
integration of HIV-1 DNA into cellular chromosomes. The
integrase DNA polymerase therefore is likely designed to
function exclusively as a repair enzyme. The integrase
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DNA polymerase clearly would be incapable of acting as a
replicative enzyme based on the results presented here
because of a strong tendency to pause frequently during
DNA chain elongation and especially because of its
selectively poor ability to copy stretches of template
purines (as compared to pyrimidines). The significance of
the preference of the integrase DNA polymerase for
template pyrimidines and their ability to increase the
processivity of the enzyme is not clear at the present time.

The influence of the conserved dinucleotide 5'-TG/CA
at the end of the HIV-1 LTR on the frequency of
polymerization of the unpaired 5'AC tail is most
significant. The dinucleotide sequence has a profound
negative regulatory effect on the integrase DNA
polymerase since mutations in either of these two
nucleotides of the HIV-1 U5 LTR yields a much greater
polymerization frequency, albeit only with respect to the
insertion of the first nucleotide. This negative regulatory
mechanism appears to be ideal as a way of further
preventing the repair of 3'-processed ends of the HIV-1
LTRs while permitting the integrase DNA polymerase to
repair gaps fully at a later stage in the integration process.
The conserved 5' - TG/CA dinucleotide plays an important
role in the 3' - processing reaction as well; mutations of
this sequence have the effect of reducing the efficiency of
endonucleolytic cleavage substantially. Taken together
with our results this effect would be consistent with a
model in which mutations in the LTR decrease 3' -
processing by the integrase endonuclease while at the
same time, increase the frequency of repair by the
integrase DNA polymerase. The combination of these
effects would tend to maintain the integrity of the ends of
the viral DNA and perhaps decrease the probability of
integrating a defective viral genome.

We have also reported here for the first time the effect
of core domain deletions on the integrase DNA
polymerase activity. The core domain retains all of the
determinants required for the DNA polymerase activity of
integrase including some of the regulatory determinants
for DNA chain elongation. Some functions may however
be lost such as the apparent negative regulatory effects of
the conserved 5' TG/CA dinucleotide on polymerization
frequency. Either the amino terminal zinc finger domain,
or the C-terminal DNA binding domain may therefore
play a regulatory role in this aspect of DNA polymerase
function.

In terms of mechanism then, what can explain the
inability of the integrase DNA polymerase to repair short
templates at the ends of DNA molecules? How is chain
elongation abrogated and what determines the sequence
specificity with regard to polymerization frequency? The
answers to these questions have not been obtained in the
present study. Possibilities include a high Km for certain
template-primers leading to a low initial polymerization
rate or in the absence of differences in the affinity of the
enzyme for the DNA template, the results could be
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explained in terms of a very slow off rate after
incorporation of the penultimate nucleotide. Further
detailed kinetic experiments are necessary to distinguish
among these possibilities.

The regulation of end-repair by the integrase DNA
polymerase emphasizes the importance of 3' - processing
for the integration process and may have significance for
the use of retroviruses as vectors or for the virus-free
delivery of foreign genes into mammalian cells and into
humans. The results presented here serve to emphasize the
importance of preventing mutations in the LTRs in order
to maintain a high efficiency of integration. It is possible
to envision the design of artificial gene delivery systems
which incorporate some features of the natural process of
retroviral integration without the use of live viruses. Such
systems might include the retroviral LTRs linked to a
foreign therapeutic gene of interest in combination with an
integrase expression system. Rudimentary designs of
systems in which integrase, fused to another retroviral
gene product, acts in trans to influence the properties of
cotransfected LTR plasmids or mutant viral genomes
missing the integrase gene, have been described (Faust et
al., 1995; Liu et al., 1997; Wu et al., 1997).

Integrase is the newest and perhaps most promising
target for antiviral chemotherapy (Pommier et al., 1997).
Although many compounds have been shown to inhibit
integrase function in vitro it is not clear that a good in vivo
antiviral agent targeting integrase has been developed as
yet (Burke et al., 1995; Cherepanov et al., 1997; King and
Robinson, 1998; Mazumder et al., 1995; Neamati et al.,
1997; Neamati et al., 1998; Robinson et al., 1996). Our
study of end repair suggests a novel strategy for
interfering with the integration process. Clearly, a
mechanism exists preventing the integrase DNA
polymerase from filling in the 3'-processed ends of the
HIV-1 LTR. If the determinants on integrase that regulate
this property of the enzyme could be clearly defined, then
it might be possible to design drugs capable of 'flipping'
the enzyme into a mode in which the regulation is lost,
while maintaining the DNA polymerase activity intact.
Under these circumstances the efficient repair of the 3'-
processed ends could be effected with lethal consequences
to the virus due to a failure to complete the integration
process.

IV. Materials and Methods

A. Purification of the integrase DNA polymerase

The expression plasmid pQE30AIN (Faust et al., 1995; Faust
et al., 1996) was propagated in the Kan' E. coli strain M15

pREP(Qiagen) at 37°C and integrase expression was induced by
adding IPTG as described (Faust et al., 1995; Faust et al., 1996).
All further steps of purification were carried out at room
temperature unless otherwise specified. Frozen bacterial pellets
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derived from 1.2 L of bacterial culture were thawed and
resuspended in 100 ml of B-Per solution (Pierce Chemical Co.)
with the aid of a glass Dounce homogenizer. The suspension was
centrifuged in a Beckman J2-21 centrifuge at 27,000g for 15
minutes using a Beckman JA-14 rotor. Pellets were resuspended
in 100 ml B-Per solution by Dounce homogenization, lysozyme
(Sigma) was added (200 micrograms/ml) and inclusion bodies
were collected by centrifugation. The pellet was washed once
more using a 1:10 dilution of the B-Per solution, left overnight at
room temperature, and resuspended finally in 60 ml of buffer A (
6M guanidine HCI, 0.1M Na-phosphate, 0.01M Tris-HC] pH
8.0) . Qiagen nickel nitrilotriacetate (Ni**NTA) resin (6 ml of a
50% slurry) equilibrated in buffer A, was added to the protein
solution and stirred for 1 hour at room temperature. The mixture
was poured into a polypropylene column and the Ni**NTA beads
allowed to pack under gravity. The resin bed was then washed
with 120 ml of buffer A followed by 60 ml of 8M urea , 0.1M
sodium phosphate, 0.01M Tris-HCI pH 8.0 and 18 ml each of the
latter solution adjusted to pH 6.3 and pH 5.9. Integrase was
eluted from the Ni"*NTA resin in 21 ml of 8M urea, 0.1M
sodium phosphate, 0.01M Tris-HCI pH 4.5 and renatured at 4°C
by step-wise dialysis over a period of 3 days. Dialysis was done
sequentially against 4M and 2M urea in 50mM Hepes-HCI pH
7.5, 1.0M NaCl and ImM DTT. The sample was then dialyzed
against final dialysis buffer (FDB) (50mM HEPES-HCI pH 7.5,
1.0M NaCl, 1mM DTT, 10% glycerol, ImM CHAPS and 0.1mM
EDTA) and then against 50mM imidazole, 1M NaCl, 50 mM
HEPES-HCI pH 7.5, 10 mM (- mercaptoethanol, ImM CHAPS
and 10% glycerol. Dialyzed samples were applied to a 6 ml
column of Ni**NTA beads equilibrated in the same buffer. The
flow through was collected and the column washed with an
additional 3.5 ml of the equilibrating buffer. The wash was
combined with the flow through fraction and the combined
sample was concentrated to a final volume of 0.5-1.0 ml using an
Amicon Centricon Plus 80 filtration unit (80 ml capacity). The
concentrated sample was applied immediately to a 92ml S-300
column (Pharmacia) 0.5x90cm that had been equilibrated in
FDB. The column was developed at a rate of 5.5 ml/h in FDB,
fractions of 1 ml were collected and the DNA polymerase
activity was located using the trichloroacetic acid precipitation
method as described previously (Acel et al., 1998). Fractions
containing integrase DNA polymerase activity were pooled and
stored at 4°C.

B. Zinc finger N-terminal deletion

The amino terminal deletion mutant pQE 30AINAZ consisted

of the following format in respect to integrase ~ IN1-3 X4 51-288

where X refers to ValValArgleu amino acids derived from the
insertion of a linker(see below) and the numbers refer to the
position of wild type amino acids in the integrase protein. Thus,
this construct has a deletion of integrase amino acids 4-50
inclusive. It was derived by isolating the large fragment from a
partial Xba I digest of pQE30A IN, cutting the isolated fragment
with Nsil and isolating the large fragment once again. The latter
consists of pQE30A IN missing the Xbal/Nsil region. The
deleted plasmid was recircularized in the presence of a synthetic
oligonucleotide linker 5'- CTA GAC GTA GTC CGT CTG CA -
3' hybridized with 3'- TG CAT CAG GCA G - 5' to produce the
deleted plasmid pQE 30A INAZ.
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C. Carboxy-terminal deletion

pCMV IN was cleaved with Pstl and EcoRV. The linearized
plasmid DNA was digested with exonuclease III and S1 nuclease
using the Erase-a base kit (Promega) and circularized by ligation.
The extent of deletion in the integrase gene was determined by
DNA sequence analysis. A clone with a deletion end point at
nucleotide 570 of the integrase coding region (includes amino
acids 1-190) was cleaved with Smal and recircularized with
DNA ligase in the presence of HindIII linkers. The resulting
plasmid was digested with HindIIl and the small fragment was
subcloned at the HindIIl site of pQE30 Ato produce pQE30
AIN 8.4.

D. Core domain construct

The pQE 30A IN AZ plasmid was cleaved with Bfrl and
Xhol and the small fragment ligated to the large fragment
derived from a Bfrl/Xhol digest of pQE30 A IN 8.4. The
resulting plasmid was comprised of the deleted N-terminus of the
AZ plasmid and the deleted C-terminus of the 8.4 plasmid.
Integrase was expressed from this construct as a core domain

fusion protein that included the integrase amino acids IN'-
3X451-190

E. DNA polymerase reactions

Unless stated otherwise standard DNA polymerase reactions
were conducted using synthetic oligonucleotide template-primers
with an oligodT,, template as described previously (Acel et al.,
1998) and quantified by precipitation of nascent radiolabeled
DNA in trichloroacetic acid followed by liquid scintillation
counting. Reaction mixtures contained 10 mM Tris-HCI pH 7.5,
SmM MgCl,, 5SmM DTT, 200ug/ml bovine serum albumin,
DISPOL 17 DNA (0.25mg/ml)
5'TooACTGCTAGAGATTTTAAAATCTCTAGCAGT 3' and
1uM dATP with 4uCi [a-*?P] dATP (Mandel Scientific Co) in a
total volume of 25 ul. Integrase (1 unit =1 pmol dAMP
incorporated into DNA) was added in lul FDB. Reaction
mixtures were incubated at 37°C for 1h.

For 2-nucleotide repair reactions, synthetic oligonucleotides
with a 5'-AC template sequence and a 15-base pair hairpin
primer stem matching the U5 LTR were used and reactions were
conducted in the presence of all four dNTPs under standard
conditions. The oligonucleotide with a wild type U5 sequence
was:

5'-ACTGCTAGAGATTTTCCGGAAAATCTCTAGCA-3'".

Oligonucleotides used for end-repair reactions varied either
in the sequence of first two nucleotides (5'-AC) or in the 4
nucleotides comprising the two adjacent base pairs 5'-TG/CA; in
the former series of reactions the [(1-32P] dNTP added (1uCi)
was complementary to the penultimate 5' nucleotide (the first
nucleotide adjacent to the primer stem) and in the latter series [o.-
32P] dGTP was added (1uCi) in all cases. Other oligonucleotides
used in chain elongation studies consisted of a nonviral hairpin
stem with the sequence

5
GTAGCTCCGATCCGGTATATACCGGATCGGAGCTAC- 3!
extended at the 5'-end by the template sequences listed in Table
3. DNA polymerase reactions conducted with these
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oligonucleotides contained all 4 dANTPs and 1uCi of either [a-
32p) TTP or [a-32P] dGTP depending on the sequence of the
DNA template. Reaction products in this latter series of
experiments were cleaved with Mbol prior to PAGE analysis
which was done at single-nucleotide resolution as described
previously (Acel et al., 1998).
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