JOURNAL OF VIROLOGY, Apr. 2003, p. 4516-4527
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.8.4516-4527.2003

Vol. 77, No. 8

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Subcellular Localization of Feline Immunodeficiency Virus Integrase
and Mapping of Its Karyophilic Determinant
Cora L. Woodward,"** Yao Wang,'t Wendy J. Dixon,* Han Htun,"*” and Samson A. Chow'**

Department of Molecular and Medical Pharmacology," Molecular Biology Institute,> AIDS Institute,® and
Department of Obstetrics and Gynecology,® School of Medicine, University of California,
Los Angeles, California 90095, and Department of Biological Sciences, California State
Polytechnic University, Pomona, California 91768*

Received 13 September 2002/Accepted 16 January 2003

Feline immunodeficiency virus (FIV), like other members of the lentivirus subfamily, such as human
immunodeficiency virus type 1 (HIV-1), can infect nondividing and terminally differentiated cells. The trans-
port of the preintegration complex into the nucleus is cell cycle-independent, but the mechanism is not well
understood. Integrase is a key component of the complex and has been suggested to play a role in nuclear
import during HIV-1 replication. To determine its karyophilic property, FIV integrase fused with glutathione
S-transferase and enhanced green fluorescent protein was expressed in various feline and human cells and the
subcellular localization was visualized by fluorescence microscopy. Wild-type FIV integrase was karyophilic in
all cell lines tested and capable of targeting the fusion protein to the nuclei of transfected cells. Analysis of
deletion and point mutation variants of FIV integrase failed to reveal any canonical nuclear localization signal,
and the karyophilic determinant was mapped to the highly conserved N-terminal zinc-binding HHCC motif. A
region near the C-terminal domain enriched with basic amino acid residues also affected the nuclear import
of integrase. However, the role of this region is only modulatory in comparison to that of the zinc-binding
domain. The N-terminal zinc-binding domain does not bind DNA and instead is essential in integrase
multimerization. We therefore postulate that the karyophilic property of FIV integrase requires subunit
multimerization promoted by the HHCC motif. Alternatively, the HHCC motif may directly promote interac-

tion between FIV integrase and cellular proteins involved in nuclear import.

Retroviruses are a family of viruses that store genetic infor-
mation as RNA. To establish a productive infection, a retro-
virus must first reverse transcribe its RNA genome to form a
double-stranded DNA copy that must then be integrated into
a host cell chromosome (reviewed in reference 3). Since the
integration reaction occurs in the nucleus, an important step
prior to integration is the transport from the cytoplasm to the
nucleus of the reverse-transcribed viral cDNA in the form of a
large nucleoprotein complex termed the preintegration com-
plex (PIC). The assembly of the PIC allows for a stable asso-
ciation between the viral cDNA and the integration machinery
during the translocation of the cDNA within the host cell (42).

Lentiviruses and oncoretroviruses are two major subfamilies
of retroviruses. Lentiviruses, including human immunodefi-
ciency virus type 1 (HIV-1) and feline immunodeficiency virus
(FIV), are distinguished from oncoretroviruses by their ability
to establish productive infections in nondividing cells, such as
macrophages, mucosal dendritic cells, and quiescent T lympho-
cytes (16, 25, 43). The ability of HIV-1 to infect nondividing
cells is largely attributed to the karyophilic property of the
virus’s PIC that allows it to traverse the nuclear envelope in a
cell cycle-independent fashion (4, 26). In contrast, infection by
oncoretroviruses is restricted to proliferating cells. Presum-
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ably, the PICs of oncoretroviruses lack nuclear localization
signals (NLS) and the accessibility of the host chromosomes to
these PICs relies on the transient dissolution of the nuclear
envelope during mitosis (26, 35).

HIV-1 appears to employ multiple signals to facilitate the
nuclear import of its PIC in nondividing cells. Matrix, Vpr, and
integrase are known constituents of the HIV-1 PIC, and each
has been shown to display karyophilic properties (reviewed in
reference 13). Besides the viral proteins, a cis-acting factor
named central DNA flap, a partial three-stranded intermediate
formed during reverse transcription of the plus strand, also
contributes to the nuclear import of the HIV-1 PIC (45). Such
redundancy may function to ensure successful infection of var-
ious nondividing cells irrespective of their cellular environ-
ments, a step that is likely critical for viral transmission and
reservoir establishment. However, the presence of multiple
factors makes it difficult to dissect their respective contribu-
tions in the nuclear import of the PIC. The ability of matrix to
localize in the nucleus remains controversial (7, 14, 15, 18, 33),
and Vpr may play only a modulatory role in the nuclear entry
process. Indeed, viruses with mutations affecting both the ma-
trix NLS and Vpr demonstrated only a partial or no reduction
in viral replication in nondividing cells (16, 20), suggesting that
integrase has a primary role in nuclear import (2).

HIV-1 integrase is karyophilic (7, 16, 31), though conflicting
results exist on the identity of its karyophilic determinant and
the import mechanism. Gallay et al. (16) showed that the NLS
of integrase belongs to the basic bipartite type and comprises
residues 186 to 188 and 211 to 219. The bipartite NLS is
recognized by karyopherin o, a member of a family of related
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TABLE 1. DNA sequences of PCR primers used to generate fusion proteins consisting of wild-type or mutant FIV integrase and
EGFP with or without GST

Primer name

Primer sequence”

Restriction enzyme

F-IN5"EcoR 5'-CTCGAATTCGCCACCATGGGATCCTCTTGGGTTGACAGAATT-3’ EcoRI
3'FIV-INL-Agel 5'-CTCACCGGTGCGCCAGCACCAGCACCAGCGCC-3’ Agel
FINAC3'Kpn 5'-TGGTCCGGTACCTTTCTTATCTTTTTGATCTTTATAAT-3’ Kpnl
F-INANS5'Eco 5'-CTCGAATTCGCCACCATGGGAGGACAATTGAAAATAGG-3' EcoRI
FIV-IN3'Kpn 5'-CAGTCAGGTACCCTCATCCCCTTCAGG-3’ Kpnl
GST5'Kpnl 5'-TCGGGTACCGGCGCGGGTGCTGGAGCAGGAGCAATGTCCCCTATACTAG-3’ Kpnl
GST3'Kpnl 5'-TCGGGTACCTTTTGGAGGATGGTCGCCACCA-3' Kpnl
FINAC3'Kpn6 5'-TGGTCCGGTACCTACCACATCTTTTTGATCTTTATAAT-3' Kpnl
FINAC3'Kpn7 5'-TGGTCCGGTACCTACCACATCTGCTTGATCTGCATAATAAATCCACTG-3' Kpnl
FINAC3'Kpn3 5'-CCTCCGGTACCTTCTCCTCTGATTCTGCATAC-3' Kpnl
FINAC3'Kpn5 5'-ATTGCGGTACCATAATCTTGTATTCTTAAGG-3' Kpnl

F-C42/45Has
F-C42/45Hss
3AN213LNK
SLNKAN213

5'-CCTCTGATTCTGTGTACTGGGTGTTTTCGTCTTATC-3’
5'-AAACACCCAGTACACAGAATCAGAGGAGAA-3’
5'-TGCAGAAAAATATGCGCCAGCACCAGCACCAGCGCC-3’
5'-GCTGGTGCTGGCGCATATTTTTCTGCAATACCACAAAAATTG-3'

“ Restriction sites are underlined, and nucleotide substitutions for the desired codon changes are identified in bold type.

proteins involved in nucleocytoplasmic transport (reviewed in
reference 28). However, others could not confirm the role of
this bipartite NLS in the nuclear import of integrase (40) or the
PIC (30), and another study reported that the nuclear local-
ization of integrase does not involve karyopherins «, 1, or B2
and that it is independent of GTP hydrolysis and Ran (6). A
separate study found that the karyophilic determinant of
HIV-1 integrase is a short, noncanonical NLS located in resi-
dues 161 to 173 within the catalytic core domain (2). Mutation
of this core NLS results in diminished nuclear import of the
PIC and suppresses viral replication in both nondividing and
dividing cells.

Like HIV-1, FIV can infect nondividing cells, such as neu-
rons and macrophages (9, 12). However, the factor responsible
for the nuclear entry of FIV is not known. Whether or not FIV
integrase is karyophilic has not been determined. Compared
with that of HIV-1, the FIV genome lacks a vpr equivalent, and
the presence of a functional NLS in the matrix has not been
reported (39). Due to an apparent lack of redundant karyo-
philic factors, we hypothesized that FIV may be a more ame-
nable system for investigating the role of integrase in the nu-
clear import of the lentiviral PIC. In addition, the availability
of a small natural host for FIV will provide an in vivo system to
address the importance of nuclear import in nondividing cells
in viral transmission and pathogenesis (10).

To characterize the karyophilic property of FIV integrase,
we have expressed integrase as a fusion protein with enhanced
green fluorescence protein (EGFP) in human and feline cells.
The subcellular localization of the expressed fusion protein
was determined by fluorescence microscopy. Our results
showed that FIV integrase was able to direct the fusion protein
to the nuclei of transfected cells, thereby indicating that FIV
integrase is karyophilic. Subsequent mutational analyses of the
protein found that the karyophilic property of FIV integrase
depends on the integrity of the conserved N-terminal zinc-
binding domain. We postulate that the zinc-binding motif pro-
motes protein-protein interaction between the cellular nuclear
import machinery and FIV integrase, resulting in the nuclear
entry of FIV integrase.

MATERIALS AND METHODS

Cloning of fusion proteins consisting of FIV integrase and EGFP. Wild-type or
mutant FIV integrase was fused to the N terminus of EGFP, a redshifted variant
of green fluorescence protein optimized for expression in eukaryotic cells (Clon-
tech, Palo Alto, Calif.). For the fusion protein containing the full-length wild-
type integrase, the DNA encoding FIV integrase was amplified by PCR by using
the FIV molecular clone 34TF10 (37) as the template. The 5" and 3’ primers used
to amplify the FIV integrase gene were F-IN5'EcoR and 3'FIV-INL-Agel,
respectively. All oligonucleotides used as PCR primers were purchased from
Operon (Alameda, Calif.), and their sequences are shown in Table 1. The
amplification generated a fragment encoding all 281 amino acid residues of FIV
integrase plus an additional eight alternating Gly and Ala residues at the 3’ end
to function as a flexible linker between FIV integrase and EGFP. The PCR
product was cloned into the TOPO TA vector (Invitrogen Corp., Carlsbad,
Calif.) and sequenced by the UCLA Sequencing Core Facility with the ABI 3700
DNA Analyzer (PE Applied Biosystems, Foster City, Calif.). After sequence
confirmation, the integrase fragment was obtained by digestion with EcoRI and
Agel and purified with a gel extraction kit (Qiagen, Chatsworth, Calif.). The
purified EcoRI-Agel fragment was then ligated with the pEGFP-NI vector (Clon-
tech) previously digested with EcoRI and Agel to form pF-IN/EGFP.

To generate the fusion protein consisting of EGFP and the C-terminus-trun-
cated FIV integrase 1-235, the FIV integrase gene was amplified with
F-IN5'EcoR as the 5’ primer and FINAC3'Kpn as the 3’ primer, which anneals
to the codon for amino acid residue 235. PCR products generated were cloned
into the TOPO TA vector, sequenced, and digested with EcoRI and Kpnl. The
EcoRI-Kpnl-digested fragment was purified with the Qiagen gel extraction kit
and ligated with pF-IN/EGFP previously digested with EcoRI and Kpnl to form
p1-235/EGFP. This digestion strategy takes advantage of a KpnlI site at the 5’ end
of the linker sequence between the DNA encoding FIV integrase and that
encoding EGFP and allows the in-frame cloning of mutant FIV integrase se-
quences upstream of the 5’ end of the DNA encoding EGFP.

An N-terminus-truncated mutant of FIV integrase, residues 53 to 281, and an
N- and C-terminus-truncated mutant, residues 53 to 235, were constructed with
F-INANS'Eco as the 5’ primer for the amplification of the integrase gene at the
position corresponding to residue 53 and FIV-IN3'Kpn and FINAC3'Kpn as 3’
primers that anneal to the codons for amino acid residues 281 and 235, respec-
tively. The PCR-amplified fragments were cloned into pF-IN/EGFP as described
carlier for p1-235/EGFP.

Cloning of fusion proteins consisting of FIV integrase, GST, and EGFP. To
ensure that the size of each fusion protein was above the estimated limit for
passive diffusion across the nuclear envelope, we added the gene encoding
glutathione S-transferase (GST; 25 kDa) derived from Schistosoma japonicum to
the fusion constructs. The GST gene was first amplified by PCR by using pGEX
(Amersham Biosciences, Piscataway, N.J.) as the template and GST5'KpnI and
GST3'Kpnl as the 5’ and 3’ primers, respectively. The resulting PCR product
encoded residues 1 to 218 of GST with the addition of eight alternating Gly and
Ala residues at the 5" end to serve as a linker between FIV integrase and GST.
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The PCR-amplified products were cloned into the TOPO TA vector, sequenced
as previously described, and then digested with Kpnl and purified. The GST
fragment was cloned into each of the previously described pF-IN/EGFP con-
structs prepared by digestion with Kpnl. This resulted in the in-frame insertion
of GST between integrase and EGFP. Proper orientation of the GST fragment
was confirmed by restriction analysis.

In our hands, the expression of the fusion proteins containing GST was
improved when the pcDNA4 vector (Invitrogen Corp.) was used instead of the
pEGFP-NI vector. Therefore, all mutant FIV integrases fused to GST and EGFP
were cloned into pcDNA4 by digesting each of the fusion constructs cloned in
pEGFP-NI with EcoRI and Notl. This digestion yielded an approximately 2-kbp
DNA fragment encoding the FIV integrase variant fused to GST and EGFP.
These fragments were purified and ligated with the pcDNA4 vector previously
digested with EcoRI and Norl. Constructs containing FIV integrase fused to GST
and EGFP are identified by the addition of g before the construct name.

The fusion constructs 1-235KV and 1-235KAV containing the mutant FIV
integrases fused to GST and EGFP were made in a manner similar to that
described for the C-terminus-truncated mutant 1-235, except a 3’ mutagenic
primer that anneals to the codon for residue 235 of FIV integrase was used. The
mutagenic primer FINAC3'Kpn6 introduced nucleotide substitutions that
changed Lys residues at positions 234 and 235 to Val (gl-235KV), whereas
primer FINAC3'Kpn7 introduced substitutions that changed Lys at positions 229
and 232 to Ala and Lys at positions 234 and 235 to Val (g1-235KAV). The PCR
fragments were cloned and sequenced to confirm mutations and then digested
with EcoRI and Kpnl. The purified EcoRI-Kpnl fragment was then cloned into
the 5” end of the GST-EGFP fusion construct in pcDNA4 prepared by digestion
with EcoRI and Kpnl.

To generate the C-terminus-truncated FIV integrase fusion constructs g1-50
and gl1-213, the FIV integrase gene was amplified with F-IN5S'EcoR as the 5’
primer and FINAC3'Kpn3 (anneals to the codon for amino acid residue 50) and
FINAC3'Kpn5 (anneals to the codon for amino acid residue 213) as the 3’
primers, respectively. The PCR products generated were sequenced and cloned
as described above for g1-235KV and g1-235KAV.

Mutations changing the Cys residues at positions 42 and 45 to His were also
introduced into the full-length FIV integrase (g1-281CH) as well as the C-
terminus-truncated mutant (g1-235CH), and the mutant integrases were fused to
GST and EGFP. Both constructs were prepared by using an overlapping PCR (1)
that generated 5’ and 3’ fragments encoding integrase, each encoding the Cys-
to-His changes in the shared region of homology. In the first set of PCRs, the 5’
fragment was generated by using pF-IN/EGFP as the template and F-IN5"EcoR
and F-C42/45Has as the 5’ and 3’ primers, respectively. The 3’ fragment was
amplified by using F-C42/45Hss as the 5’ primer and FIV-IN3’Kpn and
FINAC3'Kpn as the 3" primers for g1-281CH and g1-235CH, respectively. The
two PCR products containing a common overlapping region were annealed
together and extended in the presence of 1 mM deoxynucleoside triphosphates
(United States Biochemicals) and 2.5 U of PFU polymerase (PFU Turbo; Strat-
agene). The extension reaction was carried out in the thermocycler (MJ Re-
search, Inc.) programmed for 30 cycles, with each cycle consisting of 1 min of
denaturation at 95°C, 2 min of annealing at 62°C, and 4 min of extension at 72°C.
The extended products were subjected to another round of PCR with
F-IN5'EcoR as the 5" primer and FIV-IN3’Kpn and FINAC3'Kpn as the 3’
primers for gl-281CH and gl-235CH, respectively. The PCR products were
cloned in the TOPO TA vector and sequenced as described previously and then
cloned as an EcoRI-Kpnl fragment into the 5’ end of the GST-EGFP fusion
construct in pcDNA4.

The mutant construct containing integrase residues 1 to 50 and 213 to 235
fused to GST and EGFP was made by using the aforementioned overlapping
PCR method. In the first round of PCR, the construct g1-50 was used as the
template and F-IN5'EcoR and 3AN213LNK were used as the 5" and 3’ primers,
respectively. The reaction generated a 5" fragment that encodes residues 1 to 50
of integrase, followed by a flexible linker sequence and residues 213 to 216 of
integrase at the 3’ end. Amplification of gl-235 with 5LNKAN213 and
GST3'Kpnl as the 5" and 3’ primers, respectively, generated a 3’ fragment. This
fragment encodes part of the flexible linker at the 5’ end, followed by integrase
residues 213 to 235 fused to GST with a flexible linker between the protein
domains. The 5" and 3’ fragments, which share homology across the linker
sequences and the regions corresponding to residues 213 to 216 of integrase,
were annealed and extended as described above for g1-281CH and g1-235CH.
The extension product was then amplified with F-IN5’'EcoR and GST3'Kpnl as
the 5" and 3’ primers, respectively. The resulting PCR product was cloned into
the TOPO TA vector as described previously and sequenced. The construct was
subsequently inserted as an EcoRI-Swal fragment into the gEGFP fusion con-
struct previously prepared by digestion with EcoRI and Swal.

J. VIROL.

Cell transfection. HeLa-Tat, 293T, and Crendall feline kidney (CrFK) cells
were grown as a monolayer on glass coverslips (22 mm?; Corning, Big Flats,
N.Y.) in Dulbecco’s modified Eagle medium (Mediatech, Inc., Herndon, Va.)
containing 10% fetal bovine serum (HyClone, Logan, Utah), 100 U of penicillin/
ml, and 0.1 mg of streptomycin (Mediatech)/ml. Typically, 6 X 10° cells were
transferred onto a coverslip in 6-well plates. After 24 h or when the culture
reached approximately 70% confluency, cells were transfected by using Polyfect
(Qiagen) according to the manufacturer’s protocol. Twenty-four hours after
transfection, the medium was aspirated and coverslips were washed once with
phosphate-buffered saline (PBS) and treated with a mild fixative solution (2%
[vol/vol] formaldehyde and 0.05% [vol/vol] glutaraldehyde in PBS). To minimize
photobleaching, coverslips were prepared for fluorescence microscopy by using
the SlowFade Antifade kit (Molecular Probes, Eugene, Oreg.) and then mounted
on a drop of 50% glycerol in PBS. Coverslip edges were sealed with nail polish.

Western blotting. 293T cells were grown in 6-well plates and transfected as
described above. Twenty-four hours after transfection, the medium was aspirated
from the wells and cells were washed once with PBS. Cells were dislodged from
the well bottoms by a rinsing with 1.5 ml of fresh PBS, and cell suspensions were
transferred to 1.5-ml centrifuge tubes and pelleted by spinning at 3,000 X g for
5 min. The supernatant fractions were aspirated, and pellets were transferred to
dry ice for 10 min. Cell pellets were either stored at —80°C or lysed immediately
by adding 100 pl of loading dye containing 10% sodium dodecyl sulfate (SDS),
0.5% bromophenol blue, and 5% B-mercaptoethanol and boiling for 10 min.
Typically, 3 X10° cells were collected per transfected sample. The lysate from the
equivalent of approximately 1.5 X 10° cells was loaded onto a SDS-13% poly-
acrylamide gel for separation and then transferred to nitrocellulose membrane
(pore size, 0.45 pm; Osmonics, Minnetonka, Minn.). Expressed fusion proteins
were immunoblotted with a 1:1,000 dilution of mouse monoclonal antibody
against EGFP (JL-8; Clontech) and a secondary goat anti-mouse horseradish
peroxidase-conjugated antibody diluted at 1:50,000 (Zymed Laboratories). De-
tection was carried out with a horseradish peroxidase detection kit (Super Signal;
Pierce, Rockford, Ill.) according to the manufacturer’s instructions.

Fluorescence microscopy. The subcellular localization of EGFP-containing
fusion proteins in transfected cells was determined by fluorescence microscopy.
Samples were evaluated for green fluorescence protein fluorescence on an Olym-
pus IX-70 microscope stand, equipped for epifluorescence illumination from a
100-W mercury arc lamp, by using a standard fluorescein isothiocyanate filter set
(528 = 19-nm-wavelength emission filters and a polychroic mirror; excitation at
490 + 10 nm) and a 60X PlanAPO oil immersion objective. Images were
recorded on a liquid-cooled —40°C charge-coupled device camera (CH350L;
Photometrics, Tucson, Ariz.) and analyzed with SoftWoRx software (Applied
Precision Inc., Issaquah, Wash.).

RESULTS

FIV integrase is karyophilic. To determine the karyophilic
property of FIV integrase, we generated a plasmid DNA con-
struct expressing full-length FIV integrase fused to the N ter-
minus of EGFP, with an 8-amino-acid flexible linker separating
the two protein domains (Fig. 1A, construct b). The DNA
construct encoding either EGFP alone or FIV integrase fused
to EGFP was transfected into HeLa-Tat cells. Twenty-four
hours posttransfection, cells were analyzed by fluorescence
microscopy for the subcellular localization of EGFP or the
expressed integrase-EGFP fusion protein.

Previous studies have shown that for proteins of <50 kDa,
passive diffusion into the nucleus can occur via the aqueous
channel of the nuclear pore complex (reviewed in reference
17). Consistent with this characteristic of the nuclear pore
complex and previous work done with EGFP (for example, see
reference 41), HeLa-Tat cells transfected with the plasmid
expressing EGFP only (Fig. 1B, panel a) demonstrated a dif-
fuse fluorescent pattern, indicating that EGFP, a 25-kDa pro-
tein, was able to diffuse freely between the nucleus and cyto-
plasm. In contrast, HeLa-Tat cells transfected with the plasmid
expressing the fusion protein comprising full-length FIV inte-
grase fused to EGFP demonstrated a nuclear fluorescent pat-
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FIG. 1. FIV integrase is karyophilic and targets EGFP fusion proteins to the nuclei of transfected cells. (A) DNA constructs of fusion proteins.
Full-length wild-type (construct b) or truncated (constructs ¢ to ¢) FIV integrases (FIV-IN; white boxes) were cloned into the pEGFP-NI plasmid
and expressed as N-terminal fusion proteins with EGFP (gray boxes). An 8-amino-acid flexible linker with alternating Gly and Ala residues (L) was
inserted between the two proteins. The N- and C-terminus-truncated mutant 53-235 (construct ¢), N-terminus-truncated mutant 53-281 (construct
d), and C-terminus-truncated mutant 1-235 (construct e¢) were constructed based on biochemical and functional studies of FIV integrase (37). The
amino acid positions for FIV integrase are given at the top. The expected molecular mass (in kilodaltons) and subcellular localization of each fusion
protein are indicated to the right of the corresponding construct. Nuc indicates that fluorescence was localized predominantly to the nuclei of
transfected cells, and Dif indicates that fluorescence was distributed evenly throughout transfected cells. A V-shaped line represents the region
deleted from the sequence of FIV integrase. (B) Subcellular localization of fusion proteins consisting of wild-type or mutant derivatives of FIV
integrase and EGFP. Briefly, 1.5 pg of the wild-type or mutant DNA constructs was individually transfected into approximately 4 X 10° HeLa-Tat
cells by using the transfection reagent Polyfect (Qiagen). Twenty-four hours posttransfection, cells were fixed and the localization of the expressed
fusion protein was visualized by fluorescence microscopy with a 60X oil immersion objective (images are shown at a magnification of ~30X). Top
panels are phase contrast images and bottom panels are fluorescence images showing the same fields selected for the indicated constructs to
demonstrate representative fluorescent patterns. IN-EGFP, FIV integrase-EGFP fusion proteins.

tern (Fig. 1B, panel b). The result indicated that FIV integrase
can target the fusion protein to the nuclei of transfected cells
and showed that FIV integrase is karyophilic.

The karyophilic determinant of FIV integrase is located in
the N-terminal domain. Next, we sought to map the karyo-
philic determinant of FIV integrase by analyzing the subcellu-

lar localization of truncated variants of FIV integrase fused to
EGFP. Biochemical and functional studies (36, 37) identified
three discrete domains of FIV integrase: the N-terminal do-
main, comprising residues 1 to 52; the nonspecific DNA-bind-
ing domain, residues 236 to 281, in the C terminus; and the
catalytic domain, located in the central region of the protein.
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We constructed mutant FIV integrases that represented N- or
C-terminal deletion variants and fused them to the N terminus
of EGFP (Fig. 1A, constructs ¢ to e).

Previous studies examining the karyophilic property of
HIV-1 integrase have implicated amino acid residues located
in the core domain as important karyophilic determinants (2,
40). When the corresponding domain of FIV integrase (resi-
dues 53 to 235) was expressed as a fusion protein with EGFP
(Fig. 1A, construct c), a diffuse fluorescent pattern was ob-
served (Fig. 1B, panel ¢). The diffuse fluorescent signal was
presumably a result of passive diffusion due to the size of the
truncated fusion protein (49 kDa). However, the lack of nu-
clear localization of the fluorescent signal suggested that, un-
like HIV-1 integrase, the karyophilic determinant for FIV in-
tegrase does not reside in this region. Another study based on
HIV-1 integrase has suggested that stretches of basic amino
acids, located in both the core and C-terminal domains, func-
tion as a bipartite NLS in HIV-1 integrase (16). For FIV
integrase, however, the expression of residues 53 to 281 fused
to EGFP (Fig. 1A, construct d) resulted in a diffuse fluorescent
pattern (Fig. 1B, panel d), suggesting that the expression of the
central catalytic domain together with the C terminus does not
reconstitute the NLS of FIV integrase. In contrast, when the
C-terminus-truncated FIV integrase (residues 1 to 235) was
fused with EGFP (Fig. 1A, construct e), the expressed fusion
protein demonstrated a nuclear fluorescent pattern similar to
that of the fusion construct containing wild-type integrase (Fig.
1B, panels b and e). The results suggested that the karyophilic
determinant of FIV integrase resides in the N-terminal do-
main.

Subcellular localization of mutant FIV integrases fused to
GST and EGFP. The diffuse fluorescent signals of the fusion
constructs 53-235 and 53-281 suggested that the N-terminal
deletion disrupted the karyophilic property of FIV integrase.
However, the conclusion was based on the assumption that the
sizes of the fusion proteins containing the truncated integrases
were below the cutoff for passive diffusion across the nuclear
envelope, thereby resulting in a diffuse fluorescent pattern. To
confirm the mapping results and to eliminate the possible
artifacts resulting from passive diffusion, we increased the size
of the fusion proteins by cloning the gene encoding the 25-kDa
GST from S. japonicum into the integrase-EGFP fusion con-
structs. The GST was inserted between FIV integrase and
EGFP, with a flexible linker between each of the protein do-
mains (Fig. 2A, constructs ¢ to f). When fused to GST and
EGFP, deletion mutants of FIV integrase incapable of nuclear
import should be excluded from the nucleus based on size and
demonstrate a cytoplasmic fluorescent pattern. The construct
containing EGFP and GST only (Fig. 2A, construct a) served
as a control for the nuclear exclusion of GST-containing fusion
proteins that were not capable of nuclear import and showed
the expected cytoplasmic fluorescent pattern (Fig. 2B, panel
a). The GST-EGFP fusion construct containing the NLS se-
quence of the simian virus 40 (SV40) large T antigen (Fig. 2A,
construct b) represented a positive control for the nuclear
import of fusion proteins containing GST (Fig. 2B, panel b).
The fluorescent signal of full-length wild-type FIV integrase
expressed as a fusion protein with GST and EGFP (Fig. 2A,
construct ¢) was localized predominantly in the nucleus (Fig.
2B, panel ¢), indicating that FIV integrase is capable of tar-

J. VIROL.

geting this large heterologous protein to the nuclei of trans-
fected cells and further supporting the conclusion that FIV
integrase is karyophilic.

When expressed as fusion proteins with GST and EGFP, the
FIV integrase truncation variants 53-235 and 53-281 (Fig. 2A,
constructs d and e, respectively) demonstrated fluorescent pat-
terns restricted largely to the cytoplasm instead of the previ-
ously observed diffuse fluorescent patterns (compare Fig. 1B,
panels ¢ and d, with Fig. 2B, panels d and e). These results
agree with our earlier conclusion that residues 53 to 281 are
insufficient to target the fusion protein to the nucleus. Consis-
tent with the results observed for the 1-235 fusion construct
(Fig. 1B, panel e), the fluorescent signal of the g1-235 fusion
protein (Fig. 2A, construct f) localized primarily to the nuclei
of transfected cells (Fig. 2B, panel f). Together, these results
further indicated that the karyophilic determinant for FIV
integrase is not located in the central catalytic or C-terminal
domain but is contained in the N-terminal domain.

Transfection assays were performed with both HeLa-Tat
and 293T cell lines. For each construct, and under the de-
scribed experimental conditions, the expression levels of the
fusion proteins were higher in the 293T cell line. However, the
subcellular localization patterns of the expressed fusion pro-
teins were identical in both of these human cell lines.

Observed fluorescent signals correlate with expression of
full-length fusion proteins. In addition to size, another possi-
ble explanation for the diffuse fluorescent signal, as seen in Fig.
1B, is protein instability. Degradation might destroy the NLS
or decrease the size of the fusion protein, leading to a fluores-
cent signal that did not represent the direct effect of the mu-
tation on the karyophilic property of FIV integrase. To ensure
that degradation of the fusion proteins did not compromise
our microscopy data, Western blot analysis was used to confirm
that the observed fluorescent patterns correlated with the ex-
pression of the full-length fusion proteins (Fig. 3). Western
blot analysis with a monoclonal antibody against EGFP de-
tected full-length fusion proteins in lysates derived from cells
transfected with either wild-type integrase (Fig. 3, lane 3) or
one of the mutant integrases (Fig. 3, lanes 4 to 6). The majority
of the expressed fusion proteins were intact, and the amount of
degradation was minimal. The result verified that the observed
fluorescent pattern indeed reflects the subcellular localization
of the fusion protein and is not an artifact due to degradation.

The karyophilic determinant of FIV integrase maps to the
N-terminal zinc-binding motif. Because the results of our ini-
tial experiments using truncation mutants suggested that the
karyophilic determinant of FIV integrase resides in the N-
terminal domain, we sought to further characterize the role of
the N terminus in nuclear import by preparing additional mu-
tant FIV integrases as fusion proteins with GST and EGFP
(Fig. 4A). To investigate whether the N-terminal domain alone
could target the fusion protein to the nucleus, we made a
construct comprising the N-terminal domain (residues 1 to 50)
fused to GST and EGFP (Fig. 4A, construct a). The fluores-
cence pattern of this fusion protein was predominantly cyto-
plasmic (Fig. 4B, panel a), indicating that the N-terminal do-
main, although necessary, was by itself insufficient to direct the
fusion protein to the nucleus. This result also suggested that
the karyophilic determinant for FIV integrase is unlikely to be
a simple signal sequence harbored in the N-terminal domain.
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FIG. 2. Subcellular localization of wild-type or truncated FIV integrase (FIV-IN) fused with GST and EGFP. (A) DNA constructs of fusion
proteins. GST was added to the full-length wild-type integrase (construct c) or to deletion mutants of pF-IN/EGFP constructs (constructs d to f),
with the 8-amino-acid flexible linker (L) inserted between the adjoining protein domains (for details, see Materials and Methods). The domains
of integrase fused to GST and EGFP were as described in the legend for Fig. 1. The black and gray boxes indicate GST and the NLS of the SV40
large T antigen, respectively. The peptide containing the SV40 large T antigen NLS (MPKKKRKVEDPGT) was inserted upstream of EGFP at
the EcoRI-Kpnl restriction sites of pPEGFP-N1. EGFP-GST fusion protein alone (construct a) and EGFP-GST fused with the SV40 large T antigen
NLS (construct b) served as negative and positive controls, respectively, for subcellular localization. The subcellular localization of transfected
fusion proteins is described as Nuc and Cy, indicating that fluorescence was localized primarily to the nuclei and cytoplasm of transfected cells,
respectively. Numbers have the same connotation as those in Fig. 1. (B) Subcellular localization. Plasmid DNA (2 p.g) encoding the various fusion
constructs was individually transfected into approximately 6 X 10° 293T cells by using the transfection reagent Polyfect (Qiagen). The remaining
procedure was as described in the legend for Fig. 1. Top and bottom panels depict the phase contrast and fluorescence images, respectively, of the
same fields. Images are shown at a magnification of ~340X. IN-GST-EGFP, integrase-GST-EGFP fusion proteins.

The N terminus of integrase contains the zinc-binding
HHCC motif that is highly conserved among retroviral inte-
grases (34). For HIV-1 and murine leukemia virus integrases,
the N-terminal HHCC motif promotes the multimerization of
integrase upon coordination of zinc by the conserved His and
Cys residues (24, 44, 46). The replacement of the Cys of the
HHCC motif of FIV integrase (residues 42 and 45) with His
abolishes the enzymatic activity of the protein (R. S. Appa and

S. A. Chow, unpublished results). To examine the possible role
of the zinc-binding motif in the nuclear import of FIV inte-
grase, the Cys residues of the HHCC motif were changed to
His in the context of full-length FIV integrase, g1-281CH, and
its C-terminus-truncated mutant, gl-235CH (Fig. 4A, con-
structs b and c, respectively). In contrast to that of their re-
spective wild-type counterparts, the expression of each of these
fusion proteins resulted in a cytoplasmic fluorescent pattern,
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FIG. 3. Western blot analysis of 293T cells expressing the various
integrase-GST-EGFP fusion proteins. The lysate from approximately
1.5 X 10° 293T cells transfected with 2 pg of DNA encoding the
indicated fusion proteins was resolved by electrophoresis through a
SDS-13% polyacrylamide gel at 150 V for approximately 2 h. After
separation, the proteins were transferred to a nitrocellulose membrane
and analyzed by immunoblotting with a monoclonal antibody against
EGFP (Clontech). The numbers on the left indicate the molecular
masses, in kilodaltons, of size markers (BRL).

suggesting that the nuclear import of FIV integrase requires an
intact zinc-binding domain (Fig. 4B, panels b and c).

FIV integrase contains an additional karyophilic determi-
nant near the C terminus. Based on the results observed for
g1-281CH and g1-235CH, we concluded that the N-terminal
zinc-binding domain plays a primary role in the nuclear import
of the FIV integrase fusion proteins. However, the cytoplasmic
fluorescent signals observed for the g1-50 fusion protein indi-
cated that the zinc-binding domain alone does not constitute
the karyophilic determinant for FIV integrase and that an
additional determinant may exist elsewhere.

To map the additional determinant, we made the fusion
construct g1-213 in which residues 214 to 281 of FIV integrase
were deleted (Fig. 4A, construct d). We chose residues 214 to
235 because they are enriched with basic amino acids, a feature
characteristic of canonical NLS (17). This region also corre-
sponds to the distal sequence of the purported bipartite NLS
identified for HIV-1 integrase (16). The presence of fluores-
cent signals in the nucleus indicated that the g1-213 variant is
still karyophilic. However, a significant level of fluorescence
was also observed in the cytoplasm, suggesting that the fusion
protein was targeted to the nucleus in a less efficient manner
than wild-type FIV integrase or the g1-235 mutant. Western
blot analysis showed that the majority of the g1-213 was full-
length and eliminated the possibility that the diffuse fluores-
cent pattern was a result of degradation (Fig. 5, lane 4).

To further characterize the role of residues 214 to 235 in
nuclear import, selected basic residues within this region of
FIV integrase were mutated. Within the 214-235 region of FIV
integrase, we targeted the 2 KDQKDKK?*** sequence for mu-
tational analysis to determine if these basic residues might
constitute an NLS sequence. The replacement of Lys residues
234 and 235 with Val in construct g1-235KV (Fig. 4A, con-
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struct e) and the replacement of Lys residues 229 and 232 with
Ala, in addition to Val-for-Lys substitutions at positions 234
and 235, in construct gl-235KAV (Fig. 4A, construct f) had
effects similar to that of the deletion mutant g1-213 and re-
sulted in diffuse fluorescent signals (Fig. 4B, panels e and f). In
the case of both g1-235KV and 1-235KAYV, Western blot anal-
ysis ruled out the possibility that the observed fluorescent pat-
terns were a result of degradation (Fig. 5, lanes 5 and 6,
respectively). Although the presence of the Lys residues in the
sequence *?KDQKDKK?* did not mediate the nuclear im-
port of FIV integrase in the context of the zinc-binding domain
mutants, g1-281CH and g1-235CH, the increased nuclear flu-
orescence for constructs g1-235KV and g1-235KAV suggested
that these basic amino acid residues may function as an acces-
sory karyophilic determinant and play a modulatory role in the
nuclear import of FIV integrase.

Although the region containing residues 214 to 235 is not
karyophilic by itself, it may function in conjunction with the
N-terminal domain as a nonconventional, bipartite NLS in FIV
integrase. To test this possibility, we generated a DNA con-
struct encoding residues 1 to 50 and residues 214 to 235 sep-
arated by a flexible linker (Fig. 4A, construct g). When ex-
pressed as a fusion protein with GST and EGFP, this bidomain
construct was unable to direct the fusion protein to the nuclei
of transfected 293T cells (Fig. 4B, panel g). We therefore
conclude that the zinc-binding domain and 214-235 region of
FIV integrase do not function together as a bipartite NLS to
mediate the nuclear import of FIV integrase.

Subcellular localization of fusion constructs expressed in
feline cells. Both 293T and HeLa-Tat cells used in the previous
experiments were derived from humans. To ensure that the
results observed for the FIV integrase fusion proteins were not
artifacts of the human cell system, we repeated the transfection
experiments in a feline kidney cell line, CrFK. Consistent with
the results obtained with human cells, full-length wild-type FIV
integrase expressed as a fusion protein with GST and EGFP
localized primarily to the nuclei of transfected CrFK cells (Fig.
6a), thereby offering further evidence that FIV integrase is
karyophilic. Analysis of the fluorescent patterns demonstrated
by the fusion constructs g53-281 and g1-235 expressed in CrFK
cells corroborated our previous conclusion that the N terminus
harbors the karyophilic determinant for FIV integrase. Trun-
cation of the C-terminal domain (gl1-235) did not affect the
nuclear localization of the fusion protein (Fig. 6¢), whereas the
deletion of the N terminus prohibited the nuclear import of
¢53-281 in feline cells (Fig. 6b). Similar to that in human cells,
the expression of g1-281CH in feline cells resulted in a cyto-
plasmic fluorescent pattern (Fig. 6e). These results underscore
the importance of the N-terminal zinc-binding domain to the
nuclear import of FIV integrase and suggest that similar mech-
anisms for the import of the protein are used in both feline and
human cells.

As in human cells, the N-terminal domain of FIV integrase
by itself was insufficient to target the fusion protein to the
nuclei in feline cells (Fig. 6d). Residues 214 to 235, near the C
terminus, also played a role in the nuclear import of FIV
integrase in CrFK cells. The expression of gl1-213 and gl-
235KAYV in CrFK cells resulted in diffuse fluorescent patterns
similar to those observed with human cells (compare Fig. 4B,
panels d and f, with Fig. 6f and g). These results further sug-
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FIG. 4. Role of the N-terminal zinc-binding domain and Lys residues within the region from 214 to 235 of FIV integrase in nuclear import.
(A) DNA constructs. Mutant FIV integrases containing amino acid substitutions or deletions were fused with GST and EGFP and cloned into
pcDNA4 (see Materials and Methods). The mutant derivatives of FIV integrase tested were as follows: g1-50, N-terminal domain (construct a);
g1-281CH, full-length integrase containing Cys-to-His changes at positions 40 and 43 (construct b); g1-235CH, C-terminus-truncated mutant with
the Cys-to-His changes (construct ¢); g1-213, C-terminus-truncated mutant (construct d); g1-235KV, C-terminus-truncated mutant with Lys-to-Val
changes at positions 234 and 235 (construct e); g1-235KAV, C-terminus-truncated mutant with Lys-to-Val changes at positions 234 and 235 and
Lys-to-Ala changes at positions 229 and 232 (construct f); and gN/C, bidomain mutant containing the N-terminal domain and residues 213 to 235
separated by the flexible linker (construct g). An asterisk indicates a single amino acid substitution, and other symbols and numbers have the same
connotation as those in Fig. 1. (B) Subcellular localization. 293T cells were transfected with the indicated DNA constructs and analyzed as

described in the legend for Fig. 2B.

gested that these basic residues have a modulatory role in the
nuclear import of FIV integrase. Also consistent with our ob-
servations in human cells was the result for the bidomain
mutant, gN/C (Fig. 4A, construct g). When expressed in feline

cells, gN/C failed to localize to the nuclei of transfected cells
(Fig. 6h), indicating that the zinc-binding domain and the basic
residues near the C terminus do not function as a bipartite
NLS in feline cells.
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FIG. 5. Analysis of fusion proteins containing mutant FIV inte-
grases and GST-EGFP by Western blotting. Separation of the cell
lysate and immunoblotting with anti-EGFP monoclonal antibody were
performed as described in the legend for Fig. 3. The identity of the
fusion proteins is as labeled on top, and the numbers on the left are the
sizes in kilodaltons of the molecular mass markers.

DISCUSSION

We have demonstrated that FIV integrase is karyophilic
based on its ability to localize a fusion protein to the nuclei of
transfected human and feline cells. The karyophilic property of
FIV integrase is consistent with the karyophilic property de-
scribed for other retroviral integrases. The integrases of both
HIV-1 and simian immunodeficiency virus can target heterol-
ogous fusion proteins to the nuclei of transfected cells (2, 7, 16,
30, 31, 40). Using a similar approach, avian sarcoma virus
integrase fused with B-galactosidase also localizes in the nu-
cleus (21, 22). Although the nuclear localization of several
retroviral integrases has been described in the context of trans-
fection assays, the identity of the NLS is not well defined and
the mechanism of import remains poorly understood (2, 19,
30). In the case of HIV-1 integrase, a putative bipartite NLS
comprising residues 186 to 188 and 211 to 219 has been iden-
tified and shown to facilitate interaction between integrase and
karyopherin « (16). However, the function of these residues as
an NLS and the involvement of karyopherins in the nuclear
import of HIV-1 integrase have been refuted (6). In a separate
study, V165 and R166 within a 13-residue peptide located in
the core domain of HIV-1 integrase, but not bipartite, have
been found to be critical for nuclear import (2). For avian
sarcoma virus integrase, the karyophilic determinant has been
proposed to be a noncanonical NLS that maps to basic amino
acids located within residues 207 to 235 of the protein (22).

In this study, based on the subcellular localization of trun-
cated and mutant variants of FIV integrase fused to GST and
EGFP, we mapped the karyophilic determinant of FIV inte-
grase to the highly conserved N-terminal zinc-binding motif.
For full-length FIV integrase and its C-terminus-truncated
variant, the replacement of two highly conserved Cys residues
in the N-terminal zinc-binding domain (gl-281CH and gl-
235CH, respectively) results in the nuclear exclusion of the
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fusion protein and indicates that the zinc-binding motif plays
an essential role in the nuclear import of FIV integrase. How-
ever, the N terminus alone (g1-50) was insufficient to direct the
fusion protein to the nucleus, suggesting that the karyophilic
determinant is not a simple signal sequence harbored in the
N-terminal domain.

In addition to the N terminus, we also analyzed the central
catalytic and C-terminal domains of FIV integrase for their
potential contribution to nuclear import. As discussed earlier,
a putative bipartite NLS and a 13-residue peptide in the core
domain of HIV-1 integrase have been proposed to function in
nuclear import (2, 16). However, the central catalytic domain
of FIV integrase is not karyophilic as determined by our fusion
protein assay (Fig. 1 and 2). Interestingly, the noncanonical
13-residue NLS identified in the core domain of HIV-1 inte-
grase is conserved among HIV-1, HIV-2, and simian immuno-
deficiency virus isolates (2) but not in FIV integrase. Like
those of other retroviral integrases, the C terminus of FIV
integrase is capable of binding DNA in a sequence-indepen-
dent manner (37). Given its DNA-binding property, an alter-
native explanation for the nuclear localization of FIV integrase
is the trapping of the protein in the nucleus as a result of DNA
binding by the C-terminal domain. We think that this scenario
is unlikely because of the nuclear fluorescent pattern demon-
strated by the truncation variants 1-235 and gl1-235, both of
which lack the C-terminal DNA-binding domain. Although the
C-terminus-truncated FIV integrase can still bind DNA, the
binding affinity is greater than 20-fold less than that of the
full-length protein (37). Furthermore, the DNA-binding prop-
erty of the HIV-1 core domain is limited to the branched
“Y-mer” disintegration substrate (11). Therefore, our results
indicate that the nuclear import of FIV integrase does not
depend on the C terminus and that trapping is not a likely
mechanism by which the protein accumulates in the nucleus.

Because the N terminus of FIV integrase is not karyophilic
per se, we postulated that the nuclear import of FIV integrase
might require both the N-terminal zinc-binding domain and an
additional region elsewhere in the protein. Since the fusion
proteins without the last 50 amino acids of FIV integrase are
karyophilic, we sought to identify the additional region by
further truncating the C-terminal end of FIV integrase. The
diffuse fluorescence observed for the mutant g1-213, compared
to the nuclear fluorescence observed for mutants 1-235 and
g1-235, suggests a role for residues 214 to 235 in the nuclear
import of integrase. Further supporting the role of this region
in nuclear import are the results obtained for mutants gl-
235KV and gl-235KAV. Because basic amino acid residues
such as Lys and Arg are known to constitute canonical NLS
(17), we targeted the Lys residues in the 214-235 region for
mutational analysis. For both mutant fusion proteins, the re-
placement of these Lys residues with Ala and Val led to the
detection of fluorescence in both the nucleus and cytoplasm.
The immunoblot analysis showed that the majority of the ex-
pressed fusion proteins were full-length, ruling out the possi-
bility that the diffuse fluorescent patterns were a result of
protein degradation. Since the sizes of gl1-235KV and
1-235KAYV (both 80 kDa) far exceed the cutoff limit for passive
diffusion across the nuclear envelope, the presence of the mu-
tant fusion proteins in the nucleus indicates that they are still
capable of nuclear import. However, the increased fluorescent
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FIG. 6. Karyophilic property of FIV integrase and its mutant derivatives in feline cells. CrFK cells were transfected with the indicated DNA
constructs and analyzed for distribution of fluorescent signals as described in the legend for Fig. 1. Images are shown at a magnification of ~450X.

signals in the cytoplasm, in comparison to that of the wild type,
suggests that the efficiency of the nuclear import of the fusion
proteins containing the Lys mutations is reduced. Though
these results underscore the importance of these basic residues
in the nuclear import of FIV integrase, the lack of fluorescent
signals in the nucleus for g1-281CH and g1-235CH indicates
that in the absence of the zinc-binding motif, the Lys residues
near the C terminus are insufficient to direct the nuclear im-
port of the fusion protein. Therefore, we conclude that the role
of the Lys residues in the nuclear import of FIV integrase is
secondary to that of the zinc-binding motif.

We also tested the possibility that the N-terminal zinc-bind-
ing domain and the region consisting of residues 214 to 235
near the C terminus, each by itself incapable of mediating
nuclear import, may together constitute a functional NLS. This
is analogous to the bipartite NLS of nucleoplasmin, which
consists of two noncontiguous clusters of basic amino acids (8).
The cytoplasmic fluorescence demonstrated by the bidomain
construct gN/C indicates that these two regions do not form a
bipartite NLS to mediate the nuclear import of FIV integrase.

Our work identifies FIV integrase as an example of a protein
whose karyophilic property is attributed to a zinc-binding mo-
tif. The NLS function depends on the integrity of the zinc-
binding motif, as substitutions that alter the coordination of
zinc disrupt the nuclear localization of the protein. For many
zinc-binding proteins, the metal-coordination domain adopts a
fingerlike structure and is involved in DNA binding (for a
review, see reference 23). However, for HIV-1 integrase, the
zinc-binding motif has a helix-turn-helix structure (5) that does
not bind DNA but functions to promote multimerization of
integrase monomers (24, 46). The amino acid sequences of the
N-terminal domains of FIV and HIV-1 integrases share 40%
identity (36). The N-terminal domains of the two integrases
possess the same biochemical properties (37) and presumably
have similar structures. Given the role of the zinc-binding
domain in multimer formation, one possible explanation for
the requirement of the HHCC motif in nuclear import is that
FIV integrase is preferentially transported into the nucleus as
a multimer. The assembly of higher-order multimers of inte-
grase may be required for interaction with host proteins in-
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volved in nuclear import or for the stabilization of structural
features of integrase critical for its karyophilic property. Alter-
natively, the nuclear import of FIV integrase is accomplished
by a direct interaction between the HHCC motif and the cel-
lular nuclear trafficking machinery.

According to the above model, it is possible that the basic
residues located within the region from 214 to 235 may con-
tribute to the stability of a structural feature involved in nu-
clear import. Such a role would explain why these residues
alone do not constitute an NLS but their deletion or replace-
ment interferes with the efficient nuclear import of the fusion
protein and leads to a diffuse fluorescent pattern in our assay.
Alternatively, the increased number of these sequences in the
context of an integrase multimer may provide a stronger signal
for a more efficient transport into the nucleus.

We also investigated the role of the N-terminal zinc-binding
domain in the nuclear import of HIV-1 integrase. In contrast
to FIV, HIV-1 integrase did not require an intact zinc-binding
domain for nuclear import. When the conserved Cys residues
in the N-terminal zinc-binding domain of HIV-1 integrase
were replaced with His, the mutant was still able to target an
EGFP fusion protein to the nuclei of transfected cells in a
manner indistinguishable from that of the wild type (data not
shown). Furthermore, the deletion of the entire N terminus
(residues 1 to 50) of HIV-1 integrase still resulted in the
nuclear localization of the fusion protein (data not shown).
These results indicate that, for HIV-1 integrase, the N-termi-
nal zinc-binding motif is not involved in mediating the nuclear
import of the integrase. The result suggests that the mecha-
nism for nuclear entry of HIV-1 integrase is different from that
of FIV integrase. Alternatively, according to the model pro-
posed for FIV integrase, the two integrases share the same
mechanism but the zinc-binding motif of HIV-1 integrase ei-
ther does not directly interact with cellular nuclear import
factors or is not required to stabilize structural features of the
integrase that are involved in nuclear import.

The model we have presented here for the nuclear import of
FIV integrase requires a specific interaction between integrase
and a host factor. It is therefore necessary to confirm the
validity of our observations for feline cells. The facts that FIV
integrase is imported into the nuclei in both feline and human
cells and that in both cell types the import depends on the
zinc-binding domain suggest that the mechanism of nuclear
entry does not rely on import factors present only in feline
cells. We hypothesize that FIV integrase interacts with yet-to-
be-identified cellular factors that are conserved in both feline
and human cells. Potential host candidates include members of
the karyopherin or importin families of nuclear import factors,
as well as components of the nucleoporin complex (for reviews,
see references 17 and 28).

An increasing number of karyophilic proteins with their
karyophilic determinants mapped to a zinc-binding domain
have been characterized. In some cases, the structure of the
zinc-binding domain has been separated from its NLS func-
tion. For example, two members of the lipid-dependent serine/
threonine protein kinase C family that shuttle between the
nucleus and cytoplasm, EPKC and ANPKC, require the N-termi-
nal part of their zinc-finger domains for nuclear import but the
NLS function of the zinc-binding domain can be separated
from the integrity of the zinc-finger structure (29). Similarly,
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the karyophilic property of TIS11, a member of the CCCH
zinc-finger family that functions as a positive transcriptional
regulator, is maintained even when the Cys residues required
for zinc binding are mutated to Ala (27). In contrast, some
proteins seem to depend on the integrity of the zinc-finger
structure for nuclear import. For the Kriippel-like transcrip-
tion factor family, whose members include erythroid Kriippel-
like factor (EKLF/KLF1) and RANTES factor of late acti-
vated T lymphocytes-1 (RFLAT-1/KLF13), the highly
conserved zinc fingers common to this protein family act as
strong NLS (32, 38). No canonical NLS sequence is present
within the three zinc fingers of RFLAT-1, but the deletion of
the last zinc finger significantly reduces the nuclear import of
the protein. In the case of EKLF, all three zinc fingers are
required for them to function as an NLS. In addition to the
zinc-finger NLS, a canonical basic NLS is present in both
RFLAT-1 and EKLF. However, in both instances the zinc-
finger NLS is able to direct nuclear import in the absence of
the canonical basic NLS. Our characterization of the nuclear
import of FIV integrase adds another member to this growing
family of proteins whose karyophilic property is closely tied to
a zinc-binding domain.

One critical and salient feature of lentiviruses is their ability
to infect nondividing and terminally differentiated cells. Some
of the key questions include the mechanism of nuclear import
and the role of integrase in enabling lentiviral particles to
infect susceptible cells independent of the cell cycle phase.
Further studies on the trafficking of FIV integrase and the
subviral particle will shed light on the nuclear entry process of
lentiviruses and identify host factors involved at this important
step of viral replication.
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