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Nucleocapsid Protein p7 in Vitro

Ming-Shi Li,* Guillermo Garcia-Asua,* Uma Bhattacharyya,t Paolo Mascagni,*
Brian M. Austen,§ and Michael M. Robert$*

*Department of Medical Microbiology and §Department of Surgery, St. George’s Hospital Medical School, Univers
of London, Cranmer Terrace, London, SW17 ORE, U.K.; TNERC Institute of Virology, Mansfield Road, Oxford O>
3SR, U.K.; and §Peptide Department, Italfarmaco S.p.A., Centro Ricerche, Via dei Lavoratori, 54,

20092 Cinisello B. Milan, Italy

Received November 29, 1995

The Vpr protein of human immunodeficiency virus type 1 (HIV-1) is incorporated into the virion by the Gag
polyprotein precursor Pr93% The importance of the §8° sequence at the C-terminal end of Fi%%has a
crucial role in Vpr incorporation. To identify the Gag sequences directly involved in Vpr binding, we compared
the Vpr binding affinities of the 71 amino acid nucleocapsid protein p7, the C-terminal peptide (35-71) p7C and
p6°29by affinity chromatography. p7 and p7C have the strongest Vpr binding activities comparédtdpése
results suggest that the nucleocapsid protein and its C-terminal domain may be important for the incorporation
of Vpr into the mature HIV-1 virion and the subsequent localisation of viral nucleic acid to the cell nucleus by
Vpr. ©1996 Academic Press, Inc.

The accessory protein Vpr is encoded by most primate immunodeficiency virus genomes
Vpr is the only accessory protein to be found in HIV-1 particles (2,3). Further studies have sh
that the incorporation of Vpr into the HIV-1 virion requires the Gag polyprotein precursofr55
(4). Vpr has been detected beneath the viral envelope in HIV-1 particles by immunoelec
microscopy (5), although to which HIV protein it binds could not be confirmed. Subsequen
HIV-1 Vpr influences nuclear localisation of viral nucleic acids in macrophage cells (6). Import:
sequences for the incorporation of Vpr into the HIV-1 virion have been localised to $Rgrpgion
of Pr5529(7) and more recently to a conserved motif near the C-terminus of p6 (8,97°Pi%&5
cleaved by the viral protease to yield the processed viral Gag structural proteins: the matrix pr
pl7 derived from the N-terminus, the major core protein p24 and nucleocapsid protein (NCp)
derived from the C-terminus of the P#8(10). NCp15 is further processed to generate the matu
nucleocapsid protein p7 and p6 (11). p7 contains two zinc binding domains which are essentic
biological activity (12,13). Until now, there has been no demonstration of a direct binding by \
to any of the processed Gag proteins. In the present study, using affinity immobilisation of pro
on peptide coupled to agarose and subsequent elution we demonstrate that Vpr binds to p7

MATERIALS AND METHODS

Synthetic peptideS-he p7 and p6 sequences used in this study were chosen from the LAl isolate of HIV-1 (14). The
amino acid p6, 71 amino acid p7 and C-terminal 37-residue [35—-71] p7C peptide of p7 containing the second zinc bit
domain (13) were chemically synthesised on a Model 431A Automated Peptide Synthesiser (Applied Biosystems
purified by reversed-phase HPLC with acetonitrile-water gradients (to be published elsewhere). The molecular weig|
the purified peptides were checked by mass spectrometry, using matrix-assisted laser desorption for p6 and p7C (Sc
Pharmacy, London, U.K.) and the electrospray technique for p7 (ETH, Zirich, Switzerland). The zinc-bound form of
p7C was prepared by dissolving the peptides in 10 mM MOPS (Sigma) pH 7.0 containing 1 mM(Zm@blar equivalents
of Zn™* to p7) and purged with Argon to prevent oxidation.
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Preparation of affinity gelsAffi-gel 10 and 15 aréN-hydroxysuccinimide ester derivatives of agarose, and will conjugat
proteins at neutral pH with isoelectric points (pl) of 6.5 to 11 (p7) and acidic proteins (p6), respectively (15). Zinc bo
p7 and p7C, and lysozyme (Sigma) were coupled with Affi-gel 10 in zinc binding buffer. p6 and bovine serum albu
(BSA) (Sigma) were coupled to Affi-gel 15 in 10 mM MOPS buffer pH 7.0. For each peptide, 5 mg of protein was mi
per ml of gel in a total volume of 2 ml MOPS buffer by rotation for 16 hours at 4°C. Incorporation of the peptide w
monitored by reading the optical density (280 nm) of the supernatant from the coupling reaction. Excess proteins an
in the supernatant were removed by washing in 10 mM MOPS, and the coupled and uncoupled gels (negative controls
incubated with 1 M ethanolamine pH 8.0 to block non-specific binding sites (15).

Vpr expressionThe DNA fragment encoding Vpr of the HIV LAl isolate sequence (1) was obtained by PCR al
subcloned into baculovirus expression vector pVL1393 Pk (Invitrogen). The Vpr was overexpreSgmmtiopera frugi-
perda (S9) cells as a fusion protein with a 14 amino acid tag at the C-terminus for detection of the recombinant Vpr \
SV5-P-k antibody (16).

Vpr binding assayldentical volumes of Vpr fusion protein-containit®P cell extract (1% NP-40, 150 mM NaCl and
20 mM Tris pH 7.5) were loaded onto fixed volumes of the coupled or uncoupled gel in each case. The gel was we
with 1 x phosphate buffered saline (PBS pH 7.4). The proteins bound to the ligand on the gels were released by mixir
gel with 1 volume 62 x SDS-PAGE loading buffer (65 mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT ant
2.5% bromophenol blue) and heated at 100°C for 4 minutes. The cell extract flowthrough (E), the last fraction of was|
and the protein released in SDS-PAGE loading buffer (B) were collected for Western blot analysis. To detect the
present, collected samples were separated by SDS-PAGE on 10% acrylamide gels and transferred to nitrocellulose
brane (Hybond-C, Amersham) by electroblotting using a Sartoblot 1I-S apparatus (Sartorius) following the manufactu
instructions. Blots were incubated with a solution containirx PBS, 0.02% sodium azide and 5% fat free milk at 4°C for
16 hours to block non-specific binding sites. After washinghwdtx 250 ml of 1 x PBS, the blots were applied to two
successive antibody binding reactions: with SV5-P-k-tag monoclonal antibody which can recognise the 14 amino ac
(16) in the Vpr fusion protein followed by HRP-conjugated anti-mouse 19G (Amersham). Washing was also carried
between and after the two antibody binding reactions. The specific binding of antibodies on the blots was detected
an ECL detection system (Amersham) and the results were exposed on Hyperfilm (Amersham) and are shown in Fig. 1
negative controls were also set up with uncoupled Affi-gel 15 and 10, which were treated under identical conditior
parallel with p6, BSA, p7 and lysozyme.

RESULTS AND DISCUSSION

In Fig. 1 strong bands were present in all E sample lanes for the six binding experiment grc
and in the Vpr cell extract. No signal was visible in the last fractions of wash collected from
six binding reactions (Fig. 1, L lanes). This result confirmed that the washing was sufficient for
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FIG. 1. Western blot analysis of samples collected from affinity chromatography. Cell extract flowthrough (E), |
fraction of wash (L) and elution in SDS-PAGE loading buffer (B) were collected from uncoupled Affi-gel 10 [Affi-gel 1
(blank)], p7 coupled Affi-gel 10 [Affi-gel 10 (p7)], p7C coupled Affi-gel 10 [Affi-gel 10 (p7)], uncoupled Affi-gel 15
[Affi-gel 15 (blank)], p6 coupled Affi-gel 15 [Affi-gel 15 (p6)], and BSA coupled Affi-gel 15 [Affi-gel 15 (BSA)]. Samples
E, L and B from each experiment were loaded in adjacent lanes for SDS-PAGE and examined by Western blot
SV5-P-k-tag antibody to recognise the Vpr fusion protein with the ECL (Amersham) detection system. A Vpr cell ext
sample and protein size markers were also run alongside.
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six binding experiments and any Vpr left in the gel should remain bound to the ligand. Inspec
of the sample lanes B for both Affi-gel 10 (p7) and (p7C) (Fig. 1) showed a strong binding acti\
of Vpr with p7 and p7 C-terminal peptide. p6 coupled Affi-gel 15 showed a relatively low V|
binding strength [see lane Affi-gel 15 (p6)-B]. As a negative control for Vpr binding reaction wi
p7 and p7C coupled on Affi-gel 10, uncoupled Affi-gel 10 showed no binding reaction with V
[see lane Affi-gel 10 (blank)-B]. p7 and p7C have pl values above 10 and consequently will
positively charged under the binding conditions used here. To exclude the possibility of pu
electrostatic binding between Vpr and p7 or p7C we showed that lysozyme (pl 10.5) couple
Affi-gel did not bind Vpr any stronger than Affi-gel 10 alone (data not shown). As a non-speci
protein control on Affi-gel 15, BSA coupled to Affi-gel 15 showed little binding capacity with Vpr
which was demonstrated to be the same as the negative control of uncoupled Affi-gel 15 with
[see lane Affi-gel 15 (blank)-B)].

It has been demonstrated that incorporation of Vpr into HIV virions requires the expressiol
gag products and is independent bl andenvexpression (7). Direct interaction of Vpr with the
Pr53#was also demonstrated by immunoprecipitation (4). Here, we provide the first evidence
p7-Vpr binding. Other studies have shown that p6 plays an important role in Vpr incorporat
(7-9). It has also demonstrated that Vpr can be incorporated into MLV when HIV p6 is fusec
the C-termini of MLV gaggene products, while there is no Vpr incorporation when HIV p6 is nc
present in MLVgag products (8). In that study, the importance of HIV p6 for Vpr incorporatiot
was stressed. It is worth noticing that MLdag gene products contain NCp which has sequenc
homology with HIV p7 in the zinc binding domains (12,17), but has no equivalent protein w
sequence homology to HIV p6 (14,18). It was recently shown that the conformation of the
sequence differs between p7 and p15, suggesting that the p6 sequence is important for p7 f
in the Pr5829and NCp15 precursors (19). In our study, p6 showed very little binding capacity w
Vpr compared to p7-Vpr binding. Combining our results and previous studies, it indicates the
vivo p7 may play an important role in the incorporation of Vpr into virions but p6 joined at t
C-terminus of p7 in Pr5%9may be a crucial factor to enable p7 to form an accessible conformati
for Vpr binding. The Vpr may remain bound to p7 in the mature virion following proteolyti
cleavage from Pr3%9 Additional support for the importance of p7 in Vpr binding was shown fron
a partial p7 deletion mutant of HIV, which resulted in impairment of Vpr incorporation into HI
particles (9). Also, a predictedt-helix in the N-terminal region of Vpr was shown to be important
for incorporation into HIV by site-directed mutagenesis (20—22). Thigelix would have five
glutamic acid residues on one side, and hydrophobic residues on the other. Substitution of o
the glutamic acids for lysine impaired Vpr incorporation (22), indicating the importance of ne
tively charged residues for binding with P58 The most favorable location on P#58 for
binding thisa-helical motif would be expected to contain the highest concentration of positive
charged residues, and this is the p7 sequence.

p7 has two zinc fingers which can be important for protein-protein interactions. An exampl
RelA, which directly binds to the zinc finger region of Sp1 and results in cooperative DNA bindi
to kappa B and Sp1 sites in the HIV-1 long terminal repeat (23). The glucocorticoid receptor
zinc finger protein and was shown to be a target for the Vpr protein (24). It would be interest
to know whether Vpr-p7 binding takes place through the zinc fingers of p7. In this regard,
peptide which contains only the second zinc finger domain showed Vpr binding activity [see la
for Affi-gel 10 (p7C), Fig. 1.]. It is known that the p7 remains associated with viral DNA afte
reverse transcription (25). Furthermore, the viral protease is known to be crucial for the integre
of viral DNA by cleaving the first zinc finger domain of p7 leaving the second zinc finger inta
as an active protein in this process (26) and which still may bind Vpr according to aditro
studies. The p7-Vpr binding evidenced by this study suggests a possible role of p7 in the nu

354



Vol. 218, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

localisation of viral DNA by Vpr. To confirm the p7 binding Vjm vivoand in nuclear localisation,
further binding studies are required using mutants of Vpr and NCp15.

ACKNOWLEDGMENTS

This work was supported by a grant G9304370 from Medical Research Council, U.K. We thank lan Jones for his he
discussions on this paper.

REFERENCES

. Tristem, M., Marshall, C., Karpas, A., and Hill, F. (192MBO J.11, 3405-3412.

. Cohen, E. A, Dehni, G., Sodroski, J. G., and Haseltine, W. A. (1999rol. 64, 3097-3099.

. Subbramanian, R. A., and Cohen, E. A. (1994Yirol. 68, 6831-6835.

. Lavallée, C., Yao, X. J., Ladha, A., Gottlinger, H., Haseltine, W. A., and Cohen, E. A. (199%pl. 68,1926-1934.

. Wang, J. J., Lu, Y-L., and Ratner, L. (1993%)Gen. Virol.75, 2607-2714.

. Heinzinger, N. K., Bukrinsky, M. |., Haggerty, S. A., Ragland, A. M., Kewalramani, V., Lee, M.-A., Gendelman, H. I

Ratner, L., Stevenson, M., and Emerman, M. (198&)c. Natl. Acad. Sci. USA1, 7311-7315.

. Paxton, W., Connor, R. |, and Landau, N. R. (1993Yirol. 67, 7229-7237.

. Kondo, E., Mammano, F., Cohen, E. A., and Géttlinger, H. G. (1998j)irol. 69, 2759-2764.

. Lu, Y.-L., Bennett, R. P., Wills, J. W., Gorelick, R., and Ratner, L. (19R5Yirol. 69, 6873-6879.

. Henderson, L. E., Bowers, M. A., Sowder Il, R. C., Serabyn, G. W., Johnson, D. G., Bess, Jr., J. W., Arthur, L

Byrant, D. K., and Fenselau, C. (1992)Virol. 66, 1856-1865.

11. Veronese, F. di. M., Rahman, R., Copeland, T. D., Oroszlan, S., Gallo, R. C., and Sarngadharan, M. GAI1S87)
Res. Hum. Retroviruse® 253-264.

12. Berg, J. M. (19865cience232,485-487.

13. Morellet, N., Jullian, N., De Rocquigny, H., Maigret, B., Darlix, J.-L., and Roques, B. P. (12RO J. 11,
3095-3065.

14. Wain-Hobson, S., Sonigo, P., Danos, O., Cole, S., and Alizon, M. (1086)0, 9-17.

15. Frost, R. G., Monthony, J. F., Engelhorn, S. C., and Siebert, C. J. (B3&dhim. Biophys. Act&70, 163-169.

16. Hanke, T., Szawlowski, P., and Randall, R. E. (1922gen. Virol.73, 653-660.

17. Covey, S. N. (1986)\ucleic Acids Resl4, 623—-633.

18. Shinnick, T. M., Lerner, R. A, and Sutcliffe, J. G. (198J3ture (London93,543-548.

19. Tanchou, V., Delaunay, T., Bodéus, M., Roques, B., Darlix, J.-L., and Benarous, R. 9&®n. Virol. 76,
2457-2466.

20. Mahalingam, S., Khan, S. A., Jabbar, M. A., Monken, C. E., Collman, R. G., and Srinivasan, A. Y1@8&yy 207,
297-302.

21. Mahalingam, S., Khan, S. A., Murali, R., Jabbar, M. A., Monken, C. E., Collman, R. G., and Srinivasan, A. (19
Proc. Natl. Acad. Sci. USA2, 3794-3798.

22. Yao, X.-J., Subbramanian, R. A., Rougeau, N., Boisvert, F., Bergeron, D., and Cohen, E. A. J1%9%). 69,
7032-7044.

23. Perkins, N. D., Agranoff, A. B., Pascal, E., and Nabel, G. J. (19821) Cell. Biol. 14, 6570-6583.

24. Refaeli, Y., Levy, D. N., and Weiner, D. B. (199Bjoc. Natl. Acad. Sci. USA2, 3621-3625.

25. Lapadat-Tapolsky, M., De Rocquigny, H., Van Gent, D., Roques, B., Plasterk, R., and Darlix, J.-L NL8&33 Acid
Res.21, 831-839.

26. Nagy, K., Young, M., Baboonian, C., Merson, J., Whittle, P., and Oroszlan, S. (199%4)pl. 68, 757-765.

o0 h WN P

o © 00 N

355



