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quent PICs, we examined whether the mutant viruses ob-
served to be incompetent to infect non-dividing cells incor-
porated the mutant Vpx proteins into virions. Virus was 
produced by transient transfection of 293T cells. 48 h post-
transfection, both the supernatants and cell lysates were 
harvested. Virus in the supernatants was concentrated by 
ultracentrifugation through a 20% sucrose cushion (w/v in 
PBS). Vpx and p27 were detected on separate blots using 
monoclonal antibodies (Figure 5). Vpx was detected in all 
the mutants except for the vpx-deleted mutant, RMX-Δ, in-
dicating that none of the substitutions were deleterious for 
Vpx incorporation into virions. The results were not sur-
prising as previous studies indicate that the determinants 
of HIV-2 Vpx packaging map to amino acids 74–86 (Jin et 
al., 2001). These results indicate that the failure of the vi-
ruses containing the basic or tyrosine mutations to infect 
non-dividing cells is not due to an absence of Vpx in the in-
coming virus particles.

Discussion

HIV-2 Vpx is thought to have arisen as a gene duplica-
tion of Vpr, and similar to HIV-1 Vpr Vpx is required for 
efficient PIC nuclear import of non-dividing cells (Fletcher 
et al., 1996, Sharp et al., 1996, Tristem et al., 1990, and 
Tristem et al., 1998). Indeed, Vpx and Vpr sequences com-
prise a Protein Family (Pfam) domain (PF00522) in their 
central regions (aa 5–99) (Bateman et al., 2004), suggest-
ing likely structural and functional conservation among 
these proteins. Therefore, it has been proposed that Vpx 
uses a method of nuclear import similar to Vpr. Since Vpr 
has been shown to interact with importin α (Kamata et al., 
2005, Popov et al., 1998b, and Vodicka et al., 1998) and other 

nucleoporins (Popov et al., 1998a and Vodicka et al., 1998), 
it is likely that Vpr enters the nucleus via the nuclear pore. 
Because of their similarities, we initially hypothesized that 
Vpx likely utilizes a similar method of nuclear entry as Vpr. 
While still a viable hypothesis, several findings suggest that 
Vpr may not be a model system for Vpx. We have identified 
amino acids 65–72 as a minimal NLS of HIV-2 Vpx, and a 
larger domain was confirmed to contain an NLS by Kumar 
et al. (Belshan and Ratner, 2003 and Rajendra Kumar et al., 
2003). Further confirmation of the role of this Vpx domain 
in nuclear import would involve studies of the effect of mu-
tations described here on HIV-2 replication in macrophages. 
However, the parental virus used in this study, ROD-10, rep-
licates inefficiently in macrophages (data not shown). Thus, 
transfer of these mutations to a different HIV-2/SIV proviral 
clone will be required for these future studies.

There are two points of interest concerning this region of 
Vpx. First, this region is not homologous to the Vpr NLS and 
lacks any recognizable classical NLS. Second, although this 
region is highly conserved among numerous HIV-2/SIV iso-
lates and Vpx and Vpr constitute a Pfam, a predicted struc-
tural alignment of Vpx with HIV-1 Vpr the region of Vpx 
containing the NLS (aa 65–72) shows weak conservation rel-
ative to the highly conserved core domain spanning aa 23–
87. The smaller region is predicted to loop out relative to the 
three helix structure in Vpr (Figure 6). Together, this dem-
onstrates the significance of the NLS region of Vpx, but sug-
gests that the function(s) associated with this region is dis-
tinct from Vpr. Furthermore, several homology queries of 
this region with internet databases yielded no matches. 
These data support the possibility that Vpx utilizes a unique 
method of nuclear import, dissimilar to that of Vpr. Indeed, 
we have performed several yeast two-hybrid screens with 
Vpx in attempt to identify the pathway Vpx interacts with 
to access the nucleus. In addition, we also assayed Vpx with 
a battery of nuclear pore proteins and importins using the 
yeast system. While our attempts have yielded no positive 
interactions (data not shown), they highlight the differences 
between HIV-1 Vpr and Vpx and suggest a novel method of 
nuclear transport for Vpx.

Numerous mutations in the Vpx C-terminus have been 
identified that disrupt infection of non-dividing cells. A 
loss of Vpx function in PIC nuclear targeting may result 
from several factors, including, but not limited to either a 
block of Vpx incorporation into virions, a disruption of PIC 
nuclear import, abolishment of Vpx association with the 
PIC, or a loss of interaction with an unknown cellular fac-
tor required for PIC import. Interestingly, to date, all of the 
mutations in Vpx that disrupt PIC nuclear import or infec-
tion of non-dividing cells have been shown to be nuclear 
localization defective. This strong correlation suggests that 
the critical function of Vpx in PIC nuclear transport is nu-
clear localization. However, there still remains the question 
of the importance of other residues in the C-terminus of 
Vpx. Amino acids identified as critical for Vpx nuclear im-
port and HIV-2/SIV infection of non-dividing cells include 
residues within and without the characterized NLS, such as 
aa 74–80, H82, G86, C87, and the proline-rich region (101–
109) (Belshan and Ratner, 2003, Mahalingam et al., 2001, 
and Pancio et al., 2000). Any of these mutations may del-

Figure 5. Incorporation of mutant Vpx proteins into virions. 
Virus was produced by transient transfection of 293T cells and 
virus collected for 48 h. After the final collection, the cell ly-
sates were harvested, then the supernatants precleared and 
the virus concentrated by ultracentrifugation through a 20% 
sucrose cushion. Proteins were separated by SDS-PAGE and 
Vpx and the p27 capsid proteins detected using specific anti-
bodies as indicated.
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eteriously affect Vpx structure, Vpx association with the 
PIC, or the interaction of Vpx with a yet-to-be identified 
cellular factor. Indeed, none of the Vpx mutants that dis-
rupt PIC nuclear import have been examined for their abil-
ity to associate with the PIC. Further structure/function 
studies must be undertaken to delineate the role of these 
residues in PIC nuclear transport. We observed one result 
that directly contrasts another report indicating that triple 
tyrosine to alanine mutation in SIV Vpx ablates virion in-
corporation but has no effect on nuclear localization of Vpx 
(Mahalingam et al., 2001). It is presently unclear to us why 
we observe a contradictory phenotype, but this may be the 
result of disparate methods or differences between HIV-2 
and SIV packaging of Vpx. Further studies are required to 
delineate the observed differences.

The Vpr/Vpx proteins are considered an important com-
ponent of the karyophilic signal of the HIV preintegration 
complex (PIC). The current data suggest that loss of HIV-
2/SIV Vpx is more deleterious than the loss of HIV-1 Vpr 
(Connor et al., 1995, Haffar et al., 2000, Heinzinger et al., 1994, 
Mahalingam et al., 2001, Pancio et al., 2000, Ueno et al., 2003, 
and Yu et al., 1991); however, additional and more sensitive 
assays with HIV-2/SIV need to be performed to bolster this 
conclusion. Similarly, it has been demonstrated in vivo that 
deletion of Vpx reduces virus dissemination and productive 
infection in pigtailed macaques (Hirsch et al., 1998). Combi-
nation of the in vitro and in vivo data supports the idea that 
Vpx is a critical karyophilic component of the HIV-2/SIV 
PIC. However, it should be noted that neither integrase and 
MA NLS mutants, nor cPPT mutants have yet to be assessed 
for SIV in vivo. Such studies would likely clarify the in vivo 
contribution of each putative karyophilic signal and further 
our understanding of PIC nuclear targeting.

Materials and methods

Molecular clone construction and virus production and analysis

ROD10 was a kind gift of Klaus Strebel (Bour et al., 1996). 
Mutagenesis of vpx was performed using a shuttling vector 
containing a modified SacI–SacI fragment (nt 5284–5876) of 
ROD10 in pGEM-T (Promega, Madison, WI). The modifica-
tion removed the naturally occurring SacI restriction site at 
nt 5700. This was accomplished by PCR overlap extension 
mutagenesis and did not alter the vpr ORF. The final plas-
mid (pX-CC) was used to construct the series of mutations 
in vpx by overlap extension PCR. Mutagenesis was con-
firmed by sequencing and then the fragment was digested 
and ligated into the parental pROD10. The final clones were 
also confirmed by sequencing. The sequences of all primers 
were designed from the Genbank sequence of ROD10 (ac-
cession # X05291). The sequence of these oligos and those 
used for the mutagenesis are available upon request.

Virus stocks were produced by transient transfection of 
293T cells. 1 × 106 293T cells were seeded in 10 cm2 plates. 
24 h later, the media were changed and the cells were trans-
fected with 20 μg of the plasmid molecular clone using Tran-
sIT-LT1 as described by the manufacturer (Mirus Bio, Madi-
son, WI). Every 24 h the media were harvested and replaced 
with fresh media. After 72 h, the virus-containing media 
were clarified and then concentrated by ultracentrifugation 

(26,000 rpm for 90 min in a Beckman SW28.1 rotor) through 
a 20% sucrose cushion. After centrifugation, the media and 
sucrose were removed and the pelleted virus resuspended in 
OptiMEM (Invitrogen, Carlsbad, CA), aliquoted, and stored 
at −80 °C. Virus was quantified by p27 ELISA as described 
by the manufacturer (Beckman-Coulter, Miami, FL).

Detection of Vpx in virions

Viruses were produced in the manner described above for 
analysis of Vpx incorporation. However, after the 48 h har-
vest, the virus was clarified and pelleted through 20% su-
crose. At this time, the cells were also harvested, washed, 
and lysed with 0.5 mL M-PER solution (Pierce Biotechnol-
ogy, Rockford, IL). Protein concentrations of the cell lysates 
were determined by BCA protein assay as described by 
the manufacturer (Pierce Biotechnology). The pelleted vi-
rus was resuspended directly into 0.25 mL 1× SDS-PAGE 
sample buffer. Vpx and p27 capsid were detected by SDS-
PAGE and Western blotting as follows: Either 20 μL of pel-
leted virus or 20 μg of cellular protein per lane was sepa-
rated by SDS-PAGE, then blotted to PVDF. Western blots 
for Vpx were performed using a monoclonal anti-Vpx anti-
body (Kappes et al., 1993) followed by an HRP-conjugated 
anti-mouse secondary antibody (Amersham Biosciences, 
Piscataway, NJ) and was detected using the ECL Plus sys-
tem as described by the manufacturer (Amersham Bio-
sciences). The p27 capsid protein was detected using the 
AG3.0 anti-p24 monoclonal antibody (Simm et al., 1995) 
and an HRP-conjugated anti-mouse secondary antibody.

GFP fusion protein localization

GFP-Vpx is described elsewhere (Pancio et al., 2000). 
Mutations were introduced into GFP-Vpx by PCR over-
lap extension and confirmed by sequencing. HeLa cells 
were maintained and transfected similar to 293T cells as 
described above. The transfection, fixation, DAPI stain-

Figure 6. Prediction of helical structure in Vpx. Amino ac-
ids 23–87 of Vpx were modeled against the HIV-1 Vpr struc-
ture (Morellet et al., 2003) using Robetta/Rosetta (Kim et al., 
2004, Chivian et al., 2003, and Rohl et al., 2004). Helix 1–3 indi-
cates predicted a-helices at aa 24–37, 42–59, and 72–86, respec-
tively. The predicted region containing the NLS, aa 60–71, is in 
orange between helix 2 and 3. The figure was rendered with 
DeepView (Guex and Peitsch, 1997).
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ing, and imaging of cells were performed as previously de-
scribed (Belshan and Ratner, 2003). Images presented rep-
resent the dominant phenotype observed.

Virus infections

The MAGI-5 indicator cell line has been described else-
where (Pirounaki et al., 2000). The cells were maintained in 
DMEM supplemented with 10% fetal calf serum, 4 mM l-
glutamine, 1 mM Na-pyruvate, and 100 μg/mL penicillin/
streptomycin. To assay virus infection, MAGI-5 cells were 
seeded at 0.4 × 104 cells/well in a 96-well plate. The next 
day, the cells were infected in triplicate with 1, 5, and 25 
ng of virus in the presence of 20 μg/mL of DEAE-dextran. 
Forty-eight hours later, the cells were fixed and stained for 
the expression of β-galactosidase. The number of blue nu-
clei was counted to determine the level of infection. Results 
are presented as a percentage of the level of infection of the 
parental ROD10 and represent a total of at least three inde-
pendent experiments (therefore 9+ wells for each virus).

U937 cells were maintained in RPMI supplemented 
with 15% fetal calf serum, 4 mM l-glutamine, and 100 μg/
mL penicillin/streptomycin. For the experiments examin-
ing the infection of arrested cells, 48 h prior to infection, the 
cells were pelleted, washed, and resuspended in serum-
free RPMI (still containing l-glutamine and antibiotics) to 
arrest and synchronize the cells. Immediately prior to in-
fection, the cells were counted and resuspended at 1 × 106 
cells/mL in either complete RPMI (dividing) or complete 
RPMI containing 4 μM l-mimosine to arrest cells. 4 mL of 
cells (4 × 106) was aliquoted into one well of a 6 well plate 
for each virus, plus one additional well of dividing and 
non-dividing cells for cell-cycle analysis after the infections 
were completed. Cells were then infected with 20 μg of vi-
rus that had been treated with Turbo DNaseI (Ambion, 
Austin, TX) for 30 min at 37 °C. At 0, 24, and 48 h post-in-
fection, 1 mL of cells ( 1 × 106 cells) was removed. Cells 
were pelleted, the media removed, and the cells washed, 
and resuspended in 0.2 mL PBS. RNA-free, genomic DNA 
was isolated using the DNeasy method as described by the 
manufacturer, Qiagen (Valencia, CA). After the final time 
point, cell-cycle analysis was performed to confirm that the 
cells treated with l-mimosine were arrested using the Cy-
cleTEST PLUS DNA Reagent kit as described by the manu-
facturer (Becton Dickinson, San Jose, CA).

Nested Alu PCR

Detection of integrated proviral DNA was performed 
using a nested PCR method adapted from Brussel and So-
nigo (2003). The initial PCR used 500 nM of HIV-2 LTR 
specific primer with a linker (underlined) and two Alu re-
peat element primers to amplify a pool of products from 
the genomic DNA. The HIV-2 primer (LROD13) sequence 
was 5′-ATGCCACGTAAGCGAAACTGCGAGGCTG-
GCAGATTGAGCCCTG-3′. The first Alu primer was 5′-
TCCCAGCTACTGGGGAGGCTGAGG-3′; the second was 
5′-GCCTCCCAAAGTGCTGGGATTACAG-3′. A 20 μL vol-
ume PCR reaction was performed using a 1× JumpStart 
REDTaq reaction (Sigma, St. Louis, MO) with 4 μL of the 

genomic DNA sample as a template. After an initial 8 min 
95 °C incubation to activate the enzyme, 12 cycles of 95 
°C for 30 s, 60 °C for 30 s, and 72 °C for 3 min were per-
formed. The second PCR was performed with 2 μL of the 
initial PCR using a 1× JumpStart REDTaq reaction supple-
mented with 0.1 μCi [32P]α-TTP per 20 μL reaction. For 
this reaction, 500 nM of the linker primer (5′-ATGCCACG-
TAAGCGAAACTGC-3′) and an HIV-2 U5-specific primer 
(5′-TTACTCAGGTGAACACCGAATGACCAGGC-3′) were 
used. After an initial 8 min 95 °C incubation to activate the 
enzyme, the reaction conditions for the second PCR were 
35 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. 
This PCR resulted in the amplification of a 242 bp product. 
To visualize the products, 10 μL of each reaction was elec-
trophoresed through an 8% native TBE-polyacrylamide gel. 
After electrophoresis, the gel was dried and exposed to au-
toradiography film. Unfortunately, the nested PCR method 
combined with the [32P]TTP labeling resulted in an occa-
sional background band. It was for this reason we analyzed 
for integration at both 24 and 48 hpi. Each mutant was also 
assayed independently at least three times. The results 
present the dominant phenotype observed.

Acknowledgments

pROD10 was a kind gift of Stephan Bour and Klaus 
Strebel. The following reagents were obtained through the 
AIDS Research and Reference Reagent Program, Division 
of AIDS, NIAID, NIH: CEMx174/HIV-2ST from Dr. Bea-
trice Hahn and Dr. George Shaw, and the monoclonal an-
tibody to HIV-1 p24 (AG3.0) from Dr. Jonathan Allan. We 
thank Dr. Suzanne Pontow for critical evaluation of the 
manuscript. We also thank Dr. Xiaogang Cheng and Nancy 
Campbell for both helpful discussions and technical assis-
tance. This work was supported by Grants AI55383 and 
AI24745 from the National Institutes of Health.

References

 
Bateman et al., 2004 — A. Bateman, L. Coin, R. Durbin, R. D. 

Finn, V. Hollich, S. Griffiths-Jones, A. Khanna, M. Mar-
shall, S. Moxon, E. L. L. Sonnhammer, D. J. Studholme, C. 
Yeats and S. R. Eddy, The Pfam protein families database, 
Nucleic Acids Res. 32 (2004) (90001), pp. D138–D141. 

Belshan and Ratner, 2003 — M. Belshan and L. Ratner, Iden-
tification of the nuclear localization signal of human im-
munodeficiency virus type 2 Vpx, Virology 311 (2003), pp. 
7–15. 

Bour et al., 1996 — S. Bour, U. Schubert, K. Peden and K. 
Strebel, The envelope glycoprotein of human immunode-
ficiency virus type 2 enhances viral particle release: a Vpu-
like factor?, J. Virol. 70 (1996) (2), pp. 820–829. 

Brussel and Sonigo, 2003 — A. Brussel and P. Sonigo, Analysis 
of early human immunodeficiency virus type 1 DNA syn-
thesis by use of a new sensitive assay for quantifying inte-
grated provirus, J. Virol. 77 (2003) (18), pp. 10119–10124. 



HIV-2 Vp x a n d n u c l e a r t a r g e t i n g o f vi  r a l PIC i n n o n-d ivi   d i n g c e l l s    125

Bukrinsky et al., 1993 — M. Bukrinsky, N. Sharova, T. Mc-
Donald, T. Pushkarskaya, W. Tarpley and M. Stevenson, 
Association of integrase, matrix, and reverse transcriptase 
antigens of human immunodeficiency virus type 1 with vi-
ral nucleic acids following acute infection, Proc. Natl. Acad. 
Sci. 90 (1993) (13), pp. 6125–6129. 

Chen and Engelman, 1998 — H. Chen and A. Engelman, The 
barrier-to-autointegration protein is a host factor for HIV 
type 1 integration, Proc. Natl. Acad. Sci. 95 (1998) (26), pp. 
15270–15274. 

Chivian et al., 2003 — D. Chivian, D. E. Kim, L. Malstrom, P. 
Bradley, T. Robertson, P. Murphy, C. E. Strauss, R. Bon-
neau, C. A. Rohl and D. Baker, Automated prediction of 
CASP-5 structures using the Robetta server, Proteins 53 
(2003) (Suppl. 6), pp. 524–533. 

Connor et al., 1995 — R. I. Connor, B. K. Chen, S. Choe and 
N. R. Landau, Vpr is required for efficient replication of 
human immunodeficiency virus type-1 in mononuclear 
phagocytes, Virology 206 (1995) (2), pp. 935–944. 

Farnet and Bushman, 1997 — C. M. Farnet and F. D. Bush-
man, HIV-1 cDNA integration: requirement of HMG I(Y) 
protein for function of preintegration complexes in vitro, 
Cell 88 (1997) (4), pp. 483–492. 

Farnet and Haseltine, 1991 — C. M. Farnet and W. A. Hasel-
tine, Determination of viral proteins present in the human 
immunodeficiency virus type 1 preintegration complex, J. 
Virol. 65 (1991) (4), pp. 1910–1915. 

Fletcher et al., 1996 — T. M. Fletcher III, B. Brichacek, N. Sha-
rova, M. A. Newman, G. Stivahtis, P. M. Sharp, M. Emer-
man, B. H. Hahn and M. Stevenson, Nuclear import and 
cell cycle arrest functions of the HIV-1 Vpr protein are en-
coded by two separate genes in HIV-2/SIVsm, EMBO J. 15 
(1996) (22), pp. 6155–6165. 

Franchini et al., 1988 — G. Franchini, J. R. Rusche, T. J. 
O’Keeffe and F. Wong-Staal, The human immunodefi-
ciency virus type 2 (HIV-2) contains a novel gene encoding 
a 16 kD protein associated with mature virions, AIDS Res. 
Hum. Retroviruses 4 (1988) (4), pp. 243–249. 

Goff, 2001 — S. P. Goff, Intracellular trafficking of retrovi-
ral genomes during the early phase of infection: viral ex-
ploitation of cellular pathways, J. Gene Med. 3 (2001), pp. 
517–528. 

Guex and Peitsch, 1997 — N. Guex and M. C. Peitsch, SWISS-
MODEL and the Swiss-PdbViewer: an environment for 
comparative protein modeling, Electrophoresis 18 (1997) 
(15), pp. 2714–2723. 

Haffar et al., 2000 — O. K. Haffar, S. Popov, L. Dubrovsky, 
I. Agostini, H. Tang, T. Pushkarsky, S. G. Nadler and M. 
Bukrinsky, Two nuclear localization signals in the HIV-1 
matrix protein regulate nuclear import of the HIV-1 pre-in-
tegration complex, J. Mol. Biol. 299 (2000) (2), pp. 359–368. 

Hansen and Bushman, 1997 — M. Hansen and F. Bushman, 
Human immunodeficiency virus type 2 preintegration 
complexes: activities in vitro and response to inhibitors, J. 
Virol. 71 (1997) (4), pp. 3351–3356. 

Harris and Engelman, 2000 — D. Harris and A. Engelman, 
Both the structure and DNA binding function of the bar-
rier-to-autointegration factor contribute to reconstitution 

of HIV type 1 integration in vitro, J. Biol. Chem. 275 (2000) 
(50), pp. 39671–39677. 

Heinzinger et al., 1994 — N. Heinzinger, M. Bukrinsky, S. Hag-
gerty, A. Ragland, V. Kewalramani, M. Lee, H. Gendelman, 
L. Ratner, M. Stevenson and M. Emerman, The Vpr protein 
of human immunodeficiency virus type 1 influences nuclear 
localization of viral nucleic acids in nondividing host cells, 
Proc. Natl. Acad. Sci. 91 (1994) (15), pp. 7311–7315. 

Hindmarsh et al., 1999 — P. Hindmarsh, T. Ridky, R. Reeves, 
M. Andrake, A. M. Skalka and J. Leis, HMG protein family 
members stimulate human immunodeficiency virus type 1 
and avian sarcoma virus concerted DNA integration in vi-
tro, J. Virol. 73 (1999) (4), pp. 2994–3003. 

Hirsch et al., 1998 — V. M. Hirsch, M. E. Sharkey, C. R. Brown, 
B. Brichacek, S. Goldstein, J. Wakefield, R. Byrum, W. R. 
Elkins, B. H. Hahn, J. D. Lifson and M. Stevenson, Vpx is 
required for dissemination and pathogenesis of SIVsmPBj: 
evidence of macrophage-dependent viral amplification, 
Nat. Med. 4 (1998) (12), pp. 1401–1408. 

Hu et al., 1989 — W. Hu, N. Vander Heyden and L. Ratner, 
Analysis of the function of viral protein X (VPX) of HIV-2, 
Virology 173 (1989) (2), pp. 624–630. 

Jin et al., 2001 — L. Jin, Y. Zhou and L. Ratner, HIV type 2 
Vpx interaction with Gag and incorporation into virus-
like particles, AIDS Res. Hum. Retroviruses 17 (2001) (2), pp. 
105–111. 

Kamata et al., 2005 — M. Kamata, Y. Nitahara-Kasahara, Y. 
Miyamoto, Y. Yoneda and Y. Aida, Importin-{alpha} pro-
motes passage through the nuclear pore complex of hu-
man immunodeficiency virus type 1 Vpr, J. Virol. 79 (2005) 
(6), pp. 3557–3564. 

Kappes et al., 1991 — J. C. Kappes, J. A. Conway, S. W. Lee, G. 
M. Shaw and B. H. Hahn, Human immunodeficiency virus 
type 2 vpx protein augments viral infectivity, Virology 184 
(1991) (1), pp. 197–209. 

Kappes et al., 1993 — J. C. Kappes, J. S. Parkin, J. A. Conway, 
J. Kim, C. G. Brouillette, G. M. Shaw and B. H. Hahn, Intra-
cellular transport and virion incorporation of vpx requires 
interaction with other virus type-specific components, Vi-
rology 193 (1993) (1), pp. 222–233. 

Karageorgos et al., 1993 — L. Karageorgos, P. Li and C. 
Burrell, Characterization of HIV replication complexes 
early after cell-to-cell infection, AIDS Res. Hum. Retrovi-
ruses 9 (1993) (9), pp. 817–823. 

Kim et al., 2004 — D. E. Kim, D. Chivian and D. Baker, Pro-
tein structure prediction and analysis using the Robetta 
server, Nucleic Acids Res. 32 (2004) (Web Server issue), pp. 
W526–W531. 

Kong et al., 1988 — L. I. Kong, S. W. Lee, J. C. Kappes, J. S. 
Parkin, D. Decker, J. A. Hoxie, B. H. Hahn and G. M. Shaw, 
West African HIV-2-related human retrovirus with attenu-
ated cytopathicity, Science 240 (1988) (4858), pp. 1525–1529. 

Li et al., 2000 — L. Li, K. Yoder, M. S. T. Hansen, J. Olvera, M. 
D. Miller and F. D. Bushman, Retroviral cDNA integration: 
stimulation by HMG I family proteins, J. Virol. 74 (2000) 
(23), pp. 10965–10974. 

Lin and Engelman, 2003 — C. -W. Lin and A. Engelman, The 
barrier-to-autointegration factor is a component of func-



126  Be l s h a n,  Ma h n k e,  & Ra t n e r i n Vi r o l o g y  346  (2006) 

tional human immunodeficiency virus type 1 preintegra-
tion complexes, J. Virol. 77 (2003) (8), pp. 5030–5036. 

Mahalingam et al., 2001 — S. Mahalingam, B. Van Tine, M. 
L. Santiago, F. Gao, G. M. Shaw and B. H. Hahn, Func-
tional analysis of the simian immunodeficiency virus Vpx 
protein: identification of packaging determinants and a 
novel nuclear targeting domain, J. Virol. 75 (2001) (1), pp. 
362–374. 

Marcon et al., 1991 — L. Marcon, F. Michaels, N. Hattori, K. 
Fargnoli, R. C. Gallo and G. Franchini, Dispensable role of 
the human immunodeficiency virus type 2 Vpx protein in 
viral replication, J. Virol. 65 (1991) (7), pp. 3938–3942. 

McDonald et al., 2002 — D. McDonald, M. A. Vodicka, G. Lu-
cero, T. M. Svitkina, G. G. Borisy, M. Emerman and T. J. 
Hope, Visualization of the intracellular behavior of HIV in 
living cells, J. Cell Biol. 159 (2002) (3), pp. 441–452. 

Miller et al., 1997 — M. Miller, C. Farnet and F. Bushman, Hu-
man immunodeficiency virus type 1 preintegration com-
plexes: studies of organization and composition, J. Virol. 71 
(1997) (7), pp. 5382–5390. 

Morellet et al., 2003 — N. Morellet, S. Bouaziz, P. Petitjean 
and B. P. Roques, NMR structure of the HIV-1 regulatory 
protein VPR, J. Mol. Biol. 327 (2003) (1), pp. 215–227. 

Pancio and Ratner, 1998 — H. A. Pancio and L. Ratner, Hu-
man immunodeficiency virus type 2 Vpx–Gag interaction, 
J. Virol. 72 (1998) (6), pp. 5271–5275. 

Pancio et al., 2000 — H. A. Pancio, N. Vander Heyden and L. 
Ratner, The C-terminal proline-rich tail of human immu-
nodeficiency virus type 2 Vpx is necessary for nuclear lo-
calization of the viral preintegration complex in nondivid-
ing cells, J. Virol. 74 (2000) (13), pp. 6162–6167. 

Pirounaki et al., 2000 — M. Pirounaki, N. A. Vander Heyden, 
M. Arens and L. Ratner, Rapid phenotypic drug suscep-
tibility assay for HIV-1 with a CCR5 expressing indicator 
cell line, J. Virol. Methods 85 (2000) (1–2), pp. 151–161. 

Popov et al., 1998a — S. Popov, M. Rexach, L. Ratner, G. Blobel 
and M. Bukrinsky, Viral protein R regulates docking of the 
HIV-1 preintegration complex to the nuclear pore complex, 
J. Biol. Chem. 273 (1998) (21), pp. 13347–13352. 

Popov et al., 1998b — S. Popov, M. Rexach, G. Zybarth, N. 
Reiling, M. A. Lee, L. Ratner, C. M. Lane, M. S. Moore, G. 
Blobel and M. Bukrinsky, Viral protein R regulates nuclear 
import of the HIV-1 pre-integration complex, EMBO J. 17 
(1998) (4), pp. 909–917. 

Rajendra Kumar et al., 2003 — P. Rajendra Kumar, P. K. Sing-
hal, S. S. Vinod and S. Mahalingam, A non-canonical trans-
ferable signal mediates nuclear import of Simian immuno-
deficiency virus Vpx protein, J. Mol. Biol. 331 (2003) (5), pp. 
1141–1156. 

Rajendra Kumar et al., 2005 — P. Rajendra Kumar, P. K. Sing-
hal, M. R. K. Subba Rao and S. Mahalingam, Phosphory-

lation by MAPK regulates simian immunodeficiency virus 
Vpx protein nuclear import and virus infectivity, J. Biol. 
Chem. 280 (2005), pp. 8553–8563. 

Rohl et al., 2004 — C. A. Rohl, C. E. Strauss, K. M. Misura and 
D. Baker, Protein structure prediction using Rosetta, Meth-
ods Enzymol. 383 (2004), pp. 66–93. 

Selig et al., 1999 — L. Selig, J. -C. Pages, V. Tanchou, S. Prev-
eral, C. Berlioz-Torrent, L. X. Liu, L. Erdtmann, J. -L. Dar-
lix, R. Benarous and S. Benichou, Interaction with the p6 
domain of the Gag precursor mediates incorporation into 
virions of Vpr and Vpx proteins from primate lentiviruses, 
J. Virol. 73 (1999) (1), pp. 592–600. 

Sharp et al., 1996 — P. M. Sharp, E. Bailes, M. Stevenson, M. 
Emerman and B. H. Hahn, Gene acquisition in HIV and 
SIV, Nature 383 (1996), pp. 586–587. 

Sherman and Greene, 2002 — M. P. Sherman and W. C. 
Greene, Slipping through the door: HIV entry into the nu-
cleus, Microbes Infect. 4 (2002) (1), pp. 67–73. 

Shibata et al., 1990 — R. Shibata, T. Miura, M. Hayami, K. 
Ogawa, H. Sakai, T. Kiyomasu, A. Ishimoto and A. Ada-
chi, Mutational analysis of the human immunodeficiency 
virus type 2 (HIV-2) genome in relation to HIV-1 and sim-
ian immunodeficiency virus SIV (AGM), J. Virol. 64 (1990) 
(2), pp. 742–747. 

Simm et al., 1995 — M. Simm, M. Shahabuddin, W. Chao, J. 
Allan and D. Volsky, Aberrant Gag protein composition of 
a human immunodeficiency virus type 1 vif mutant pro-
duced in primary lymphocytes, J. Virol. 69 (1995) (7), pp. 
4582–4586. 

Stevenson, 1996 — M. Stevenson, Portals of entry: uncovering 
HIV nuclear transport pathways, Trends Cell Biol. 6 (1996) 
(1), pp. 9–15. 

Tristem et al., 1990 — M. Tristem, C. Marshall, A. Karpas, J. 
Petrik and F. Hill, Origin of vpx in lentiviruses, Nature 347 
(1990), pp. 341–342. 

Tristem et al., 1998 — M. Tristem, A. Purvis and D. L. J. 
Quicke, Complex evolutionary history of primate lentiviral 
vpr genes, Virology 240 (1998), pp. 232–237. 

Ueno et al., 2003 — F. Ueno, H. Shiota, M. Miyaura, A. Yo-
shida, A. Sakurai, J. Tatsuki, A. H. Koyama, H. Akari, A. 
Adachi and M. Fujita, Vpx and Vpr proteins of HIV-2 up-
regulate the viral infectivity by a distinct mechanism in 
lymphocytic cells, Microbes Infect. 5 (2003) (5), pp. 387–395. 

Vodicka et al., 1998 — M. A. Vodicka, D. M. Koepp, P. A. Sil-
ver and M. Emerman, HIV-1 Vpr interacts with the nuclear 
transport pathway to promote macrophage infection, Genes 
Dev. 12 (1998) (2), pp. 175–185. 

Yu et al., 1991 — X. F. Yu, Q. C. Yu, M. Essex and T. H. Lee, 
The vpx gene of simian immunodeficiency virus facilitates 
efficient viral replication in fresh lymphocytes and macro-
phage, J. Virol. 65 (1991) (9), pp. 5088–5091. 


