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To identify parts of retroviral integrase that interact with cellular DNA, we tested patient-derived human
immunodeficiency virus type 1 (HIV-1) integrases for alterations in the choice of nonviral target DNA sites.
This strategy took advantage of the genetic diversity of HIV-1, which provided 75 integrase variants that
differed by a small number of amino acids. Moreover, our hypothesis that biological pressures on the choice
of nonviral sites would be minimal was validated when most of the proteins that catalyzed DNA joining
exhibited altered target site preferences. Comparison of the sequences of proteins with the same preferences
then guided mutagenesis of a laboratory integrase. The results showed that single amino acid substitutions at
one particular residue yielded the same target site patterns as naturally occurring integrases that included
these substitutions. Similar results were found with DNA joining reactions conducted with Mn21 or with Mg21

and were confirmed with a nonspecific alcoholysis assay. Other amino acid changes at this position also
affected target site preferences. Thus, this novel approach has identified a residue in the central domain of
HIV-1 integrase that interacts with or influences interactions with cellular DNA. The data also support a model
in which integrase has distinct sites for viral and cellular DNA.

Integration of a DNA copy of the retroviral genome into
cellular DNA is essential for retrovirus replication. The retro-
viral integrase protein catalyzes two endonuclease reactions
that are necessary for integration. During processing, integrase
prepares the viral DNA for integration by removing two or
three nucleotides that follow highly conserved CA bases near
the 39 end of each DNA strand. During DNA joining (or strand
transfer), integrase inserts the processed viral DNA ends into
cellular DNA in a sequence-independent manner. These in
vivo activities can be modeled by using purified integrase pro-
teins and oligonucleotides that mimic either end of viral DNA
(4, 16, 18). In particular, human immunodeficiency virus type 1
(HIV-1) integrase processes oligonucleotides derived from
HIV-1 DNA by removing two nucleotides that follow the con-
served CA (Fig. 1A). Integrase also inserts some of the pro-
cessed oligonucleotides into various sites on other oligonucle-
otides, which now act as cellular DNA, to create a set of
products that are longer than the substrate (Fig. 1B). As occurs
in vivo, almost any site can be used as the target for insertion
even though certain sites are preferred (17). Our studies with
chimeric proteins between the integrases of HIV-1 and visna
virus demonstrated that the central domain of integrase plays
a major role in selecting the target sites for insertion of viral
DNA ends (22, 23). Moreover, the central region of integrase
was solely responsible for the selection of nonviral target sites
when the chimeric integrases catalyzed a reaction referred to
as nonspecific alcoholysis (20, 22). During this activity, which

shares certain characteristics with the DNA joining reaction
(23), integrase uses a variety of nucleophiles to nick almost any
site in nonviral DNA (Fig. 1C). In fact, the isolated central
fragment of HIV-1 integrase can catalyze nonspecific alcohol-
ysis and exhibits the same target site preferences as the full-
length protein (21, 23).

To identify amino acid residues of integrase that influence
target site preferences in nonviral DNA, we screened naturally
occurring, patient-derived HIV-1 integrase variants for alter-
ations in the selection of nonviral target sites. We reasoned
that a set of natural integrases, because of the genetic diversity
of HIV-1, would provide many integrases that differ by a small
number of amino acids. We also predicted that many of the
proteins would be active for processing and joining because of
in vivo selection but hypothesized that biological pressures on
noncritical aspects of integrase function, such as the choice of
nonviral target sites, would be minimal. Although we realized
that some viral sequences recovered from clinical samples
might not come from infectious genomes, we had already es-
tablished that 85% of integrase sequences that we had ampli-
fied from HIV-infected patients encoded full-length proteins
(33). Moreover, substitutions at any of the seven highly con-
served amino acids known to be important for integrase activ-
ity were rare. Testing these proteins in functional assays has
now validated these hypotheses. In particular, variations in
nonviral target site selection were found for many proteins that
had wild-type levels of processing and joining activity.

Target site preferences of patient-derived HIV-1 integrases.
We previously described 102 HIV-1 integrase sequences that
were amplified from viral DNA in blood cells or viral RNA in
plasma that had been obtained many years ago from 10 HIV-
infected hemophiliacs (33). These sequences encode 87 full-
length proteins, of which 75 are unique. Each of these 75
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proteins has between 4 and 16 amino acid changes compared
to the prototypic HIV-1 integrase used in our laboratory. We
have now expressed and purified the unique full-length pro-
teins from a bacterial expression system and screened them for
enzymatic activity, with a particular focus on the selection of
target sites in the biologically relevant DNA joining assay.
Purifications were conducted from 10 ml of bacterial cultures,
using methods described previously (19, 20) but aided by the
use of magnetic Ni21-nitrilotriacetic acid beads (Qiagen,
Chatsworth, Calif). Processing and joining reactions were ini-
tially conducted under conditions known to optimize HIV-1
integrase activity, including the use of oligonucleotides derived
from the U5 end of HIV-1 DNA and Mn21 as the divalent
cation cofactor (34). Standard 10-ml reaction mixtures con-
tained 0.5 pmol of double-stranded DNA, 25 mM Tris-HCl
(pH 8.0), 10 mM dithiothreitol, 1.0 ml of integrase or protein
storage buffer, and 10 mM MnCl2; reactions were conducted
for 90 min and then analyzed by denaturing polyacrylamide gel
electrophoresis and autoradiography. As expected, some of the
variant proteins did not purify well and were inactive in these
assays. However, 36 of the purified proteins catalyzed DNA
joining. Remarkably, most of these proteins made patterns of
strand-transfer products that differed from that of the labora-
tory integrase, reflecting altered target site preferences during
DNA joining.

The novel sets of strand-transfer products created by the
natural integrases clearly separated into two major patterns.
Reactions with representative patient-derived proteins are
shown in Fig. 2. These proteins catalyzed processing at levels
comparable to that of the laboratory HIV-1 integrase and
specifically removed two nucleotides from the 18-mer viral
DNA substrate to create a 16-mer product (Fig. 2A). More-
over, some of the processed products from these reactions
were inserted into other oligonucleotides to create strand-
transfer patterns that differed from that of the laboratory in-

tegrase (not shown). To highlight the longer products, we per-
formed joining assays with a preprocessed substrate that was
missing the two nucleotides 39 to the conserved CA. Under
these conditions, the laboratory integrase (referred to as wild-
type in the figures) creates a distinct pattern of slower-migrat-
ing products in which certain bands are more prominent (Fig.
2B, lane 3). However, the patterns created by many of the
patient-derived integrases reproducibly had different relative
intensities at certain positions. For example, the pattern re-
ferred to as type 1 included faint bands at positions that were
much darker in reactions with the laboratory integrase (Fig.
2B, lanes 4 to 6, the bands denoted by circles), even though
other bands in these lanes were darker than bands in the
wild-type pattern. Similarly, the pattern referred to as type 2
differed in intensity at several positions compared with the
pattern of the laboratory integrase (Fig. 2B, lanes 7 to 9, e.g.,
the bands denoted by squares). These patterns were indepen-
dent of the amount of joining catalyzed by the enzymes and
were not affected by the duration of the reactions (data not
shown).

The proteins that created the type 1 pattern in Fig. 2B were
derived from different clinical samples from one patient,
whereas the selected proteins that created the type 2 pattern
were from three different patients. Overall, 10 of the 36 natural
proteins that catalyzed DNA joining made the type 1 pattern,
10 made the type 2 pattern, and 1 (not discussed further) made
a third novel pattern. There was no correlation between the
target site patterns and the rate of disease progression. For
example, the 15 proteins that exhibited the same preferences
as the laboratory integrase were derived from four patients
who subsequently died of AIDS and three patients with slow or
no progression, and the 10 proteins grouped as type 2 were
from two patients who died of AIDS and two slow progressors.
In two cases, different integrases from the same individual
created a wild-type and a novel pattern (Fig. 3, code numbers
002 and 143). A detailed analysis correlating clinical features
with the other activities of these enzymes has been completed
(M. Katzman, A. L. Harper, M. Sudol, L. M. Skinner, and
M. E. Eyster, submitted for publication).

The altered target site preferences of the patient-derived
proteins were confirmed with the nonspecific alcoholysis assay.
Although integrase can use glycerol or certain other alcohols
as the nucleophile to nick nonviral DNA at any internal posi-
tion, certain sites are reproducibly preferred by different inte-
grases (21). For example, the laboratory HIV-1 integrase pre-
fers to nick at positions located 8, 11, 15, and 17 nucleotides
from the 59 end of the 23-mer substrate used in this assay
(Fig. 2C, lane 3). Significantly, the novel alcoholysis patterns
made by the natural integrases shown in Fig. 2 resulted in
the same grouping of the proteins as occurred with the DNA
joining assay. In particular, the three natural proteins that were
grouped as type 1 for DNA joining made an alcoholysis pattern
that included a very prominent band at position 16 (Fig. 2C,
lanes 4 to 6). In contrast, the three proteins that were grouped
as type 2 for DNA joining made a novel alcoholysis pattern
that included a strong band at position 11, as did the laboratory
enzyme, but very weak bands at positions 8, 15, and 17 (Fig.
2C, lanes 7 to 9). The patterns in Fig. 2C resulted from the
unique alcoholysis activity of integrase, and not from contam-
inating nucleases, because attachment of glycerol to the ap-

FIG. 1. Integrase assays. The conserved CA bases near the 39 ends
of viral DNA are shown in boldface, the terminal two nucleotides are
indicated by NN, and asterisks denote 32P groups. (A) During process-
ing, integrase makes a site-specific nick to form a labeled product two
nucleotides shorter than the substrate. (B) During DNA joining or
strand transfer, integrase inserts the processed viral DNA ends into
any of various sites on either strand of target DNA (the labeled strand
is used in the schematic), yielding a set of labeled products longer than
the substrate. (C) During nonspecific alcoholysis, integrase uses cer-
tain nucleophilic molecules (shown as ROH) to nick nonviral DNA at
any of multiple sites.
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propriate sites was confirmed in assays that used a 39-labeled
substrate (data not shown) (21). Overall, the nonspecific alco-
holysis assay confirmed the categorization of 32 of the 35
proteins listed in Fig. 3, whereas three proteins that were type
1 by the joining assay were inactive or unclassifiable in the
alcoholysis assay (Fig. 3, asterisks).

Because of the importance of the central domain of inte-
grase in the selection of target sites in nonviral DNA (13,

20–23, 32), we compared the sequences of this region between
the natural proteins (Fig. 3). This alignment suggested amino
acids that might be contributing to the observed patterns. For
example, every protein grouped as type 1 has alanine at residue
106 and threonine at residue 119, whereas proteins with the
wild-type or type 2 pattern do not share these amino acids.
Similarly, every protein grouped as type 2 has glycine at resi-
due 119, whereas no other protein has this amino acid. In
contrast, isoleucine at residues 50 and 72 is common to the
type 1 proteins, but two proteins grouped as wild type also have
Ile at one of these residues (i.e., ED127-1 and ED062-6).
Similarly, although all proteins grouped as type 2 have threo-
nine at position 124, some integrases with a wild-type or type
1 pattern also have Thr at this position (e.g., ED002-1 and
ED061-5). The sequences of four other proteins that would
have been classified as wild type (1 protein), type 1 (1 protein),
or type 2 (2 proteins) based solely on their patterns in the
alcoholysis assay are not shown in Fig. 3 but are consistent with
these observations. Thus, this analysis suggested that residues
106 and 119 contribute to the selection of target sites in non-
viral DNA.

Single amino acid substitutions in the laboratory HIV-1
integrase. To examine the role of particular protein residues in
the selection of target sites, we replaced single amino acids in
the laboratory integrase by using the QuikChange site-directed
mutagenesis system (Stratagene, La Jolla, Calif.). The entire
integrase-coding region of all new proteins was confirmed by
sequencing. Based on the above discussion, we made single
amino acid changes of Gly-106 to Ala or of Ser-119 to Thr or
Gly. We first established that each of the new proteins specif-
ically processed the HIV-1 viral DNA 18-mer substrate to a
16-mer product (Fig. 4A). In addition, each of these enzymes
catalyzed DNA joining (Fig. 4B). Moreover, the S119T protein
created a pattern that closely matched the type 1 pattern made
by a patient-derived integrase that included this amino acid
among 13 differences from the laboratory enzyme (Fig. 4B,
lanes 3 and 4). Similarly, the S119G protein made a pattern
that was identical to the type 2 pattern made by a natural
integrase that included this change among eight differences
(Fig. 4B, lanes 5 and 6). Thus, these substitutions at residue
119 account for the novel patterns made by the naturally oc-
curring integrases. In contrast, substitution at residue 106 did
not explain the type 1 pattern because the G106A protein
made a strand-transfer pattern indistinguishable from that of
the laboratory integrase (Fig. 4B, lanes 2 and 7).

The above results were confirmed when the proteins were
tested in the nonspecific alcoholysis assay. In particular, the
S119T protein made a pattern that closely matched the type 1
alcoholysis pattern made by a patient-derived integrase that
included this amino acid (Fig. 4C, lanes 3 and 4). Similarly, the
S119G protein made a pattern that was very similar to the type
2 pattern made by a natural integrase that included this amino
acid (Fig. 4C, lanes 5 and 6). These results were confirmed by
using a 39-labeled substrate and by using a different nonviral
DNA substrate that was 45 bp long (data not shown). In con-
trast, residue 106 did not contribute to the type 1 pattern
because the G106A protein made an alcoholysis pattern iden-
tical to that of the laboratory integrase (Fig. 4C, lanes 2 and 7).
Although the relevance of nonspecific alcoholysis to the retro-
virus life cycle is unknown, our conclusions are strengthened by

FIG. 2. Target site selection by patient-derived integrases. Autora-
diograms of a denaturing 20% polyacrylamide gel are shown. (A)
Processing assay. Double-stranded 18-mers derived from one end of
HIV-1 DNA were 59 labeled on the strand that contains the conserved
CA and incubated with protein buffer (lane 1), a laboratory HIV-1
integrase that contained an inactivating D116I mutation (lane 2), the
wild-type laboratory HIV-1 integrase (lane 3), or six patient-derived
HIV-1 integrases that are grouped as type 1 (lanes 4 to 6) or type 2
(lanes 7 to 9) based on the results shown in panel B. The nomenclature
for the naturally occurring integrases is explained in Fig. 3. The 18-mer
substrate and the 16-mer product are indicated. The amount of pro-
cessing in lanes 3 to 9 ranged from 32 to 45%. (B) Joining assay.
Double-stranded 16-mers representing a preprocessed end of HIV-1
DNA were 59 labeled on the strand that contains the conserved CA
and incubated with the same proteins as in panel A. The bands indi-
cated by circles or squares are reduced in intensity in the type 1 or type
2 pattern, respectively, compared to the wild-type pattern. The 16-mer
substrate and strand-transfer products are indicated. The amount of
joining in lanes 3 to 9 ranged from 8 to 23%. (C) Nonspecific alcohol-
ysis assay. Double-stranded 23-mers of nonviral sequence were 59
labeled on one strand and incubated with the same proteins as in panel
A in reactions that included 20% glycerol. Sizes in nucleotides of
cleavage products are shown on the right; no bands were detected
below the position of 4-mers. The 23-mer substrate and prominent
products from the laboratory integrase are indicated on the left. The
amount of substrate nicked in lanes 3 to 9 ranged from 41 to 59%.
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finding the same results with two assays that use very different
nucleophilic donor molecules. Thus, we conclude that residue
119 either interacts with or influences interactions with nonvi-
ral DNA during catalysis.

The above assays used Mn21 as the divalent cation cofactor;
however, Mg21 may be more relevant within cells. Although
HIV-1 integrase is usually inactive with Mg21 in standard
assays, our preparations of the laboratory HIV-1 integrase
catalyze Mg21-dependent DNA joining in the presence of di-
methyl sulfoxide (28). Interestingly, the strand-transfer pattern
created under these conditions (Fig. 5, lane 2) differs slightly
from that seen with Mn21 (Fig. 4B, lane 2). Thus, all of the
patient-derived proteins that were active with Mn21 were
tested in joining reactions using Mg21. The results, as indi-
cated in the legend to Fig. 3, confirmed the groupings obtained
previously. In particular, 12 of the 15 proteins that were clas-
sified as wild type in joining reactions conducted with Mn21

created the same pattern as the laboratory integrase in reac-
tions with Mg21 (the other three proteins were inactive with
Mg21). Similarly, 8 of the 10 proteins classified as type 1 in
joining reactions with Mn21 made a novel but similar pattern
with Mg21 (e.g., Fig. 5, lane 3; the other two proteins were
inactive with Mg21). Finally, 9 of the 10 proteins classified as
type 2 in joining reactions with Mn21 were active with Mg21,
and each made a new pattern distinct from the wild-type or

type 1 pattern. Interestingly, these nine proteins made two
different new patterns (Fig. 5, lanes 5 and 8), suggesting that
other amino acids worked in conjunction with residue 119 to
influence the selection of target sites (see below). More im-
portantly, even under Mg21-dependent conditions, the S119T
and S119G proteins made strand-transfer patterns that matched
those of natural integrases that included these changes (Fig. 5,
lanes 3 and 4 and lanes 5 and 6, respectively), whereas the
G106A protein made a pattern similar to that of the laboratory
enzyme (Fig. 5, lanes 2 and 7). Thus, the findings with Mg21

paralleled those with Mn21, even though the sets of preferred
target sites differed as a function of the divalent metal.

Given the different strand-transfer and alcoholysis patterns
that resulted from the S119T and S119G substitutions, we
made other changes at residue 119 in the laboratory integrase.
Substitution of alanine or lysine at this position resulted in
proteins that efficiently catalyzed Mn21-dependent processing,
joining, and nonspecific alcoholysis (lanes 5 and 6 in Fig. 6A, B,
and C, respectively). In addition, the new proteins exhibited
target site preferences in the latter two assays that differed
from those of the wild-type or other point-substituted proteins
(lanes 2 to 4 in Fig. 6B and C). In some cases, the patterns
differed only slightly in the joining assay. For example, the
relative intensities of the bands indicated by the circle and
square in Fig. 6B are the only differences between the labora-

FIG. 3. Sequence alignment of central domains of patient-derived integrases. The central region (residues 50 to 190) of the laboratory
HIV-1BH10 integrase, which is similar to the HIV-1HXB2 integrase (30, 31), is shown above the patient-derived proteins. The conserved acidic amino
acids at positions 64, 116, and 152 are indicated with exclamation points. Identity to the laboratory integrase sequence is indicated by a dash.
Proteins are grouped according to the patterns exhibited in DNA joining assays conducted with Mn21. Confirmation in DNA joining assays with
Mg21 is indicated as follows: a, confirmed as wild type in reactions with Mg21; b, confirmed as type 1 in reactions with Mg21; c, created one type
of novel pattern in reactions with Mg21; d, created another type of novel pattern in reactions with Mg21. Groupings also were confirmed by
nonspecific alcoholysis assays for all but the three proteins indicated with asterisks. Residues 106 and 119, which were targeted by site-directed
mutagenesis, are indicated by triangles at the bottom. Patient-derived proteins are named with an E or L (indicating whether the samples were
obtained early after infection or 5 years later), D or R (indicating whether DNA or RNA was the source for amplification), a three-digit patient
code, and a single-digit number identifying the clone (33). The sequences shown match those submitted to GenBank but include three corrections
compared to the previously published sequences: S129 in LD061-3, K157 in LR061-1, and G119 in ED002-7.
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tory and S119A proteins (lanes 2 and 5) or between the S119T
and S119K proteins (lanes 3 and 6), but these differences were
reproducibly observed in multiple experiments. Similarities
also were evident between the laboratory and S119A proteins
and between the S119T and S119K proteins in joining reac-
tions conducted with Mg21 (not shown). However, the distinct
target site preferences of these proteins are readily apparent in
the alcoholysis assay. In particular, the S119A protein differed
from the laboratory integrase by nicking inefficiently at posi-
tions 8 and 17 despite similar preferences for positions 11 and
15 (Fig. 6C, lanes 2 and 5). Similarly, the S119T and S119K
proteins differed by their relative usage of positions 4 and 11
(Fig. 6C, lanes 3 and 6). These differences were confirmed in
alcoholysis assays that used a 39-labeled substrate (not shown).
Thus, multiple substitutions at residue 119 influenced the in-
teractions between HIV-1 integrase and nonviral DNA. These
data, which were obtained with point-substituted proteins, are
consistent with our previous studies that used protein frag-
ments or chimeric integrases to map nonviral target site selec-

tion to the central domain of integrase (20–23). Together, the
results suggest that the central domain of integrase interacts
with cellular DNA during integration.

Implications. Although other regions in HIV-1 integrase
may influence interactions with cellular DNA (13, 20, 22, 23,
32), our data prove that changes at one particular residue in
the central region were responsible for the novel patterns ob-
served in this study. Residue 119 is a serine in the consensus
sequence for North American subtype B of HIV-1 and in the
consensus sequence or isolates of other HIV-1 subtypes (24).
However, many of the natural integrases recovered from the
hemophiliacs in our study had Thr or Gly at position 119 (33).
Other amino acids found at this position in some HIV-1 inte-
grases include Pro and Arg (24). Our data show that HIV-1
integrase tolerated several amino acids at this position, includ-
ing Ser, Thr, Gly, Ala, and Lys, without a significant effect on
the efficiency of its catalytic activity. However, as we had hy-
pothesized, certain changes affected noncritical aspects of in-
tegrase function. The finding that changes at residue 119 do
not affect specificity for viral DNA ends during processing but
do affect selectivity for nonviral DNA sites during joining sug-
gests that integrase has two sites for binding DNA (i.e., one for
viral DNA and one for cellular DNA). We previously made a
similar suggestion based on the finding that preferred target
sites during DNA joining differ when Mg21 substitutes for
Mn21, even though specific processing of viral DNA is sup-
ported by both metals (28). Competition studies also are con-
sistent with two DNA sites on the enzyme (7, 9, 29).

Whether residue 119 affects target site selection by directly
binding to nonviral DNA or by indirectly affecting protein

FIG. 4. Site-directed mutations explain the novel target site pat-
terns. Details are as in the legend to Fig. 2. For each panel, the
substrates were incubated with protein buffer (lane 1), the laboratory
integrase (lane 2), a patient-derived integrase that makes the type 1
pattern (ED061-7, lane 3), the laboratory integrase with an S119T
substitution (lane 4), a patient-derived integrase that makes the type 2
pattern (ED171-1, lane 5), the laboratory integrase with an S119G
substitution (lane 6), or the laboratory integrase with a G106A substi-
tution (lane 7). The amount of products formed in lanes 2 to 7 ranged
from 25 to 52% in panel A, 8 to 27% in panel B, and 40 to 52% in
panel C.

FIG. 5. DNA joining reactions conducted with Mg21. Reactions
were performed as described in the legend to Fig. 2B except that Mn21

was replaced by 3 to 10 mM Mg21 plus 30% dimethyl sulfoxide. Lanes
1 to 7 tested the same enzymes as in the legend to Fig. 4 except that the
patient-derived protein for the type 2 pattern in lane 5 was ED002-7.
Lane 8 shows the other novel pattern created by some of the type 2
proteins in reactions with Mg21 (type 29; the reaction shown used the
LR157-5 protein); only one intervening gel lane was removed between
lanes 7 and 8. Bands a to e distinguish the patterns as follows: the most
intense bands in the upper portions of the lanes for the wild-type, type
1, type 2, and type 29 patterns are a/c, c/e, a/c/d/e, and a/d, respectively.
Unequal amounts of counts per minute were loaded into the various
lanes to display the patterns at comparable intensities. The amount of
joining catalyzed by the proteins in lanes 2 to 8 ranged from 0.5 to 8%.
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conformation is unknown. However, other data suggest that
amino acids near residue 119 also interact with cellular DNA.
For example, the proteins classified as type 2 in the joining
assay with Mn21 created two novel strand-transfer patterns
with Mg21. Although all of these proteins have glycine at
residue 119, the two Mg21-dependent patterns segregated with
the presence of isoleucine at residue 122 (Fig. 3). Substitutions
at residues 117 and 120 in the related HIV-2 integrase also
were shown to affect target site preferences during DNA join-
ing reactions conducted with Mn21 (36). Moreover, contact
between residue 117 of HIV-1 integrase and cellular DNA has
been suggested by cross-linking and structural data (14). In
contrast, our data show that certain amino acid substitutions at
22 other residues in the central domain of integrase did not
affect target site selection during DNA joining (i.e., residues
50, 59, 72, 79, 101, 106, 112, 124, 125, 128, 129, 131, 135, 147,
154, 157, 160, 161, 162, 166, 169, and 172, as deduced from Fig.

3 and 4). Thus, merely substituting any amino acid within the
catalytic domain of integrase is not sufficient to alter the pref-
erences of the enzyme for certain target sites in nonviral DNA.

Residue 119 is the second of four amino acids in a-helix 2
near the middle of the central domain of HIV-1 integrase. It is
close to Asp-64, Asp-116, and Glu-152, the highly conserved
acidic residues that form the D,D-35-E motif of the active site.
These four residues (i.e., 64, 116, 119, and 152) are on the
surface of the protein, which is involved in many critical func-
tions. For example, the first two conserved residues of the
D,D-35-E motif coordinate the required Mn21 or Mg21 co-
factor in crystals of HIV-1 and Rous sarcoma virus integrase
(1, 2, 12, 26), and some data suggest that all three conserved
active-site residues may coordinate two metal ions (1, 25). In
addition, data from mutational, chemical, or genetic studies
suggest that residues 136, 143, 148, 152, and 159 interact with
the ends of viral DNA (5, 10, 11, 15, 27). These sites are within
or near a disordered, flexible surface loop that extends from
residue 141 approximately to residue 150 (6). Recently, com-
puterized docking of an 18-bp viral DNA end to two-domain
crystals of HIV-1 integrase placed the viral DNA end near
residue 159 and more-internal viral DNA positions near resi-
dues 186 to 219 (3). Other data implicate residues 114, 117,
120, 121, 143, 146, 147, and 148 in interactions with the attack-
ing nucleophile (8, 35, 37). Thus, residue 119 may be appro-
priately situated to interact with cellular DNA during insertion
of viral DNA ends. Although it would not be surprising if some
residues of integrase participate in more than one function,
especially within the context of the multimeric enzyme com-
plex, current data (including those presented in this report)
support a model that includes the following: the metal cofactor
is coordinated by residues 64 and 116, the attacking nucleo-
philic group interacts with residues near 116 and 152, the viral
DNA end is bound near residue 159, and cellular DNA is
bound near residue 119. Thus, future studies that explore how
amino acids near residue 119 affect the selection of nonviral
target DNA sites have the potential to define the binding site
for cellular DNA and would identify a new target for antiviral
drug design. The effects of changes at these positions on the
preintegration complexes that mediate integration in vivo also
await further study.
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