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ABSTRACT The N-terminal domain of HIV-1 integrase
contains a pair of His and Cys residues (the HHCCmotif) that
are conserved among retroviral integrases. Although His and
Cys residues are often involved in binding zinc, the HHCC
motif does not correspond to any recognized class of zinc
binding domain. We have investigated the binding of zinc to
HIV-1 integrase protein and find that it binds zinc with a
stoichiometry of one zinc per integrase monomer. Analysis of
zinc binding to deletion derivatives of integrase locates the
binding site to the N-terminal domain. Integrase with a
mutation in the HHCC motif does not bind zinc, consistent
with coordination of zinc by these residues. The isolated
N-terminal domain is disordered in the absence of zinc but, in
the presence of zinc, it adopts a secondary structure with a
high alpha helical content. Integrase bound by zinc tetramer-
izes more readily than the apoenzyme and is also more active
than the apoenzyme in in vitro integration assays. We conclude
that binding of zinc to the HHCC motif stabilizes the folded
state of the N-terminal domain of integrase and bound zinc is
required for optimal enzymatic activity.

Zinc plays a key structural role in a large number of proteins
(reviewed in ref. 1), and more than 10 classes of zinc binding
domains have now been identified. These domains are diverse
in their structure and function; many are involved in binding
DNA, while others mediate protein–protein interactions. In
each case, zinc is coordinated by His and Cys residues. The
integrase protein of HIV-1 and other retroviruses contains a
pair of highly conserved His and Cys residues (the HHCC
motif) in the N-terminal domain. This motif does not corre-
spond to any of the recognized zinc binding domains, although
a zinc finger structure has been proposed based on the
similarity of the HHCC motif to the CCHH motif found in
transcription factor TFIIIA and related proteins (2).
Integration of a DNA copy of the HIV genome into host

DNA is an essential step in the viral replication cycle (3–5).
The key cutting and joining reactions that integrate the viral
DNA into the host genome are carried by the virus-encoded
integrase protein. Integrase cleaves two nucleotides from the
39 ends of the viral DNA (39-processing) and subsequently
inserts these 39-recessed ends into host DNA (DNA strand
transfer). The 59 ends of the viral DNA and the 39 ends of host
DNA at the site of insertion remain unjoined in the resulting
integration intermediate (6, 7). Completion of integration
requires removal of the unpaired nucleotides at the 59 ends of
the viral DNA and repair of the single strand gaps between
viral and host DNA, steps that are probably carried out by
cellular enzymes.
Integrase is a 32-kDa protein that is comprised of three

structurally and functionally distinct domains: the N-terminal
domain that contains the HHCC motif, the central core
domain, and the C-terminal domain. The core domain con-

tains a triad of acidic amino acid residues, the D,D-35-E motif,
which is conserved among all retroviral and retrotransposon
integrase proteins and even among some prokaryotic trans-
posases (8–11). Site-directed mutagenesis studies implicated
these residues to be intimately involved in catalysis (8, 12, 13);
mutation of any of these residues abolishes or severely dimin-
ishes all catalytic activity. They are located in close proximity
in the crystal structures of the core domains of both HIV-1
integrase (14) and RSV integrase (15), consistent with a direct
role in chemical catalysis. The C-terminal domain binds DNA
nonspecifically (16–18), and the solution structure of the
minimal fragment required for DNA binding has been deter-
mined by NMR (19, 20).
Although it is clear that the core domain contains the active

site for chemical catalysis, the roles of the N-terminal domain
and the C-terminal domain are less well understood. All three
domains are required for catalysis of 39-processing and DNA
strand transfer (16, 21, 22). However, a pair of inactive
proteins, one lacking the N-terminal domain and the other
lacking the C-terminal domain, complement to restore activity
(23, 24). This trans-complementation implies that the active
form of integrase is a multimer. Integrase has been shown to
form both dimers (25–29) and tetramers (27, 29) in solution,
but the identity of the active multimer is unknown.
Here, we focus on the N-terminal domain of HIV-1 inte-

grase and its interaction with zinc. The notion that the
N-terminal domain of HIV integrase may normally bind zinc
is supported by the observation that a peptide comprising the
N-terminal 55 amino acids, which includes the HHCC motif,
can bind zinc (2) and by the binding of zinc to full-length
integrase in a ‘‘zinc blot’’ assay (30) and by atomic absorption
spectroscopy (31). Binding of zinc to full-lengthHIV integrase,
and the effects of bound zinc on the structure and function of
the enzyme have been difficult to investigate because of the
tendency of the protein to aggregate. In this report, we have
exploited a soluble mutant of HIV-1 integrase (29) that retains
full catalytic activity to examine the binding of zinc to integrase
and its effect on the multimeric state and catalytic activity of
the enzyme.

MATERIALS AND METHODS

Preparation of Proteins. IN1–212yF185K was expressed and
purified as described for IN50–212yF185K (32). IN1–270yF185K
and IN1–288yF185KyC280SyH12N,H16N were expressed and
purified as described for IN50–288yF185KyC280S and IN1–288y
F185KyC280S (29). The superscripted numbers correspond to
residue numbers from the N terminus of HIV-1 integrase;
amino acid substitutions relative to wild-type integrase of HIV
strain NL4-3 (33) integrase are indicated after the slashes.
Protein concentration were determined by absorption at 280
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nm using extinction coefficients calculated from the amino
acid composition (34).
Determination of Multimeric State of Integrase in the

Presence or Absence of Zinc. Gel filtration was carried out at
48C with a calibrated Superdex 200 column (HR 3.2y30;
Pharmacia) on a Pharmacia Smart System at a flow rate of 50
mlymin. Proteins were first dialyzed overnight, under a helium
blanket, at 48C against buffer A (20 mM Hepes, pH 7.5y1 M
NaCly10% glyceroly1 mM DTT) containing 50 mM ZnCl2 or
1 mM EDTA. Protein samples were diluted to 10 mM with the
same buffer and left at 48C overnight before loading. Aliquots
of 50 ml were then applied to the column equilibrated with
buffer A.
CD Spectroscopy. Measurements were obtained using a

Jasco J-720 spectrometer (Jasco, Tokyo) at room temperature.
Spectra in the far UV region (200–260 nm) were measured at
protein concentrations of 10 mM in a quartz cuvette with a
0.1-mm path length. Spectra in the near UV region (250–320
nm) were measured at protein concentrations of 90–126 mM
in a quartz cuvette of 0.5-mm path length.
Measurement of Zinc Concentration by Atomic Absorption

Spectroscopy. Zinc was measured using an atomic absorption
spectrometer (model 3110; Perkin–Elmer), and zinc concen-
trations were determined using a zinc standard curve prepared
from a standard zinc solution (J.T. Baker). In equilibrium
dialysis experiments, samples were measured after a 500-fold
dilution with 0.1% HCl (Optima grade; Fisher Scientific) in
extensively deionized water. The zinc content was determined
using the spectrometer in conjunction with a Perkin–Elmer
HGA 600 graphite furnace. Parameters of the program steps
were as follows (T, temperature; R, ramp; and H, hold). Step
1: T 5 1208C, R 5 5 sec, and H 5 50 sec. Step 2: T 5 2508C,
R 5 5 sec, and H 5 30 sec. Step 3: T 5 208C, R 5 1 sec, and
H 5 10 sec. Step 4 (atomization): T 5 18008C, R 5 0 sec, and
H 5 3 sec. Step 5: T 5 26008C, R 5 1 sec, and H 5 5 sec. A
gas flow of 300 mlymin was maintained throughout all steps
except atomization, for which it was reduced to 200 mlymin.
Maintaining gas flow during atomization decreases the sensi-
tivity (which is otherwise inconveniently high) and increases
the dynamic range over which measurements can bemade. The
zinc content of integrase–zinc complex devoid of free zinc was
measured using the spectrometer in flame mode, which has a
lower sensitivity for zinc (1 mM range); in this case, the sample
was analyzed directly without dilution.
Equilibrium Dialysis Measurement of Zinc Binding to

Full-Length Integrase (IN1–288yF185KyC280S). IN1–288y
F185KyC280S is relatively resistant to oxidation compared
with integrase with a cysteine at position 280 (29). This enabled
zinc binding experiments to be carried out in the absence of
DTT, which would otherwise complicate the analysis by com-
peting for zinc. However, dialysis buffers were sparged with
helium and maintained under a helium blanket to minimize
oxidation. Aliquots of 60 ml of integrase (166–233 mM) were
placed in a dialysis button (Cambridge Repetition Engineers,
Cambridge, U.K.) wrapped with dialysis membrane (cutoff
molecular weight, 8000) and dialyzed at 48C for 36 hr against
1 liter of buffer A containing ZnCl2, ranging from 1 to 10 mM.
After dialysis, the concentrations of protein and zinc were
measured, and the dissociation constant for zinc binding to
integrase IN1–288yF185KyC280S was calculated.
Preparation of Zinc-Bound Integrase.Zinc-bound integrase

was formed by dialyzing the protein (150–190 mM) against
buffer A containing 50 mM ZnCl2. To remove free zinc,
zinc-bound integrase (400–500 ml) was then applied to a
Superdex 75 column (HR10y30; Pharmacia) equilibrated with
buffer A without ZnCl2. The column was run at a flow rate of
0.5 mlymin, and fractions were collected for protein and zinc
measurements. IN1–270yF185K, due to its lower solubility, was
first dialyzed at 11 mM against buffer A containing 50 mM
ZnCl2 and then against buffer A to remove free zinc.

Integrase Activity Assays. Double-stranded oligonucleo-
tides that mimic the U5 end of HIV-1 DNA were used as the
DNA substrate. For 39-processing, oligonucleotide AE 118
(59-GTGTGGAAAATCTCTAGCAGT), and for DNA
strand transfer, AE 119 (59-GTGTGGAAAATCTCTAGCA),
were labeled at their 59 ends with [g-32P]ATP (3000 Ciymmol,
1 Ci 5 37 GBq; NEN) using T4 polynucleotide kinase (Phar-
macia). Each labeled oligonucleotide was then annealed with
AE 117 (59-ACTGCTAGAGATTTTCCACAC) and sepa-
rated from unincorporated label as described (29). 39-
Processing and strand transfer reaction mixtures (35) con-
tained 25 mM 3-morpholinopropanesulfonic acid (Mops; pH
7.2), 10 mM DTT, 5% (wtyvol) polyethylene glycol-8000
(PEG-8000; Fluka), 5% (volyvol) dimethyl sulfoxide (DMSO;
Aldrich), 0.05% Nonidet P-40 (Sigma), 30 mM NaCl, and 5
mM MgCl2, with 20–150 nM DNA substrate and 0.94 mM
integrase in a final 16-ml volume. Reaction products were
analyzed by electrophoresis in 15% polyacrylamideyurea gels
as previously described (32) and quantitated using a
PhosphorImager (Molecular Dynamics).
Protein Secondary Structure Prediction. The secondary

structure of the N-terminal domain of HIV-1 integrase was
predicted by the PHD method (36) using the PHD mail server
at EMBL, Heidelberg, Germany (e-mail address: Predict-
Help@embl-heidelberg.de).

RESULTS

HIV-1 Integrase Binds Zinc with a Stoichiometry of 1:1.
Preliminary experiments (data not shown) established that the
protein purified from Escherichia coli contained undetectable
levels of zinc. We note that EDTA was present throughout the
purification, and, if zinc was originally present, it may have
been extracted from the protein. The affinity of the apoprotein
for zinc was measured by equilibrium dialysis as described in
Materials and Methods, and an apparent Kd of '6 mM was
determined at pH 7.5 in the presence of 1 M NaCl.
Since zinc remained associated with the full-length integrase

protein during size exclusion chromatography in a buffer that
does not contain zinc (Fig. 1A), gel filtration provided a
convenient assay for measuring the stoichiometry of binding.
Zinc was introduced into integrase by dialysis as described in
Materials and Methods, and the protein was then subjected to
gel filtration on a Superdex 200 column (Fig. 1A). The peak
fraction protein concentrations were measured by A280, and
the zinc concentration in the same fractions was measured by
atomic absorption spectroscopy. The stoichiometry of bound
zinc to integrase protomers was 1:1 in each fraction.
Zinc Binding Requires the Presence of the HHCCMotif.We

next investigated the binding of zinc to deletion derivatives of
integrase to determine which part of the protein is involved in
binding. The same 1:1 stoichiometry of bound zinc was ob-
served with integrase lacking the carboxyl terminal domain
(Fig. 1B). However, zinc did not coelute with integrase that
lacks the N-terminal domain (Fig. 1C) or with the core domain
alone (Fig. 1D). These results locate the domain responsible
for binding zinc to the N-terminal domain of integrase. Finally,
mutant integrase in which the histidine residues of the HHCC
motif were changed to asparagine failed to bind zinc (Fig. 1E),
directly demonstrating the role of this motif in zinc binding.
The zinc-binding stoichiometries of the wild-type and mutant
integrase proteins are summarized in Table 1.
Zinc Is Required for Folding of the Isolated N-Terminal

Domain of HIV-1 Integrase. CD was used to probe the effect
of zinc on the structure of the N-terminal domain (residues
1–55). In the absence of zinc, the far UV CD spectrum of this
domain indicated that the peptide was disordered (Fig. 2, solid
line). In contrast, the zinc-bound peptide exhibited a CD
spectrum characteristic of alpha helices (Fig. 2, dotted line).
Neither Mg21 nor Mn21 could substitute for zinc in ordering
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the isolated N-terminal domain (data not shown). We con-
clude that zinc promotes the folding of this isolated domain
into secondary structural elements that are mostly helical.
In contrast to the isolated N-terminal domain, the far UV

CD spectrum of full-length HIV-1 integrase is indistinguish-
able in the presence or absence of zinc (data not shown). Since
the N-terminal domain comprises '19% of the full-length
protein, we would have expected to observe a perceptible
change in the CD spectrum if the folding of this domain, in the
context of the full-length protein, is dependent upon the
binding of zinc. We infer that zinc is required for the folding
of the isolated N-terminal domain, but contacts involving
other parts of integrase may stabilize at least some of the
secondary structure of this domain in the context of the
full-length protein.
Although the far UV CD spectra of full-length integrase in

the presence or absence of zinc were not detectably different,
significant differences were observed in the near UV region
(Fig. 3A). The origin of these differences is speculative, but
they are likely due to differences in tertiary structure affecting
the local environment of aromatic residues (37). Mutant

integrase in which the histidine residues of the HHCC motif
were changed to asparagine exhibited very similar near UV
spectra in the presence or absence of zinc (Fig. 3B).
Zinc Promotes Tetramerization of HIV-1 Integrase.

IN1–288yF185KyC280S exists in an equilibrium between dimer
and tetramer species in the absence of zinc (29). The effect of
zinc on multimerization was monitored by size exclusion

FIG. 2. Folding of the N-terminal domain of HIV-1 integrase in the
presence of zinc. Far UV CD spectra of the N-terminal domain of
integrase (IN1–55) in the absence (solid line) and presence (dotted line)
of bound zinc.

Table 1. Zinc binds to HIV-1 integrase with a 1:1 molar ratio

Protein
Molar ratio of
bound zinc

IN 0.99
IN HH 3 NN 0.04
IN DC 0.90
IN DN ,0.01

FIG. 1. Coelution of zinc with HIV-1 integrase in gel filtration. Integrase was dialyzed against buffer A containing zinc chloride as described
and applied to a Superdex 75 column equilibrated with buffer A not containing zinc. The protein concentration in each of the collected fractions
was determined by measuring the optical density at 280 nm, and the zinc concentration in the same fractions was determined by atomic absorption
spectroscopy. (A) Full-length integrase (IN1–288yF185KyC280S). (B) Integrase with a C-terminal deletion (IN1–212yF185K). (C) Integrase with an
N-terminal deletion (IN50–288yF185KyC280S). (D) The central domain of integrase (IN50–212yF185K). (E) Integrase with the His residues of the
HHCC motif changed to Asn (IN1–288yH12NyH16NyF185KyC280S).
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chromatography on a Superdex 200 column after dialysis of the
protein against a buffer containing 50 mM zinc chloride or 1
mM EDTA. When loaded at a concentration of 10 mM, the
protein that had been dialyzed against EDTA eluted at a
position corresponding to dimers (Fig. 4A, solid line), relative
to globular protein standards, with a slight trail toward the
tetramer position. In contrast, the protein dialyzed against zinc
chloride eluted at the position expected for tetramers (Fig. 4A,
dotted line). Preliminary equilibrium ultracentrifugation ex-
periments supported the conclusion that zinc promotes mul-
timerization of integrase (data not shown).
To further investigate the effect of zinc on multimerization,

size exclusion chromatography experiments were repeated
with two deletion derivatives of integrase. We first examined
IN1–212yF185K, which forms dimers, but not tetramers, in the
absence of zinc (29). Dialysis of this protein against zinc
chloride did not affect its multimerization properties when the
protein was loaded at 10 mM (Fig. 4B) or at any of a variety of
concentrations (data not shown). Secondly, zinc did not induce
IN50–288yF185KyC280S, which is fully competent for tetramer-
ization at higher protein concentrations (29), to form tetram-
ers at lower protein concentrations (Fig. 4C).
Zinc-Bound Integrase Is More Active in in Vitro Assays. The

catalytic activities of the HIV-1 integrase (IN1–288yF185Ky
C280S) containing zinc were compared with the catalytic
properties of the apoenzyme. Both 39-processing and DNA
strand transfer activities were found to be markedly stimulated
by zinc (Fig. 5). Quantitation of the results revealed that zinc
increased the rate of both 39-processing and DNA strand
transfer, and no significant lag period was observed with or
without zinc (Fig. 5). This stimulation was observed regardless

of whether free zinc was removed from the protein solution
before reaction (data not shown). A 1:1 stoichiometry of
bound zinc to integrase monomers is therefore sufficient for
this stimulation. In contrast to the effect on 39-processing and
DNA strand transfer, disintegration activity (38) was not
stimulated by bound zinc (data not shown). The absence of a
stimulatory effect on disintegration was as expected, since the
N-terminal domain is dispensable for this reaction.

DISCUSSION

The N-Terminal Domain of HIV-1 Integrase Is a Zinc
Binding Domain. Our results indicate that zinc is a normal
structural component of the N-terminal domain of HIV-1
integrase. Although this domain is frequently referred to a
‘‘zinc finger’’ domain, there is no evidence that it is in fact

FIG. 3. Zinc-binding alters the CD spectrum of HIV-1 integrase in
the near UV region. (A) Near UV CD spectra of integrase (IN1–288y
F185KyC280S) in the absence (solid line) and presence (dotted line)
of bound zinc. (B) Near UV CD spectra of IN1–288yH12NyH16Ny
F185KyC280S) in the absence (solid line) and presence (dotted line)
of bound zinc. The substitution of Asn for His in the HHCC motif
abolishes the effect of zinc on the near UV CD spectrum.

FIG. 4. Zinc binding promotes tetramerization of HIV-1 integrase.
(A) Gel filtration of integrase (IN1–288yF185KyC280S) on Superdex
200 after dialysis against buffer A containing EDTA (solid line) or zinc
(dotted line). The zinc-dialyzed protein eluted at the expected position
for tetramers (relative to globular protein standards). The EDTA-
dialyzed protein eluted at the expected position for dimers. The peak
elution times of chymotrypsinogen A (25 kDa), ovalbumin (43 kDa),
bovine serum albumin (67 kDa), and aldolase (158 kDa) standards are
indicated. (B) Integrase lacking the C-terminal domain (IN1–212y
F185K) eluted exclusively as dimers after dialysis against EDTA or
zinc. (C) Integrase lacking the N-terminal domain (IN50–288yF185Ky
C280S) eluted predominantly as dimers, with a trailing edge toward the
tetramer position, after dialysis against EDTA or zinc.
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structurally related to zinc fingers. On the contrary, circum-
stantial evidence suggests that it is not a zinc finger domain.
First, whereas two antiparallel b strands are intrinsic features
of zinc fingers, the secondary structure of the N-terminal
domain of HIV-1 integrase is predicted by the PHD method
(36) to be mostly alpha helices (data not shown); this predic-
tion is in good agreement with the CD spectrum. Second, the
counterparts of the residues that form the hydrophobic core of
canonical zinc fingers mostly have charged side chains in the
case in the of HIV-1 integrase. Third, most known zinc fingers
are DNA binding domains, whereas the N-terminal domain of
HIV-1 integrase does not appear to play a primary role in
DNA binding. The N-terminal domain of HIV-1 integrase
complexed with zinc is a good candidate for structural studies.
Comparison of the structure of this domain with that of the
numerous known zinc-binding domain structures may provide
important clues regarding the functional role of this domain.
Although zinc is essential for folding the isolated N-terminal

domain of HIV-1 integrase, the far UV CD spectra of full-
length integrase is not detectably different in the presence or
absence of bound zinc. The N-terminal domain may therefore
have significant secondary structure in the full-length apopro-
tein, even in the absence of zinc. In contrast, the near UV CD
spectra of the full-length integrase are quite different in the
presence and absence of zinc, suggesting significant differences
in tertiary structure. However, these differences are unlikely to
simply reflect differences in multimeric state because the CD
spectra were recorded at a protein concentration where both
the apoprotein and zinc-associated protein are predominantly
tetrameric.

Zinc-Induced Tetramerization. Tetramerization of HIV-1
integrase requires only the core and C-terminal domains (29).
In the absence of zinc, the Kd for tetramerization appears to be
similar in the presence or absence of the N-terminal domain.
However, when zinc is bound, the full-length protein forms
tetramers at a lower protein concentration than in the absence
of zinc. The N-terminal domain must either contribute addi-
tional intersubunit contacts within the tetramer or effect an
allosteric change in the monomers that favors tetramerization.
Although Mn21 and Mg21 also promote multimerization of

HIV-1 integrase (refs. 39–41; data not shown), the mechanism
is different from that reported here for zinc. Zinc clearly binds
to the N-terminal domain of HIV-1 integrase, whereas the sites
of Mn21 and Mg21 binding appear to map to the core domain
(data not shown).
We note that the integrase proteins used for these studies

contained the F185K and C280S mutations. The F185K mu-
tation lowers the Kd for dimerization (32), so the mutant
protein is predominantly dimeric at a concentration where
integrase without this substitution would be mostly mono-
meric. We confirmed that zinc- and Mn21-induced tetramer-
ization also occurs with the wild-type integrase (data not
shown). The major difference is that the self-associating
species for wild-type are monomers, dimers, and tetramers,
rather than predominantly dimers and tetramers, as with the
mutant protein.
Effect of Zinc on Catalytic Activity. Zinc-bound integrase is

more active than the zinc-free enzyme for both 39-processing
and DNA strand transfer. The reaction rate enhancements
were between 5- and 15-fold with zinc-bound integrase; the
degree of stimulation depended on the concentration of
integrase and DNA substrate included in the reaction mixture
(data not shown).
The integrase protein we have routinely used for in vitro

39-processing and DNA strand transfer reactions does not
contain bound zinc, yet the presence of the N-terminal domain
is essential for catalytic activity. We cannot exclude the
possibility that the Mn21 or Mg21 included in the reaction
mixture introduces a trace amount of zinc. However, we
speculate that the N-terminal domain of integrase does not
acquire zinc from the other reaction components. The domain
may be sufficiently well-folded in the context of the full-length
protein to contribute partial function in the absence of bound
zinc. However, the enhanced catalytic activity seen with the
zinc-bound enzyme suggests that the presence of zinc is
required for optimal catalytic activity. In fact, we have ob-
served near complete conversion of DNA substrate to pro-
cessed product with the zinc-bound enzyme (data not shown).
Stimulation of integrase 39-processing activity by zinc has also
been recently reported by Lee and Han (42).
Although the mechanism of stimulation by zinc remains to

be determined, the effects on the self-association properties of
integrase suggest that one role of zinc may be to facilitate
assembly of the active multimeric form of the enzyme.
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