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Summary. – We have reported previously that the prototype foamy virus (PFV) integrase (IN) has a strong 
nuclear localization signal (NLS) in its C-terminal domain, in particular in a region of aa 306–334 including 
highly karyophilic arginines or lysines at positions 308, 313, 318, 324, and 329. In this study, we used vari-
ous mutants of the C-terminal domain to further analyze its karyophilic determinants. Plasmids expressing 
these mutants fused to maltose binding protein (MBP) and enhanced green fluorescent protein (EGFP) were 
transfected to COS-1 cells and subcellular localization of these fluorescent fusion proteins was determined by 
fluorescent microscopy. The results revealed that a maximum karyophilicity was exhibited by a region longer 
than the previously described one of 29 aa (aa 306–334), in particular by a 64 aa region (aa 289–352) with 
Arg341 and Lys349 as critical determinants. 
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Introduction

The family Retroviridae is taxonomically classified into 
subfamilies Orthoretrovirinae that consists of the six genera 
and Spumaretrovirinae that has only one genus Spumavirus 
containing foamy viruses (Fauquet et al., 2005). PFV previ-
ously referred to as the human foamy virus is one of the most 
well-known foamy viruses. PFV was initially isolated from 
the lymphoblastoid cells of a Kenyan patient with nasopha-
ryngeal carcinoma (Achong et al., 1971). Multiple studies 
have since revealed that foamy viruses are different from the 
typical retroviruses in several ways. For example, their viral 
particles contain large amount of functionally relevant DNA 
and their life cycle includes intracellular movement of the 
viral particles (Rethwilm, 1996; Weiss, 1996; Linial, 1999).

Retroviral integrase is a viral enzyme that has two es-
sential roles during the viral replication. First, it catalyzes 

covalent insertion of the DNA copy of viral genome into the 
host genomic DNA, a process called integration (Engelman 
et al., 1991; Pahl and Flugel, 1995). Second, it mediates the 
transport of preintegration complex (PIC) from cytoplasm 
to the nucleus of infected cell (Craigie, 2001). IN is a key 
component of PIC, which is composed of the viral DNA 
and proteins. The movement of PIC from cytoplasm to the 
nucleus is directed by NLS found in the viral proteins of PIC. 
The integration of human immunodeficiency virus 1 (HIV-1) 
DNA is influenced by NLS found in the IN (Gallay et al., 
1995, 1996). In this process, IN directs the nuclear localiza-
tion and insertion of viral DNA into the cellular DNA. HIV-1 
IN has two NLS of the basic bipartite type extending from aa 
186–188 and aa 211–219, respectively (Gallay et al., 1997). 
However, a further study found an additional NLS located 
in the central domain of HIV-1 IN at the region aa 161–173 
(Bouyac-Bertoia et al., 2001). Avian sarcoma virus IN has 
been reported to have a functional NLS found between aa 
206–235 (Kukolj et al., 1997). In addition, the karyophilic 
determinant of feline immunodeficiency virus IN was 
mapped to the highly conserved N-terminal zinc-binding 
HHCC motif (Woodward et al., 2003). However, little is 
known about the functional domains and NLS of PFV IN. 
We previously characterized the functional region and aa 
in PFV IN using chimeric proteins and domain-swapping 
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with HIV-1 IN (Lee et al., 2005). Using specific monoclonal 
antibodies, Imrich et al. (2000) reported that PFV IN has 
the karyophilic properties. Recently, we reported that the 
C-terminal domain of PFV IN has a strong NLS containing 5 
basic aa (Arg308, Arg313, Lys318, Lys324, and Arg329) that 
are karyophilic (An et al., 2008). However, the short array 
of 29 aa located between aa 306-334 containing 5 basic aa 
is not karyophilic.

In this work, we attempted to define the minimal size 
and critical amino acids of NLS of PFV IN in relation to the 
nuclear localization of PFV IN. For this purpose, we prepared 
plasmids expressing various mutants of a 64 aa region (aa 
289–352) of NLS fused to MBP and EGFP, transfected them 
to the COS-1 cells and determined subcellular localization of 
the expressed fluorescent fusion proteins. The obtained re-
sults showed that the analyzed 64-aa region can be regarded 
as a karyophilic core of PFV IN and Arg341 and Lys349 as 
its critical determinants.

Materials and Methods

Cells and transfection. COS-1 cells were cultured in DMEM 
supplemented with 10% fetal bovine serum (Gibco), 100 U/ml 
penicillin, and 100 µg/ml streptomycin at 37°C in a humidified 
atmosphere containing 5% CO2. Trypsinized cells 1.6 × 104 cells/ml 
were resuspended in 300 µl of medium and plated in an 8-well 

chambered coverglass. Next morning, the cells were transfected 
with DNA (about 1.0 µg) coding for the fusion proteins using the 
SuperFect reagent (Qiagen). Subcellular localization of the fusion 
proteins was analyzed 24 hrs post-transfection.

Vector constructs. Expression vectors for single aa substitu-
tion and deletion mutants were constructed by the ligation of aa 
306–334, 306–344, 306–352, 306–371, 289–334, 289–344, 289–352, 
and 289–371 fragments of PFV IN into the HindIII/KpnI site of the 
pEGFP-C3 (Clontech, An et al., 2008). Mutant fragments were cre-
ated via overlapping PCR with the mutagenic primers described in 
Table 1 (Lee et al., 2005). Briefly, PCR produced the half fragments 
of the 292G, 305S, 341S, and 349T mutants by using the PFIN241S 
forward primer with the appropriate reverse primer (PFIN292A, 
PFIN305A, PFIN341A, and PFIN349A, respectively). The other 
half fragments were amplified with the appropriate forward primer 
(PFIN292S, PFIN305S, PFIN341S, and PFIN349S, respectively) 
and the FC6A reverse primer. Next, PCRs were carried out us-
ing PFIN289S or PFIN289S292 (only for the mutant 292G) and 
PFIN352A, PFIN352A349 (only for the mutant C289/352-349), or 
FC6A, respectively, in the presence of appropriate template frag-
ments generated from the first PCRs. The mutant 369F (C289/371-
369) was directly constructed by the amplification with HFIN289S 
and FC6A369. 

The deletion mutants in C-terminal region were constructed 
by using PFIN289S or PFIN306S and PFIN334A, PFIN344A, 
PFIN352A, or FC6A, respectively. We inserted MBP of 43 K be-
tween the EGFP and PFV IN fragment to increase the size of fusion 

Table 1. PCR primers 

Primers Sequences (5ʹ–3ʹ) Restriction or mutagenic 
sites

MBP-3S 5ʹ-GCATCTCGAGATCGAAGAAGGTAAACTGGTAATCTGG-3ʹ Xho I
MBP-367A 5ʹ-TTGTTAAGCTTTCCTCCAGTCTGCGCGTCTTTCAGGGCTTC-3ʹ Hind III
PFIN241S 5ʹ-AAATATACTCCACATCAACTC-3ʹ
PFIN289S 5ʹ-CATCCAAAGCTTGCCTCCTCTCGTTCCTGG3ʹ Hind III
PFIN289S292 5ʹ-TCCACCAAGCTTGCCTCCTCTGGATCCTGGTCTC-3ʹ Hind III/292G
PFIN306S 5ʹ-CAGAAGCTTGTGGCTAGGCCTGCTTCTTTG-3ʹ Hind III
PFIN334A 5ʹ-AAGGGTACCCAAAATAACAACAGTCCTTGG-3ʹ Kpn I
PFIN344A 5ʹ-ATTGGTACCACTTACAGTTCTGTTGTTGCC-3ʹ Kpn I
PFIN352A 5ʹ-ATTGGTACCAGAAGTAGGTTTTAAATTATCTATAC-3ʹ Kpn I
PFIN352A349 5ʹ-ATTGGTACCAGAAGTAGGTGTTAAATTATCTATAC-3ʹ Kpn I
FC6A 5ʹ-TGCGGGTACCTCATTTTTTTCCAAATGATCC-3ʹ Kpn I
PFIN292S 5ʹ-CCAGCCTCCTCTGGATCCTGGTCTCCTGTTGTTGGCCAATTG-3ʹ 292G
PFIN292A 5ʹ-CAGGAGACCAGGATCCAGAGGAGGCTGGAGGGGTGGATGG-3ʹ 2 92G
PFIN305S 5ʹ-CAATTGGTCCAGGAGACGGTGGCTACGCCTGCTTCTTTG-3ʹ 305T
PFIN305A 5ʹ-CAAAGAAGCAGGCGTAGCCACCGTCTCCTGGACCAATTG-3ʹ 305T
PFIN341S 5ʹ-CTTGGCAACAACAGTACTGTAAGTATAGATAATTTAAAACC-3ʹ 341S
PFIN341A 5ʹ-CTATACTTACAGTACTGTTGTTGCCAAGATGGTCCAAAATAAC-3ʹ 341S
PFIN349S 5ʹ-GTATAGATAATTTAACACCTACTTCTCATCAGAATGGCACC-3ʹ 349T
PFIN349A 5ʹ-GATGAGAAGTAGGTGTTAAATTATCTATACTTACAGTTCTGTTG-3ʹ 349T
FC6A369 5ʹ-TGCGGGTACCTCATTGAATTCCAAATGATCCATTGTTGC-3ʹ Kpn I/369F

Mutagenic sequences are indicated in italics. Restriction sites are underlined.
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protein. The template for amplification of MBP DNA was pMal-c2 
(New England Biolabs). Larger size of the fusion protein could 
prevent a non-specific passive diffusion across the nuclear envelope. 
Plasmid DNA for transfection was purified using a Jetstar plasmid 
purification kit (Genomed). The mutations were verified by DNA 
sequencing conducted by Macrogen, Korea.

Fluorescent microscopy. Subcellular localization of the fusion pro-
teins in transfected cells was determined using Nikon fluorescence 
microscope TE 2000. Nuclear localization efficiency is defined as a ra-
tio of the number of cells showing nuclear fluorescence to the number 
of cells showing nuclear or cytoplasmic fluorescence (Woodward et 
al., 2003). Transfected cells were considered as the cells exhibiting 
primarily cytoplasmic localization, when nuclear localization effi-
ciency was below 50% or as the cells exhibiting nuclear localization, 
when its efficiency was greater than 50% (Woodward et al., 2003). 
At least 100–150 cells were measured for one representative in an 
independent experiment. All of the data represent the average values 
(the mean ± standard deviation) from three independent experiments 
with at least three microscopic fields counted each time.

Results

Deletion mutants of the C-terminal domain

To determine a minimal karyophilic region of PFV IN, 
we generated seven plasmid DNA constructs that encode 
various deletion mutants of the PFV IN C-terminal domain 
fused to the C-terminus of EGFP-MBP (Fig. 1). Subcellular 
localization was determined by the nuclear localization ef-
ficiency expressed as a percentage of number of cells showing 
nuclear fluorescence to the number of cells showing nuclear 
or cytoplasmic fluorescence.

EGFP-MBP fusion protein of 68 K served as a control for 
the nuclear exclusion of fusion proteins that were incapable 
of nuclear import. The cells transfected with the EGFP-MBP 
plasmid showed the expected cytoplasmic fluorescence. In 
contrast, a fusion protein containing the highly karyophilic 
simian virus 40 (SV40) NLS localized exclusively in the nu-
cleus and served as a positive control for the nuclear import 
(Fig. 1). The PFV IN C-terminal domain (83 aa region) fused 
to the EGFP-MBP, signed as EGFP-C had a strong NLS and 
localized primarily to the nucleus (Fig. 1). Six of the seven 
deletion mutants of the PFV IN C-terminal domain were 
less karyophilic and exhibited nuclear localization efficien-
cies of 5.1 to 35.4%. Only C289/352 deletion mutant was 
more karyophilic showing the nuclear localization efficiency 
of 66.8 ± 3.7% (Fig. 1). Therefore, we concluded that a 64 
aa region (aa 289–352) of the PFV IN C-terminal domain 
including 10 basic aa could be the minimal region able to 
act as a NLS. 

Single amino acid substitution mutants of the 289/352 
region

When the minimal size of PFV IN C-terminal domain 
for the nuclear localization had been identified, we were 
interested to identify amino acids playing a critical role in 
the localization of IN protein to the nucleus. There are 10 
basic aa (lysine or arginine) in the 289/352 region. The six 
basic aa – Arg308, Arg313, Arg315, Lys318, Lys324, and 
Arg329 – were tested in our previous study (An et al., 2008). 
In this study, four other basic aa – Arg292, Arg305, Arg341, 
and Lys349 – were examined for their karyophilic proper-
ties by the single aa substitution (Fig. 2). We found that the 
mutant fusion proteins C289/352-292 and C289/352-305 

Fig. 1

Karyophilic properties of deletion mutants of the C-terminal domain
The numbers in parentheses indicate the percentage of nuclear localization efficiency. Cytoplasm (Cyt), nucleus (Nuc).
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primarily localized to the nuclei of transfected COS-1 cells 
with the nuclear localization efficiencies of 65.7±4.1 and 
62.5±3.2%, respectively. In contrast, the mutant fusion 
proteins C289/352-341 and C289/352-349 primarily local-
ized to the cytoplasm of transfected COS-1 cells with the 
nuclear localization efficiencies of 30.1 ± 5.3 and 35.2 ± 3.4 
%, respectively (Fig. 2). These data indicated that not all of 
the basic aa present in the region contributed equally to the 
karyophilicity. In addition, the karyophilic strength of basic 
aa varied depending on their location in the region. Lys341 
and Arg349 were more important for the karyophilicity of 
fusion protein than Arg292 and Arg305 (Fig. 2).

Single amino acid substitution mutants of the C-terminal 
domain

To determine whether Lys341 and Arg349 contributed 
more significant to the nuclear localization of fusion proteins 
than Arg292 and Arg305, the same mutants were constructed 
in the PFV IN C-terminal domain (Fig. 3). The Lys369 was 
also tested by mutation to the Phe369. In the transfected 

cells, these mutant proteins C289/371-292, C289/371-305, 
and C289/371-369 localized primarily to the nucleus with 
nuclear localization efficiencies of 75.8 ± 3.7, 72.4 ± 4.5, and 
77.4 ± 5.3%, respectively (Fig. 3). In contrast, the mutant pro-
teins C289/371-341 and C289/371-349 were mainly observed 
in the cytoplasm with nuclear localization efficiencies of 
36.7 ± 4.7 and 37.5 ± 3.6%, respectively (Fig. 3). As expected, 
the same pattern was observed for both regions (C289/352 and 
C289/371) highlighting the importance of Arg341 and Lys349 
for the nuclear localization of fusion proteins. Therefore, we 
found that the 64 aa region of PFV IN C-terminal domain 
extending from aa 289 to 352 was the minimal region essential 
for karyophilicity and the basic aa Arg341 and Lys349 were 
required for PFV IN nuclear localization activity.

Discussion

The nuclear transport of proteins occurs through nuclear 
pores embedded in the nuclear membrane. Proteins smaller 
than 50 K are able to diffuse freely into and out of the nucleus, 

Fig. 2

Karyophilic properties of single amino acid substitution mutants in the 289/352 region
See legend in Fig. 1.

Fig. 3

Karyophilic properties of single amino acid substitution mutants in the C-terminal domain
See legend in Fig. 1.
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whereas proteins larger than 50 K need NLS to enter the 
nucleus (Gorlich and Kutay, 1999). Several pathways for the 
nuclear import of karyophilic proteins have been described 
(Nakielny and Dreyfuss, 1999). To prevent the free diffusion 
of fusion proteins between the cytoplasm and nucleus, we 
fused MBP of 43 K to the truncated PFV IN and EGFP. MBP 
was previously shown to increase successfully the size of fu-
sion proteins without changing the karyophilic properties 
of the original proteins (Fassati et al., 2003).

In the nuclear translocation process, cellular chaperone 
proteins recognize the NLS of karyophilic proteins as the 
signal for import into the nucleus. Although there are no 
consensus sequences for the nuclear localization, many 
karyophilic determinants have been mapped to the protein 
regions enriched in basic aa, what is a characteristic fea-
ture of the NLS (Dingwall and Laskey, 1991; Gorlich and 
Kutay, 1999). For instance, the NLS for SV40 T-antigen is 
PKKKRKV, for adenovirus E1A is KRPRP, and for nucleo-
plasmin KRPAAIKKAGQAKKKK (Silver, 1991; Boulikas, 
1993; Nakielny and Dreyfuss, 1999). 

One of the important functions of retroviral INs is to 
mediate the nuclear localization of PIC during the viral 
life cycle. NLSs have been described for several retroviral 
INs (Gallay et al., 1997; Kukolj et al., 1997; Woodward et 
al., 2003). Recently, we demonstrated that PFV IN has 
a strong NLS in its C-terminal domain, which contains 
5 arginines and lysines between aa 308–329 (An et al., 
2008). In the present study, we extended our finding that 
the short array of 29 aa region (aa 306–334) containing 
those 5 arginines and lysines was not karyophilic. We 
defined instead a 64 aa region extending from aa 289 to 
352 including the short array and two basic aa in posi-
tions aa 341 and 349, respectively. This 64 aa region was 
highly karyophilic and mediated a nuclear localization of 
the fusion protein. Although there were no continuous 
sequences of basic aa in PFV IN, we were able to study 
its karyophilic properties by focusing on the arginine 
and lysine residues present in C-terminal domain. The 
especially karyophilic characteristics of the region ex-
tending from aa 289 to 352 was well preserved and we 
found that Arg341 and Lys349 were more important for 
the karyophilicity than Arg292 and Arg305. 

Hence, the research on NLS of retroviral INs should focus 
not only on the IN, but also on the components of PIC. More 
research is needed to determine possible interaction PFV IN 
with other cellular factors and to understand the interac-
tions between the sub-domains of PFV IN. Retroviral IN is 
essential for the viral replication and therefore, the thorough 
knowledge of IN characteristics is critical for the protection 
of humans from severe diseases caused by the retroviruses. 
The knowledge about the NLS of PFV IN elucidated in this 
study could contribute to the research conducted on other 
retroviral INs.
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