
Nucleic Acids Research, 1993, Vol. 21, No. 4 823-829

Two short basic sequences surrounding the zinc finger of
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ABSTRACT

The 56 amino acid nucleocapsid protein (NCp10) of
Moloney Murine Leukemia Virus, contains a
CysX2CysX4HisX4Cys zinc finger flanked by basic
residues. In vitro NCp1O promotes genomic RNA
dimerization, a process most probably linked to
genomic RNA packaging, and replication primer
tRNAPro annealing to the initiation site of reverse
transcription. To characterize the amino-acid
sequences involved in the various functions of NCp10,
we have synthesized by solid phase method the native
protein and a series of derived peptides shortened at
the N- or C-terminus with or without the zinc finger
domain. In the latter case, the two parts of the protein
were linked by a Glycine - Glycine spacer. The in vitro
studies of these peptides show that nucleic acid
annealing activities of NCp1O do not require a zinc
finger but are critically dependent on the presence of
specific sequences located on each side of the CCHC
domain and containing proline and basic residues.
Thus, deletion of 11R or 49PRPQT, of the fully active 29
residue peptide 11ROGGERRRSQLDRDGGKKPRGPRG-
PRPQT53 leads to a complete loss of NCp10 activity.
Therefore it is proposed that in NCp10, the zinc finger
directs the spatial recognition of the target RNAs by
the basic domains surrounding the zinc finger.

INTRODUCTION
A unique feature of retroviruses is that their genome is diploid
and formed of two identical RNA molecules linked together by
the Dimer Linkage Structure (DLS)(l -4). In the virion capsid
the diploid genome is present as a 60S complex tightly associated
with nucleocapsid (NC) protein molecules (2, 5-7). NC proteins
such as the 56 amino acids NCplO from Moloney Murine
Leukemia Virus (MoMuLV) or NCp7 from Human
Immunodeficiency Virus (HIV) are small basic proteins
containing one (MoMuLV) or two (HIV) copies of the sequence

CysX2CysX4HisX4Cys highly conserved among retroviruses
and designated the CCHC box or finger domain (2, 8). The zinc
finger has been shown to complex metallic ions with a
stoechiometry of one cation per motif, the highest affinity being
for Zn2+ ions with a Kapp of 1013 M'- (9-1). In addition,
structural analyses of NC protein fragments containing the zinc
finger indicated that Zn2+ complexation causes a folding of the
peptide backbone ( 12 - 14). Mutations of the cysteine and histine
residues implicated in Zn2+ complexation result in a drastic
decrease in Zn2+ binding affinity and an unfolding of the zinc
finger (10-11).
The retroviral NC protein was shown to activate viral RNA

dimerization leading to formation of the DLS (2, 7, 15- 17),
which in the case of Moloney Murine Leukemia Virus
(MoMuLV) is probably located around position 300-350 (4,
7). Moreover viral RNA dimerization requires cis elements
located between positions 200 to 400 from the RNA 5' end (7).
In vivo viral RNA dimerization is most probably associated with
genomic RNA packaging since both processes require the same
cis elements and NC protein (2, 7, 17). Furthermore NC proteins
were shown to direct the annealing of replication primer tRNAs
(tRNAPro in MoMuLV) to the primer binding site (PBS) which
is necessary for the initiation of reverse transcription (15, 16).
Site directed mutations of cysteine or histidine implicated in zinc
coordination, or of amino-acids within the zinc finger (18-22),
were shown to induce a defect in genomic RNA packaging.
However in synthetic peptides such mutations did not affect the
ability of NCp1O to generate dimeric RNA or to promote the
annealing of primer tRNAPro to the PBS in vitro (17). These
findings strongly suggest that the zinc finger is not directly
involved in the RNA hybridization activity of NCplO in vitro.

Therefore it was of interest to investigate the functions of the
basic domains surrounding the zinc finger of NCplO since all
retroviral NC proteins, like many other nucleic acid binding
proteins (23), contain rather well conserved sequences rich in
basic and proline residues. For this purpose, we have synthesized
MoMuLV NCplO and a series of derived peptides shortened at
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the N- and/or C-terminus and with or without the zinc finger
motif. In the latter case the two fragments of NCplO were linked
by a glycine-glycine spacer. Here we report that the RNA
annealing activity of NCplO ini vitro does not require the zinc
finger but is critically dependent upon the domains rich in basic
and proline residues surrounding the finger motif.

MATERIALS AND METHODS
Materials
Fmoc protected amino acids. 4-hydroxymethylphenoxy-
methylpolystyrene (HMP) resin, piperidine, N-methylpyrrolidone
(NMP), dichloromethane, 4-dimethylaminopyridine (DMAP).
dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole
(HOBt) were purchased from Applied Biosystems. Trifluoroacetic
acid (TFA) was from Neosystem Laboratory, and 1 .2
ethanedithiol (EDT), dithiothreitol (DTT) and phenol from
Aldrich.

Synthesis of MoMuLV NCp1O and derived peptides
Assembly of the protected peptide chains was carried out using
the stepwise solid phase method of Merrifield (24) using
9-fluorenylmethyloxycarbonyl (Fmoc)-chemistry on an Applied
Biosystems 431 A peptide synthesizer.
An unloaded HMP support was used with the 0. 1 mmole small

scale cycle. The C-terminal residue (leucyl, glycyl, lysyl or
threonyl) was attached to the resin with DCC in the presence
of 4-dimethylaminopyridine. The subsequent Fmoc amino acids
(1 mmole, 10 eq/resin) were incorporated using DCC/HOBt
reagents.

Side chain protection was NG-(2,2,5,7,8-pentamethylchro-
man-6-sulfonyl) (Pmc) for Arg, Nc-t-butyloxycarbonyl (Boc) for
Lys, trityl (trt) for Gln, Asn, His and Cys, t-butyl (tBu) for Ser.
Thr and Tyr and t-butyl ester (OtBu) for Glu and Asp.

For the large peptides, after the 25th coupling step. half of
the resin was removed both to reduce the peptide-resin volume
and to increase the amount of Fmoc amino acid. Moreover, the
standard program of the synthesizer was modified so as to mix
the reactor during the transfer of activated amino acids allowing
a good swelling of the resin and to progressively increase the
coupling time as a function of the size of the growing peptide.

Deprotection of the Fmoc group was obtained by two
successive treatments of 3 min and 15 min with 20% piperidine
in N-methylpyrrolidone.

TFA cleavage
The peptide (HMP) resin was treated for two hours with TFA
(82.5%), phenol (5%), EDT (2.5 %). thioanisole (5%) and H,O
(5 %) to remove protecting groups and to cleave the peptide from
the resin. At the end of the reaction, the TFA solution was filtered
through a medium porosity filter and concentrated under vacuum
on a rotavapor. The peptide was then precipitated with 15 ml
of cold ether and centrifuged for ten minutes at 2000 g at Ioom
temperature. The supernatant containing the scavengers was
removed and the precipitate resuspended in 0. 1 % TFA to be
lyophilized in a Savant Speed vac concentration.

HPLC purification
For NCp lO and all the peptides containing unprotected cysteine
residues, the crude peptides were dissolved in 2 ml of Tris - HCI
buffer, pH 7.5, containing 50 eq of DTT and incubated for 1
h at 37°C. Then the subsequent purification was performed under

an argon atmosphere. Analytical aind semipreparative purifications
were carried out by reverse phase liquid chromatography On an
Applied Biosystems 15 1 A apparatus with a Nucleosil RP 100
Cs columin 4.6x 150 mmil (5 pitm. lOOA) anidc Vydac C4 column
10X220 mm (5 Atm. 300 A). respectively.
The mobile phase consisted of solution A (0. % lTEA in H,O)

and solution B (70%7 CHACN. ().09'S TFA in H,O). The pure
fractions of preparative runs were pooleid alnd lyophilized undeCr
vacuum using a Savant speed vLac concentrator.

Amino acid analysis and mass spectroscopy
For amino acid analysis. peptides were hNydrolyzed for 2 h at
100°C in 6N HCI in evacuated sealed tubes. For a better recoverv
of the tyrosine. 1 'c (wi/v) phenol was added to the acid solution
before hydrolysis. Cysteine residues were deter-mined as cvsteic
acid after oxydation of a separate s,ample with pertformivAc atcid.
The analyses were performedl on aL system 6300 Beckimian
apparatus (Palo Alto. CA. USA). Molecular mlass \vas obtained
by 252 Cf-plasma desorption mass spectroscopy oIn a Bio-lon-2()
time-of-flieht instrument.

Thiol titration
Cysteine containing peptides were dissolved in freshly degcazed
Hepes (N-(2-Hydroxyethyl)Piper-atzine-N'-2-Ethane sulfonic alcid)
50 mM (pH 7.5). KCI 100 mM buffer and inmmediately put into
anaerobic quairtz cells which mainitain aln inert argon atmosphere.
The SH content of NCp 10 and the various peptides. checked by
titration at 412 nm with 5.5' dithiobis-(2-nitrobenzoic acid). wvas
always greater than 2.7 suggesting that more than 90% of the
SH groups were in a reduced state.

Analysis of NC protein activity in vitro
Plastnid onstrlction. Standar-d procedures wAere used for
restriction nuclease digestion and plasmid DNA construction (25).
Escherichia coli HB 101 (1035) Was ulsed for plasmid DNA
amplification.

Plasmid pMLVSI-4 was used fOr i Xitro sy nthesis of
MoMuLV RNA (1 -725) by bacteriophage 17 RNA polymerase
(see ref. 9 for details). Plasmid ptRNABA- I allows the 'in vitro'
synthesis of murine tRNAPro (26). Restriction nuclease digestion
of ptRNABA- 1 with BstNI and subsequenit tr-anscr-iption of the
template allowed the synthesis of a colnplete tRNAPI".

Proteinis antd enZYmes. Restriction nucleases and bacteriophage
RNA polymerases \wvere fr-omil Promega. MuLV reverse
transcriptase was fromii Biolab.

In vitro generated RNA. 5 tg of linearized plasmid DNA were
transcribed in 0.1 mil of 40 nmM Tris HCI (pH 7.5), 6 m11M
MgCl1, 2 mM spermidine, 10 mlM NaCl. 10 imM dithiothreitol.
0.5 m11M of each ribonucleotide triphosphate with 40 units T-
RNA polymerase and 50 units ot ribonuclease inhibitor RNasin
for 2 h at 40°C. To generate 32P-labelled RNA, the tr-anscription
was performed in the presence of 60 m11M (32P) UTP at 20
Ci/mmol. Following DNase treatment the RNA was phenol
extracted twice. chromatogyraphed ONvcr Sephadex G75.
precipitated with ethanol and dissolved in stei-ile double distilled
water. 3)P-tRNAPro was further purified by urea/PAGE on a 8%
gel. )32P-tRNAPr" present in the Lel slice was recovered by
diffusion, precipitated with ethanol and dissolved in sterile double
distilled water. Before use synthetic tRNAPr-" was heat denatuied
and slowly cooled. 5' "P labcelline of bovine tRNAP"' wcas
carried out as previously described ( 15).
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Ultraviolet light (UV) cross-linking experiments with NC
proteins and MoMuLV RNA or primer tRNAPrO
UV (252 nm) cross-linking experiments were carried out as

described before with HIV and RSV (2, 5). Preparation of 32p-
labelled MoMuLV RNA (1-725) and replication primer
tRNAPro is described above. Assays were in 10lO containing
25 mM Tris-Cl (pH 7.5), 60 mM NaCl, 0.2 mM MgCl2, 5 mM
DTT, either 300 ng of 32P-MoMuLV RNA or 50 ng 32p-
tRNAPro and NCplO or NC derived peptides (25 to 100 ng).
After 5 min at 37°C the complexes were irradiated for 3 to 5
min at 20°C using conditions reported before (5). The NC-tRNA
complexes were then incubated in 5 mM EDTA and 1% SDS
for 2 min at 80°C and analysed by 13% polyacrylamide gel
electrophoresis (SDS-PAGE). After UV irradiation the MoMuLV
RNA-NC complexes were digested for 30 min at 20°C with 5
units of T1 RNase, then incubated in 5 mM EDTA and 1% SDS
for 2 min at 80°C and analysed by 15 % SDS-PAGE. Following
electrophoresis, gels were autoradiographed for 2 to 12 hours.

MoMuLV RNA dimerization and primer tRNAPro annealing
by NC protein
Nucleocapsid protein assays were performed in 10 plA reactions
comprising 20 mM Tris-HCl (pH 8), 30 mM NaCl, 0.2 mM
MgCl2, 10 mM ZnC1,, 5 mM dithiothreitol, 5 units RNasin, 0.5
,tg of in vitro generated MoMuLV RNA (denatured min at
95°C prior to use), where indicated 10 to 20 ng 32P-tRNAPro,
and 20 to 200 ng NCpIO for 10 min at 37°C. Reactions were

terminated by the addition of SDS (0.5%, final concentration),
the samples extracted first with phenol (8 ,ul of phenol saturated
with 50 mM Tris-HCl pH 7.0, 5 mM EDTA) and then with
8 ,ul of chloroform and the RNA analysed by agarose gel
electrophoresis. To analyse the extent of viral RNA dimerization,
viral RNA was analysed by electrophoresis on a 1% (w/v)
agarose gel in 50 mM Tris-borate (pH 8.3), 0.1 mM EDTA at
5 V/cm. Gels were washed with water and the RNA was

visualized by ethidium bromide staining (1 yg/ml for 5 min).
For the analysis of primer 32P-tRNAPro annealing to the PBS by
autoradiographic analysis, the gels were fixed with 5% (w/v)
trichloroacetic acid and dried.

Reverse transcription
In vitro reverse transcription of MoMuLV RNA (1 -725) was

performed using primer 32P-tRNAPro synthesized in vitro, or 5'
32P-tRNAPro from beef liver. Reactions were performed in 10
tld comprising 40 mM Tris-HCI (pH 8.3), 60 mM NaCl, 2 mM
MgCl2, 5 mM dithiothreitol, 0.5 j,g in vitro generated RNA, 10
ng primer 32P-tRNAPro (first annealed to the PBS using NCplO
or derived peptides), 0.2 mM of each deoxyribonucleotide
triphosphate, and 0.2 mg MuLV reverse transcriptase. Samples
were incubated for 15 min at 37°C and terminated by the addition
of 1 % SDS 10 mM EDTA. The samples were then treated with
phenol, extracted with chloroform and heat denatured for 2 min
at 95°C before analysis. The 32P-cDNAs were analysed on an

8% PAGE containing 7 M urea and 50 mM Tris-borate (pH8.3).
After electrophoresis, the gel was autoradiographed for 2 to 6 h
at -800C.

RESULTS
Synthesis of NCp1O and related peptides
In an attempt to investigate the role of the zinc fingers and
flanking residues on RNA binding and annealing activities of
MoMuLV NC protein, we have synthesized the native NCplO

and four peptides containing the zinc finger (Figure 1): (11 -48)
NCplO, NCp1OA; (14-48)NCplO, NCplOB; (1-42)NCp1O,
NCplOC and (24-56)NCpIO, NCplOD. Furthermore six zinc
finger deleted peptides containing a Gly-Gly spacer linking the
D24 and K41 residues were prepared: (1-56)NCp 1O, NCplOE;
(6-53)NCp1O, NCp1OF, (11 -53)NCplO, NCplOG; (11-48)
NCplO, NCplOH, (12-48)NCp1O, NCplOI and (14-53)
NCplO, NCplOJ.

All peptides were prepared by solid phase synthesis using Fmoc
chemistry. The synthesis was performed in a single step with
a coupling time of 20 min except for the large peptides (> 30
amino acids) where the coupling time was increased to 30 min
as a function of the size of the growing peptide (27).
The deprotection and cleavage steps of the peptides from the

resin were performed using the TFA-scavengers standard
procedure and peptides were precipitated with cold Et2O at the
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Figure 1. Primary sequence and RNA annealing activity of NCp1O and NCplO
derived peptides: MoMuLV RNA(I -725) dimerization and primer tRNAPro
annealing to the PBS carried out by NCp10 and NCp1O derived peptides were
examiined using the conditions described in materials and methods (see also figures
3 and 4). Activity of each peptide is given on the right panel: -, no activity;
+/-, 10% of RNA dimer and no primer tRNA annealed; +, 10-20% ofRNA
dimer and annealing of tRNA was about 5% of that with NCplO; +++,
80-100% RNA dimer and tRNA annealed.
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Table 1. Aminio acid content (uncor-recte values) otl puLiifed pcptidcs after- 6N HCFI hydroksis (see ExperinieIdkl Procedoic'.,

Amino Acid NCplO A B C D E F G H

Asx 3.9(4) 3.05(3) 3.03(3) 4.49(4) 2.00(2) 3.04(3) 2.89(3) c95(2) )1(2 .90(2) 2.0X)(2)

Thr 1.8(2) 0.80(1) 1.00(1! 1.67(2) 0.83(1) i 00(1)

Ser 2.6(3) 0.75(1) 0.70(1) 1.48(2) 0.86(1) 2.33(3) 0.75(1) () 95(1)

Glx 8.1(8) 4.91(5) 3.78(4) 6.97(7) 2.88)3) 5.69(6) 5.86(6) J.75(4i

Pro 5.3(5) 3.20(3) 3.08(3) 1.3(1)

Gly 5.6(6) 4.95(5) 3.85(4) 3.96(4)

Ala 3.0)3)

Val 1.9(2)

2.00(2) 2.00(2) 3.00(3)

1.52(2)

0.9'') (1)

3)1)3 0).821) 1 .20( 1)

.00()3 . 10(3) 3. 0()(3)
4 76(5) 3.71(4) 3 79(4) 4 05(4) 2(4(2) 2.00(2) 4.20(4)

2.83)3) 6.59(7) 6.95(7) 5.90)(6) 2 .s2)(6) 5.84(()) 5.20)(5)

1.90(2) 1.00(1)

1.75(2)

1,00(1) 0 91(1)1

0.95 >11 0 92 1I

1.05(1) 1.92(2) 2.80)3)

02)1) ().90(1)

0 95(1) 0. 8(1) 8)1) 1I.(0)(1) 10)1)

4.92 ) 4. 7S>5S i2949f3) ; 40)(5 2.77(3) 3 02)3) 0)2(') .2. 0(2)J 2) 0()2) 2.(0)(2)

1. I (1) 1 .03(1)

8,2(8) 6.85(7)

1.02(4 ) 1.011() 2.81 )3)

5.44T(G) 5.04(5) 2.8 103 7.43(8) (S.20(8) 7/ 5 G(8) fj,70(7, 5.79() 5.75)(7)

3.0(3) 2.96(3) 2.95(3) 2.90(3) 2.99(3)

'Fhe theoritical .amino acild eo mlapositionl cach pcpti(d ic ciVcen iHn p:irecnthc'.s Prececncc of torptOphlan xvLi' mc:i'.nred \ d.' .ci p\

end of the reaction time. For peptides containing cvsteine
residues, the crude peptide was treated with DTT. purified in

an inert atmosphere and lyophilized in a Savant speed vacuumll
concentrator to reduce possible cystine formation. Purifications
were performed by high pressure liquid chromatography and
amino acid compositions (table 1) and masses verified. All
subsequent biochemical analyses were perftorm-ed with NCpl()
and NCplO derivatives that were at least 98% pure.

Binding of NCplO and derived peptides to primer tRNAPro

Since ultraviolet light (UV) links proteins to nucleic acids when
reactive groups are no more than 0. 1 nm apart (28) we used UV
cross-linking to analyse the interactions between NC pi-otein and
either primer tRNAPO' or MoMuLV RNA (1 -725). NCpl0 or

a derived peptide was incubated with 'P labelled RNA and the
complexes formed were UV cIross-linked and analylsed by
polyacrylamide gel electrophoresis in SDS (PAGE-SDS). As
reported in figure 2. NCp 1O and NCp O derivatives ithout the
finger (NCplOF and NCplOG) interacted with primei tRNAPI"
to form NC-tRNA complexes (lanes 23 ; lanes 5. 6 and 8.

9). Although the yield of cross linking does not necessarlvT reflect
the stability of the complex between NC peptides and MoMuL\'
RNA, it is interesting to observe that there is an apparent
correlation between the annealing activity of the studied peptides
and their ability (see figs. 3 and 4 above) to form

ribonucleoprotein complex. The apparent molecular- weieht ot
about 29 Kda for the major NCplO-tRNA complexes intdicates
that they probably correspond to one NCp 10 imolecule per tRNA.
NCplOB (lanes 11, 12) appears to interact less tightly with primer
tRNAPr, while NCplOJ, NCplOC (lanes 13-16) and other

peptides did not show significant tight RNA interactions under
these ini iitro conditions. UV cross-linking of NCplO and derived

Figure 2. l :i-oss-hiln oaltsis(i)'ti2 ili:nw'ractiolln'of NCp1 ulnd dc1-\ix tiVs

\ith primer- P tRNAP'. I Lncs Ln1d 1- prim1el tRNA - UV' lani's 2 and

3: 25 ancd n"L NCpI( \xith LV Hitidi tioin: lance 4: 100 n} NCpl()F m11inullS
LV ir'radl iati'on Ines ain 6: m() I0)c !1 () xw ith inibl1diatittlon lane

7: 100 NC' plOG mtnIILIS t \ iHradiation Ilaoe'. 8 land 9: 5)) Land 1 0) N(C pI()C
with Vi , radit lo nci 10 200in N p I) B iin i adiU\ ti()aton in IS11
and 12: 100 and ?00 NC'plOB \xxith FU\' irradiation: lanes 13 tay 14 100
and 200 ns ;N Cp IOC xw ith in aditioln 15 and 100I nd 200 mn'Cp 11()J

1i")_i, Not that nticia' v NC p -outein1-

tRNA complex m ripated with ian tppt1 it decolCU ii xt\ciht ult (hit )_ kFDat
ndPlP tRN A xx ith a Lpparient in enuu e\vchi t A' 19k0FDa

peptides to MoMuLV RNA ( I 72o) wvas ailso cari-ied out. nd

the results obtained wevr verycl-losc to thesc obtalined 'ith primerl
tRNAP'` (not show n)).

MoMul,V RNA dinierization h! NCpIO and derived peptides
MloMul-V RNA dimerization \\ as, IailneCd UpOn incvuahationi ot
the viral RNA with NCp 1O and derivedIpeptides undel optimal
conditionis for NCpl(0) activity 7. 29). Atter- 20 min at 37°C.
reactiolls were stopped with SDS and the RNAs extr-acted with
phenol to remove NC protein aindl anlyased hy agrose gel
electrophor-esis under native conditions. Figllre 3A reports that

I J

3.2)3)
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Figure 4. Synthesis of MuLV strong stop cDNA by MuLV RT in the presence
of NCplO and derived peptides. At the end of the reaction leading to the annealing
of primer tRNAPro to the PBS of MoMuLV RNA, 0.2 mg of MoMuLV reverse
transcriptase (RT) was added together with 0.25 mM of each deoxyribonucleotide
triphosphate. Analysis of the extended cDNA product was as described in methods.
Lane 1: control with MoMuLV RNA (1 -725), 32P-tRNAPrO and MoMuLV
reverse transcriptase; lanes 2 and 3: 25 and 50 ng NCpIO; lanes 4 and 5: 25
and 50 ng NCplOE; lanes 6 and 7: 25 and 50 ng NCplOF; lanes 8 and 9: 25
and 50 ng NCplOG; lanes 10 and 11: 25 and 50 ng NCplOJ.

Figure 3. Viral RNA annealing activity of NCplO and derived peptides: A/
Dimerization of MoMuLV RNA(1-725) was carried out using the conditions
described in materials and methods. Lane 1: no protein; lanes 2-3: 40 and 80
ng NCpIO; lane 4: 80 ng NCplOE; lanes 5, 6: 100, and 250 ng NCplOA; lane
7: 500 ng NCplOB; lane 8: no protein; lanes 9, 10 and 11: 25, 50 and 100 ng

NCplOF; lanes 12, 13 and 14: 25, 50 and 100 ng NCpIOG; lanes 15, 16: 200
and 100 ng NCplOI; lane 17: 100 ng NCplOI and then 100 ng NCplOC. B/
Annealing of primer 32P-tRNAPro to the PBS. Lane 1: no protein; lanes 2, 3:
40 and 80 ng NCplO; lane 4: 80 ng NCplOE; lane 5: 50 ng NCplOF; lanes
6, 7: 50 and 100 ng NCplOG; lanes 8, 9: 100 and 200 ng NCplOI; lanes 10,
1: 100 and 200 ng NCplOJ; lanes 12, 13: 100 ng NCplOC and then 25 and

50 ng NCplOG; lanes 14, 15: 100 ng NCplOC and then 100 and 200 ng NCpIOJ;
lane 16: no protein. M and D correspond to MoMuLV monomeric and dimeric
RNA, and M-tRNA and D-tRNA to MoMuLV monomeric and dimeric RNA
with primer 32P-tRNAPro annealed to the PBS. Molecular weight markers were

rat 18S and 28S rRNAs (not shown). Samples 1 to 7, and 8 to 17 in figure 3A
were run on two different gels. Samples I to 16 in figure 3B were run on the
same gel.

dimerization of MoMuLV RNA (1 -725) did not occur in
absence of NC protein (lane 1) under these in vitro conditions.
Upon addition of NCplO, RNA dimer formation was observed
in a dose dependent manner (figure 3A, lanes 2,3). The finger
deleted peptides, NCplO E, F and G were also able to promote
viral RNA dimerization (fig. 3A, lanes 4,9-11 and 12-14).
However, NCplOA and B are active only at a high protein
concentration (100 ng) and did not dimerize more than 10% of
MoMuLV RNA in the presence of 500 ng protein while NCp 101

is completly inactive (lanes 15, 16). Additional experiments have
been carried out with NCplO derived peptides D, H and J (see
figure 1) and results obtained were all negative with NCplOD
and J, and with NCplOH very similar to those obtained with
NCplOA. Moreover mixing two inactive peptides like NCplO
C and D, did not restore the RNA annealing activity in vitro (data
not shown).

Replication primer tRNAPrO annealing to the initiation site
of reverse transcription (PBS) of MoMuLV RNA by NCplO
and derived peptides
To investigate the annealing of primer tRNAPro to the PBS of
MoMuLV RNA we used both 'in vitro' generated 32P-tRNAPro
and beef liver tRNAPro labelled at its 5' end (15). Results
obtained with synthetic tRNAPro and NCp 10 were almost
identical to those already reported with natural tRNAPro (9, 15
and data not shown). Thus, most of the experiments have been
carried out with synthetic 32P-tRNAPro. NCpl0 strongly
activated annealing of primer 32P-tRNAPro to the dimeric viral
RNA (Fig. 3B, lanes 2, 3). The zinc finger deleted peptides,
NCpOE, F and G were also able to promote primer 32P-
tRNAPro annealing to the PBS (Fig. 3B, lanes 4, 5, 6, 7, for
NCplOE, F and G, respectively). However, NCplOI and J alone
or in combination with NCplOC were unable to promote the
annealing of 32P-tRNAPro to the PBS (lanes 8, 9, 10, 11 and 14,
15, for NCp1OI, J and C plus J, respectively). Interestingly,
NCplOC (100 ng) was unable to inhibit viral RNA dimerization
and primer tRNAPo annealing to the PBS promoted by NCplOG
(lanes 12, 25 ng and lane 13, 50 ng, compare with lane 6). All
the other NCpO peptides such as NCplOB, D and H were found
to be very poorly active under these 'in vitro' conditions using
either natural or synthetic tRNAPro.

Initiation of reverse transcription promoted by NCp1O and
derived peptides
The ability of NCplO and NCplO derived peptides to promote
the initiation of reverse transcription was investigated as follows:
first, NCp 1O or a derived peptide was incubated with MoMuLV
RNA (1 -725) and primer 32P-tRNAPro to allow annealing of
primer tRNA to the PBS and the formation of high molecular
weight complexes. Second, deoxyribonucleotide triphosphates
and MoMuLV reverse transcriptase were added and reverse
transcription allowed to proceed for 15 min. The strong stop
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cDNA (ss-cDNA) product linked to primer "P-tRNA`.-'' was
analvsed under denaturing conditions hv PAGE in 7 NI urea
(figure 4).
The correct extension product of 219 nucleotides corresponding-

to the strong stop cDNA linked to the 3' end of primner- 3P-
tRNAPro was obtained with NCp 1O. and NCpIOE, F and G. but
not with NCplOJ which was shown to lack any atnnealin, aIctivriw.
The 32P-tRNA-cDNA product was obtained solely with NCpl(
derived peptides possessing RNA annealing activity (fitie. and
3) (data not shown). In addition, deletion otf the z7inc ftineer inl
NCplO E F and G appears to enhance the le!el ot' reverse
transcription initiation (compai-e lanes 3. 3. 7 (and 9).

DISCUSSION

The aim of this study was to investicate the role otf the zinc findier
in the RNA annealing activity of MoMuLV NC protein in vitro.
since it has been shown that the finger motif is required for the
specific packaging of the diploid genome in vito (I1820,22).
Furthermore, a functional analysis of the basic domains
surrounding the zinc finger was caI-irred out since these reionls
are highly conserved among the retroviral NC pi-oteins anid littlc
attention has been paid to theml (2. 3 and refei-ences heieinl).
To determine the smallest NC peptide retalining the full activit\
of NCplO in vitro, peptides with cdeletions in the N- atnd oir C-
terminal ends were chemically synthesized. ITo evaluate the r ole
of the zinc finger, peptides with a glycine-glycine linker replacilnlg
the finger motif and with N- and/oi- C-terminal deletions wer-e
prepared. The glycine-glycine spacer does not exactlyr Imiiilic the
distance between D24 and K41 found in the structure of the native
protein determined by NMR spectroscopy (data to be published).
but was selected in order to link in a flexible wav the domains
flanking the zinc finger (see figure I.

All the NCplO peptides synthesized wer-e assayed for their
biological activity in vitro which includes their ticht interactiolls
with primer tRNAPr( (figure 2). and thei- ability to dimiiel-izc
MoMuLV RNA containing the Psi/dimer sequence (figure 3A)
and to anneal primer tRNAPr" to the PBS (figure 3B). resultin_
in the initiation of reverse transcription upon (addition of reverse
transcriptase and nucleotides (figure 4).
The complementary role of the amiiino-acids surrounding the

zinc finger is illustrated by the fact that NCplOC and NCpIOD
are completely inactive. The partial activity of NCplOA and
NCplOB indicates that a minimal number- of basic aminiIio acids
located on both sides of the zinc finger is iequirecd.
The four NCplO derived peptides (NCpI0E to NCpIOG)

lacking the finger motif were found to be as active as the natiVe
protein in vitro. This agrees with the activity of modifiecl NCpI)
where cysteines involved in zinc cooidiinationi have been replaced
by serines or chemically' modified ( 17). In aLddition these data
indicate that amino acids of the finLer nmotif do not directly
participate in the RNA annealing activity of NCp10. Theminimal
peptide retaining full activ ity contains the N-terminal
RQGGERRRSQLDRD and the C-terminal KKPRGPRGPRPQT
of NCp10, linked by a G-G spacer (NCplOG). The most
interesting findings are that arginine at position 1I1 and the proline
rich sequence 49PRPQT aIre critically involved in the
biologically relevant RNA annealing activities of NC proteinin
vitro. In addition the two minimal basic domains surrounding
the finger motif must be linked for NC proteitn activity since a
mixture of peptides corresponding to the Nacncl C domnbains was
still inactive (compare NCp 1 I atnd C. NCp fC and G. figure

rtihs uLniderI ines thc atct t iitt ti t\() titsic (omains
' lich arc ttrl a1x.Nfa llm each ,)tflcL iItn h primalrl- scequlencc.
Imiust hb hrought together spatialk ' x ItlI, the zinc tin_eer iII
the nati\c NCpl( protein or the elscg mi."lycluie linkage in the
sv nthetic pepticdes. InterestinelN thic RN A annealinu activitx
induced bv NCpIlOG wvas not in}lhitcdl b\ high concentration's
o NCpl()C (Figure 3B) illustrating" the 'in-cat stabhilitv ot the

bioIlo'icalkl actiVe comllplcx.
Bcascd on our i-esults, the NC [1(-WHinLLuce faicilitatiol ot

ncnomic MoMuL-V RNA dinmcrization could occur by interacltio
of the hbasic domains ctided h\ RQOG ai-l41`PRPQI) located on
cad]h sidc of the zitnc t-iner'Cl xvit-I .At lcatst t\\ complenentar\ nlOnl-
conUtinIos RNA secqUclncs. thc Lck neIlin ct it\ ()t
NCp 1 )) Lanl of Linmixtuic Isc emina. cls NCp OC anl
NCp I(OD) StiggeStS that t}le ntittIc pr)tIic Ol-r the actitv zinc-t'iil'lee
dieletcei pcptides recOgnizes and stahitiLzs a partiula structur
in which the two RNA bindiing sites arc spatially close The
formationiot this tbridg-e probabl\ stahilizcs RNA species in \vhich
scquences participatine in thc dimier tO rIllmItion. SuLch ats the
283 30)) sequence (DEIS).) o\uld hc cxposed.

Reccnlt reSUItS of o0I laboratories ha\v shoxvn that the RNA
h]ili-dilC Land ami]ealinig actixitis ()o NC plroteim] ot HIV- (NCp7)
i-cl on hbasic sequellces (")RAPRKKG'> linking the two fil-eerl-
m1otits alid nlot onl the two zii]c tingers (32n These findings tavor
ttI nlOtiOl thcat iII atll rCtr(ovirtises thtc RNA hinding andcanimealli'ln
a ctivitics Ot NC protein arec depCendenlt UpNliI basic domains richl
ill prohine and elyCine residues \ hilch (lank the zitc tifinger(s) (c)e.
-'RAPRKKG-" In HIN-1. `'PKKRKSG( in RS\v. 41KKPRGP
RG4> in NoMuLN'. 7KRPRKKP` ii] FeLV and PRPSRGRGR
in the hum]an spumaretroxirus HSRV) (3) 33 aind r eferences
heircil ). Site-directed muta(,eeeIsis of these NC pr-otein basic
d1oI11aiI]s are presentlybteing pecrformed and results indicate that
b(asic r-csidtiCs flankin-e the zinc tinrcr of NNMMuLEV eenoml]ic
RNA packaeinetw 'lIdcl virus ii]tectlvit\ /2 viv( (H1-oussct. Dc
Rocquignv. RoquLeS aLd Darli ,_ubmitted o0 publication). ThiS
is III a2crceilieilt withLi pIrCeioLu reporTW on1 RSV dcmcnonstratineg
tlhat mut(ation of the txo ksixlsic nc\t to tl]ct'li-st zinc fil°eel ot
RSV NC Irotein i- (KK) leads to Itac irc detect iII -eIoTMiC
RNA Ipack(ainu arid infectivit\ 33

In the present studx the ques]tionl ()o' ho\\ the elecnomic RNA
is recoenized amongst the cellIlar RNAs has not been addressed.
Both the encapsidatiol] elei]]ent Psi aInd the NC pIOtein are
-equi-ed for this recoe"nitiom] im i/ Specitic' inter-actions betwecen
NC protcin aind the vir1al Psi dinlr ClemenClt couldC be the first
step to\\ards packaging ot the icnomcn. GJe1neticatrid biochemical
data,tl Itx\ or the ide(a that the NC priltein zinc fineer Ltridt the tlankineLl
hbasic residCues coopercate to direct tfei selective recoenitiontof the
L,enomic Psi - RNA inI the inf'ectec cll

Finallx . the obser\xation thal]toi bast domains are cssenitial
for the RNA hindine Land annamcling, aLtixcities ot NC plroteilns
shouLI 'atcil tate the rational desi 111 *t compounds caimed at
ii]hihitint etretrovirus replication
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