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ABSTRACT: The critical functions of the HIV-1 nucleocapsid protein NCp7 in genomic RNA packaging
and reverse transcription, essentially rely on interactions with nucleic acids. A significant progress in the
knowledge of these interactions has been recently achieved with the NMR-derived structures of NCp7
derivatives in complex with two short sequences of the HIy-packaging signal, namely ACGCC and

the stem-loop 3 (SL3) motif. To further identify the key nucleotides in the formation of both NCp7
d(ACGCC) and NCp+#SL3 complexes, we quantitatively analyzed by steady-state and time-resolved
fluorescence, the interaction of NCp7 with d(ACGCC) and SL3 mutants where each nucleotide in interaction
with the protein has been systematically substituted. Moreover, by using several NCp7 derivatives, we
investigated the contributions of Phel6, Trp37, and Trp61, and the various NCp7 domains, in the binding
process. The binding of NCp7 appeared essentially driven by the interaction of the zinc finger domain
and notably Trp37 wit a G residue, irrespective of its location in the oligonucleotide. The involvement
of Trp37 in the binding process depended on its location in the C-terminal finger motif and the proper
folding of this motif. Phel6 in the N-terminal finger motif also strongly contributed to the binding energy,
while in contrast, Trp61 in the C-terminal domain only marginally interacted with the oligonucleotides.
The stem-loop structure of SL3 stabilized the binding of NCp7 by abaukJ/mol (at 0.1 M NaCl) by
favoring the electrostatic binding of both N- and C-terminal domains. Finally, we found that NCp7 bound
to nucleic acid single-stranded regions with the following preferenc8GX; > XiGXGX; ~ X;TXGX;

> XiGX; > XiX|, where X corresponds to either A or C. This implies that recognition of nucleic acids
by NCp7 may be achieved by a limited number of sites, and hence, no strong affinities are required in
order to get a selective binding.

HIV-11 viral particles are composed of a capsid surrounded from the pool of cellular RNAs and its packagin6—8).
by an outer envelope, and within the capsid lies the Interestingly, NCp7 also promotes a variety of nucleic acid
nucleocapsid. In mature virions, the nucleocapsid structureannealing and strand transfer processes that are essential
contains the genomic 70S RNA extensively coated by about during HIV-1 replication, such as RNA dimerizatiof)(
2000 copies of the nucleocapsid protein NCp72). NCp7 hybridization of primer tRNAYS2to the genomic RNA (4),
is generated upon protease-directed cleavage of dhg “ DNA strand transfer, and renaturatios, 9, 10).
encoded” Pr55 polyprotein and, depending on HIV-1isolates  Ncp7 is a highly basic protein with a central domain of
considered, is composed of either 55 or 71 amino adjis (- g zin fingers or CCHC motifsi(1), which strongly bind
Besides its histone-like activityl( 2, 4), NCp7 (either as  zjnc (12—14). The protein is also characterized by two Trp
the mature protein or as the Pr55 precursor) plays critical resjques at position 37 and 61, respectively, that constitute
roles in the viral life cycle (for review, see réj. Indeed, sensitive intrinsic fluorescent probed4¢16). Trp37 is
NCp7 is thought to specifically interact with theencapsi-  |gcated in the C-terminal CCHC motif and is critical for
dation sequence of the genomic RNA, enabling its selection NCp7 functions since conversion of this residue into a
T This work was supported by grants from the Agence Nationale de nonaro-matlc one aEOII-SheS viral |nfec.t|V|}y and -Im-|paIrS
Recherches sur le SIDA, Centre National de la Recherche Scientiﬁqueg(:"nomlc R.NA pac aglng 10). Ir)terestlng y, a simiar
and Universitd_ouis Pasteur. phenotype is also obtained by point mutation of Phel6 that
*To whom all correspondence should be addressed. Phone:is symmetrically located in the N-terminal CCHC maotif or
+33 (0)3 88 67 69 28. Faxt33 (0)3 88 67 40 11. E-mail: mely@  py point mutation of any of the zinc ligand in the CCHC
pharma.u-strasbg.fr. motifs (17—21). On the contrary, no key function of Trp 61

* Laboratoire de Pharmacologie et Physico-Chimie des Interactions | ? ”
Cellulaires et Moleulaires. in the C-terminal domain of NCp7 has yet been found.
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+ Abbreviations: HIV-L, human mmunodeficiency virue type 1; . Recently, a significant progress in the knowledge of the
NCp7, nucleocapsid prdtein; SL, stem-loop; MoMuLV, MO|0ne)’, interaction of NCp7 with nucleic acids has been achieved
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rometer. Excitation and emission wavelengths were 295 and
350 nm, respectively. The excitation and emission band-
widths were 4 and 8 nm, respectively.

Fluorescence titrationgvere performed by adding increas-
ing concentrations of nucleic acid to a fixed amount of
peptide in 50 mM Hepes and 0.1 M NaCl, pH 7.5, in the
presence of 0.04% PEG 20000 to avoid the adsorption of

NCp7 onto quartz cell walls26). Fluorescence intensities
CEGH CEGH were corrected for dilution, buffer fluorescence, and screen-
S S S ing effects due to the presence of nucleic acid. The average
[‘E}C/Z"\Cﬁ ﬂ&\c/"\cé‘ number,», of moles of protein bound per mole of oligo-
NVK  RAPRKKE  TeRg nu_cleonde is calculated from the fluorescence |_ntensmes
usingv = (lo — D/(Io — 1Y) x L/N, whereL; andN; designate
the total concentration of protein and oligonucleotide,

MaR GNFRNQRKNVKG—GRAPRKKG—GGTEPQANFLGKIPSYKGRPGNFL respect'vely,l[, the ﬂuorescence at the plateau When a” the

1 72 peptide is bound, whereak and | correspond to the

Ficure 1: Amino acid sequences of NCp7 and its derivatives. The fluorescence intensities of the peptide in the absence and in

aromatic residues Phel6, Trp37, and Trp61 are framed. the presence of a given concentration of oligonucleotide.
Furthermore, the free protein concentratian,is deduced

to a d(ACGCC) sequence derived from the SL2 motif of by L = L; — vN.. As the observed binding constaKtys of

the y packaging signal22) and (1-55)NCp7 bound to a  NCp7 for some oligonucleotides was too low to allow the

20-nt RNA containing they-SL3 motif 23). The two  determination of the plateau of fluorescendg,in our

structures exhibit striking similarities, notably, in the position conditions, the Scatchard equation was rewritten to directly

of NCp7 finger domain in respect to the nucleotides and the fjt the fluorescence intensity, and calculate the plateau
nature of the bonds2@). In both structures, Trp37 stacks yajue as a parameter:

with a G residue and Phel6 is involved in hydrophobic
interactions with an oligonucleotide basé’ i@ d(ACGCC) (Ip— 1)
and @ in SL3]. I=lo=——x
To identify the nucleotide determinants in both NCp7 '
d(ACGCC) and NCp#SL3 complexes, we quantitatively
analyzed the interaction of NCp7 with d(ACGCC) and SL3
mutants where each residue in interaction with the protein 1)
has been systematically modified. This investigation was

pe_rformed by steady—state and time—re;olyedl fluorescencerhe parameters were recovered from the fit of eq 1 to
using the Trp residues of NCp7 as intrinsic reporters. eyperimental data by using the nonlinear procedure of the
Moreover, we also investigated the interaction of NCp7 with gas software. The numben, of protein-binding sites was

a 10-nt RNA sequence located in the signal next 10 determined from titrations under stoichiometric conditions.
ACGCC and critical for efficient genomic RNA packaging  Reverse titrations were performed by adding increasing
(1). In addition, several NCp7 derivatives have been used concentrations of NaCl to the previously formed complexes.
in order to investigate the contributions of Phel6, Trp37, agthe plots of l0gKobs VS log[NaCl] were linear in a 100
and Trp61 and the various domains of NCp7 in the binding 600 mMm salt concentration range, this method allows the
process. determination of the nonelectrostatic binding constargi

M) and the numberpY, of ion pairs between protein and
nucleic acid, as previously describebby:

[1+ (L + nN)Kpd? — VI1 + (L + NN)Kgpd? — ALANK 2
2Kobs

MATERIALS AND METHODS

Materials. Solid-phase synthesis of NCp7 derivatives
(Figure 1) was carried out as previously describ24).(To
preserve the highly oxidizable Cys residues, the lyophilized
protein was dissolved in freshly degassed 50 mM Hepes (pHwhereWy.+, the fraction of cation Nathermodynamically
7.5) buffer, poured into anaerobic quartz cells, and saturatedbound per phosphate group, is assumed to be 0.71 as for
with a 2.5 molar ratio of zinc sulfate to protein. single-stranded DNAZB). As it has been previously shown

The oligonucleotides were purchased by Eurogentec andthat no anion uptake or release accompanied the binding of
diluted in water. The r(eéA,UsG) sequence was a gift from  NCp7 to various tRNAsX6), we assumed a similar behavior
T. Huyn Dynh (Institut Pasteur, Paris). for the oligonucleotides investigated in this study.

Spectroscopic Measurement&bsorption spectra were Fluorescence lifetime measurementse performed with
recorded on a Cary 4 spectrophotometer to determine thea time-correlated, single photon counting technique using a
NCp7 and oligonucleotide concentrations. Extinction coef- pulse-picked frequency-tripled Ti-sapphire laser pumped by
ficients of 12 700, 5700, and 7000 Mcm* were used for a continuous wave argon laser (Spectra Physics). The
(1-72)NCp7, (12-53)NCp7, and (+72)sNCp7, respec- excitation and emission wavelengths were set at 295 and 350
tively. Oligonucleotide concentrations (expressed in strands)nm, respectively. The single-photon pulses were detected
were calculated by using the extinction coefficients provided with a microchannel plate Hamamatsu R3809U photomul-
by the manufacturer. Fluorescence measurements werdiplier and recorded on a multichannel analyzer (Ortec 921)
performed at 20.@ 0.5°C on an SLM 48000 spectrofluo- calibrated at 25.5 ps/channel. The instrumental response

log Kops=log K (1 M) — Wy, log[Na']  (2)
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1.0 significantly modify the binding. As in these conditions, the
1.0 . . . . . . .
ionic strength is ill-defined and far from the physiological
[ 0.8 . . h
0.8 1 06 1m one, the rest of the titrations were performed in the presence
o4l of 100 mM NacCl (Figure 2 and Table 1). As expect®ax
Y . was not affected by salt, indicating that the behavior of Trp37
06 1 00 in d(AACGCC)—(12—53)NCp7 did not depend on salt
= Oe+0 [d(AACSéfC)] ™ 1es concentration. In contrast, there was a 15-fold decrease in
0.4 - Kobs in keeping with the well-known salt dependence of

protein—nucleic acid interaction26). In reasonable agree-
ment with the three electrostatic interactions that have been
deduced from NMR data (22)f = 2.3(*0.2) ion pairs were
determined in the (1253)NCp7d(AACGCC) complex

0.0 y i y from the slope of lod<sps VS log[NaCl] in salt-back-titrations.

0e+0 2es o5 6e-3 Be8 Sincem was obtained by dividing the slope value ¥,
[d(AACGCCY] (M) the number of N& bound per phosphate group, the slight

FicurRe 2: Binding curves of (1253)NCp7 with d(AACGCC).  ynderestimation offif in our data may come from the value

Peptide concentration was Q81 in 50 mM Hepes, pH 7.5, in the C
absence (closed symbols) or in the presence of 100 mM NaCl (openmc Wnar, which is probably lower than 0.71 for short and

symbols). The oligonucleotide concentration is expressed in strands.Unstructured oligonucleotideg). Finally, in keeping with
Solid lines correspond to the fit of the experimental points with eq the numerous H bonds and hydrophobic interactions evi-
1 and the parameters of Table 1. Insert, magnification of the titration denced in (1253)NCp7-d(ACGCC), the nonelectrostatic

in the absence of salt. The intercept of the initial slope with the jnteractions represented about 70% of the binding energy.

plateau gives the number of protein binding sites on d(AACGCC). . . ) )

To get additional information, a time-resolved fluorescence
function was recorded with a polished aluminum reflector, investigation was performed. In the absence of d(AACGCC),
and its full-width at half-maximum was 40 ps. The decay the decay of (1253)NCp7 was characterized by three
data were analyzed with the maximum entropy method lifetimes with a very narrow distribution (Table 2). These
(MEM) and the Pulse5 softwar@T). A lifetime domain decay parameters should be considered as refinements of
spanning 200 equally spaced values on a logarithmic scalethose previously publishedl$) since the device used to
between 0.01 and 10 ns was routinely used. The meanmeasure the decays was significantly improved. In the

0.2 4

fluorescence lifetime was calculated 1= } o7/ i, presence of an oligonucleotide concentration that saturates
where 7; and o; designate the fluorescence lifetimes and more than 98% of the peptide, the three lifetimes were not
relative amplitudes. or only poorly affected, but their relative proportions strongly
decreased to the benefit of an ultrashort lifetime (60 ps)
RESULTS whose appearance is in full agreement with a stacking of

The use of NCp7 intrinsic fluorescence has proven to be 17P37 With d(AACGCC) 85). Noticeably, the ratio of the

a valuable tool to determine the binding parameters to variousM€an fluorescence lifetime in the presence of d(AACGCC)
oligonucleotides and nucleic acids 28—31). To examine to that in |t§ absence was in egcellent agreement vy|th the
the nucleotide dependence of the binding of NCp7 to nucleic corresponding quantum yield ratio (Table 2), suggesting that
acids, we investigated the binding parameters and intrinsic "© additional static quenching occurred. Stacking was clearly
fluorescence properties of NCp7 and NCp mutants in the major mode of mtera}ctlon of Trp3? in the complex but
interaction with oligonucleotides representing sequences ofthe 25% relative proportion not associated to the ultrashort
HIV-1 y packaging signal. The ACGCC sequence was first lifetime suggested that, in a significant population of {12
used since it represents part of theRNA SL2 motif and ~ 93)NCp7-d(AACGCC) complexes, Trp37 may not be
since its structure in association with the proximal finger involved in stacking interactions.

motif, (13—30)NCp7, and the central two-finger domain, To check the dependence of the binding and fluorescence
(12—-53)NCp7, has been solved by NMRX 32). The more parameters of d(AACGCC)(12—53)NCp7 on the location
stable DNA analogue was used instead of the RNA oligo- of Trp37 in the C-terminal finger, a W16F37(383)NCp7
nucleotide since both forms gave similar binding cuns. ( derivative was synthesized, where Phel6 and Trp37 were
Finally, as the binding site size for{I72)NCp7 on various  inverted. This double mutation only moderately decreased
nucleic acids is between 6 and 8, (16, 29, 33, 34), an the binding constant for d(AACGCC) but strongly modified
additional A nucleotide was added at tHeeBd of d(ACGCC) the ratio of electrostatic versus nonelectrostatic interactions

to give d(AACGCC). (Table 1) in keeping with significant changes in the binding
o mode. Moreover, th@max value of Trpl6 in W16F37(12
Binding of NCp7 and NCp Mutants to d(AACGCC) 53)NCp7-d(AACGCC) was only half of that of Trp37 in

Titration of the Trp37-containing (¥253)NCp7 by (12-53)NCp7-d(AACGCC). In fact, time-resolved fluo-
d(AACGCC) in the absence of salt is given in Figure 2. As eéscence measurements indicated that a stacking of Trp16
expected, a single protein-binding site on d(AACGCC) was With d(AACGCC) bases occurred only for 33% of the
inferred from the intersection of the initial slope with the W16F37(12-53)NCp7-d(AACGCC) complexes (data not
plateau (Figure 2, insert). Moreover, both the observed Shown).
binding constantKy,s and the maximum extent of quench- The replacement of (£253)NCp7 by (£:72)NCp7 only
ing, Qmax Were close to those reported for d(ACGCQR), led to a 2.5-foldKqps increase (Table 1), suggesting that the
suggesting that the addition of A at thé énd did not N- and C-terminal domains flanking the finger domain of
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Table 1: Binding Parameters of NCp7 and NCp-Mutants to d(AACGCC)

peptide [NaCl] (mM) Kobd x 1075 (M) max (%0) K (1 M)P x 104 (MY m b
(12-53)NCp7 0 1742) 87(2) 0.5@0.1) 2.36:0.3)
100 1.1¢:0.2) 85(:3)
(1-72)NCp7 100 2.6£0.1) 656-1) 0.7€0.1) 2.3¢:0.2)
(1-72)NCp7 100 <0.05 <10 NDF NDe
W16F37(12-53)NCp7 100 0.7G£0.05) 48(£1) 0.03@-0.01) 3.3(:0.2)

aThe experiments were performed in 50 mM Hepes, pH 7.5. The primary sructures of the peptides used are given in°Figereldserved
affinity constantKops the maximum extent of fluorescence quenchiQgax the number of ion pairsy’, and the nonelectrostatic binding constant,
K (1 M), were expressed as meahstandard error of the mean) for three experimehidon determined.

Table 2: Time-Resolved Fluorescence Parameters of NCp7 and NCp-Mutants in the Presence of d(AACGCC)

[AACGCC] (uM) 7® (ns) ai® (%) fi® (%) EEAE 1/1°
(12-53)NCp7 0 7.34£0.1) 35 @1) 65 (&5) 1(4.1) 1
3.4 (0.1) 40 &1) 33 (@&2)
0.64 (£0.02) 25 (1) 4 (+1)
20 7.4 £0.4) 3@1) 37 @&9) 0.15 (0.6) 0.14
2.7 (#0.2) 10 (1) 44 (+9)
0.63 (0.03) 11 ¢3) 11 (5)
0.06 (-0.01) 76 (£2) 8 (£3)
(1-72)NCp7 0or20 4.840.1) 19 &-3) 38 (&5) 1(2.5) 1
3.0 (£0.1) 43 @&3) 51 (£5)
0.74 &0.03) 38 (1) 11 1)
NCp7 0 6.5 ¢-0.1) 24 (2) 50 (+4) 1(3.1) 1
3.3(0.1) 39 @&3) 41 @&4)
0.72 (0.03) 36 (£1) 8 (1)
20 5.6 £-0.1) 8 @1) 35 (4) 0.42 (1.3) 0.38
2.9 ¢0.1) 22 @&2) 50 (&5)
0.64 (£0.02) 24 (£1) 12 (£2)
0.07 (0.01) 46 (-2) 3 &1)
linear combinatioth 5.3 10 37 0.44 (1.4)
model 2.9 23 50
0.72 21 11
0.06 46 2

a Experiments were performed in the absence of salt to get a full complexation-868RCp7 and (+72)NCp7 with d(AACGCC). Peptide
concentration was AM. P The barycenter value;, the relative proportiony and the fractional intensity, of each lifetime are expressed as mean
(& standard error of the mean) for three experimehigJand | designate the mean fluorescence lifetime and steady-state fluorescence intensity
in the presence of d(AACGCClild andl, are the corresponding values in the absence of d(AACGCC). The mean fluorescence lifetimes (expressed
in nanoseconds) are given in parentheéds.the linear combination model, the values are calculated as described in the text.

NCp7 were not critically involved in the binding to Trp37 in (12-53)NCp7~d(AACGCC) and Trp61 in free
d(AACGCC). Moreover, the absence of changesiifurther (1-72%dNCp7, assuming that a linear combination applies
suggested that the numerous positively charged amino acidgTable 2). This suggests an identical behavior of Trp37 in
of the N- and C-terminal domains might not interact with (1-72)NCp7d(AACGCC) and (1253)NCp7+d(AACGCC)

the oligonucleotide phosphate groups. The absence of strongand marginal interaction of Trp61 with the oligonucleotide.
interaction of the N- and C-terminal domains of NCp7 with  Eipally, the substitution of d(AACGCC) with its RNA
the oligonucleotide was confirmed with the fingerless- (1 gnalogue, r(AACGCC), led only to a limited change in the
72):dNCp7 peptide, since competition with (83)NCp7  pinding and fluorescence parameters (Table 3), confirming

for d(AACGCC) indicated thaKops Of (1-72)NCp7 was  that the complexes of NCp7 with both the sequences were
very low and did not exceed X 10° M~! (Table 1). similar 22).

Interestingly, the presence of zinc in NCp7 was critical for

the b|nd|ng to d(AACGCC), since its removal by EDTA Dependence of the B|nd|ng Process on the
decreaseKqps by about 2 orders of magnitude (data not Hexanucleotide Sequence

shown).

The Qmax value of (:-72)NCp7 was significantly lower Critical Involvement of G Residue$o further examine
than the (12-53)NCp7 one. To get further information, time-  the binding of NCp7 to oligonucleotides, we analyzed the
resolved fluorescence measurements were performed. In theffects of systematic substitutions in d(AACGCC) on the
absence of d(AACGCC), the fluorescence decay ef{2)- binding process. Since G has been shown to stack with Trp37
NCp7 was characterized by a trimodal distribution (Table in (12—53)NCp7d(ACGCC) @2), G was changed to either
2) that has been shown to correspond to a linear combination A, C, or T (Table 3). In each case, a dramadigsdecrease,
in respect to both lifetimes and fractional intensities, of the associated with a corresponding decrease in the nonelectro-
individual emitting Trp residues (namely Trp 37 and 61) in static binding constani (1 M), was observed. The loss of
the two single-Trp containing derivatives, (23)NCp7 and binding energy was between 5 and 7 kJ/mol, suggesting that
(1—72)dNCp7 @36). Similarly, the fluorescence decay pa- the interactions of the guanine base with NCp7 residues
rameters of (£+72)NCp7d(AACGCC) were in excellent  contributed to about 20% of the total binding energy of (1
agreement with the theoretical parameters calculated from72)NCp7 to d(AACGCC). In contrasQmaxwas only poorly
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Table 3: Sequence Dependence of the Binding eff2)NCp7 to Hexanucleotid&s

oligo Kob x 1075 (M~1) Qma (%) K (1 M)> x107% (M~ m'b AAGE (k3/mol)
d(AACGCC) 2.6(0.1) 656:3) 0.7¢:0.1) 2.3(:0.2) 0.0
r(AACGCC) 3.9¢:0.3) 68(:-3) 0.8(-0.1) 2.3(-0.2) ~1.0
d(AACTCC) 0.35¢:0.02) 706:1) 0.14(-0.05) 2.0{:0.2) 4.9
d(AACCCC) 0.16(-0.05) 71:2) ND ND 6.8
d(AACACC) 0.13(:0.03) 666:3) ND ND 7.3
d(Gceecc) 1.5¢-0.2) 706:3) 0.4-0.1) 2.3(£0.2) 1.3
d(cccecc) 0.18¢:0.03) 6763) 0.16€-0.04) 2.0£0.3) 6.5
d(AAAAAA) 0.07€:0.02) 47¢-4) ND ND 8.8
d(AAAGCC) 1.3¢0.1) 531 0.14€-0.01) 2.9¢-0.1) 1.7
d(AAGGCC) 1.6(-0.2) 656-1) 0.15¢-0.03) 2.7¢:0.1) 1.2
d(AATGCC) 38 (+£3) 65(:1) 7.0(£0.5) 2.4¢-0.1) -6.5
((AAUGCC) 35 (+2) 66(L2) 7.2(+0.4) 2.3(-0.2) -6.3
d(CCGTAA) 4.3(£0.4) 686:3) 0.80.2) 2.3(-0.2) -1.2
d(AACGAC) 1.9¢+0.4) 49(:2) 0.29¢-0.02) 2.1¢-0.1) 0.8
d(AACGGC) 4.8(-0.3) 716:2) 0.5@0.1) 2.8(-0.2) -15
d(AACGTC) 2.8(+0.3) 64(:3) 0.49¢-0.01) 2.4{-0.1) -0.2
d(AGCGCC) 8(:3) 66(-2) 1.4(£0.2) 2.4¢-0.1) 27
d(ATCGCC) 9(:2) 69(-2) 1.2¢:0.2) 2.5(-0.2) -3.0
d(ACCGCC) 461) 68(+-2) 0.6(-0.1) 2.4{£0.2) -1.0
d(TGTGCC) 7 (£6) 66(L2) 30(:1) 2.0(0.1) -8.1

aThe experiments were performed in 50 mM Hepes and 100 mM NaCl, pH P&rameter significance and expression are as in Table 1.
¢ AAG corresponded to the difference between the free energy measured with a given oligonucleotide and the free energy measured with d(AACGCC)
at 0.1 M NaCl.9 For the mutants with the highest affinitie€,ns was deduced from salt-back-titrations.

affected by @ substitution, suggesting that Trp37 also stacks polarized since theKqps for the palindromic sequence,
with A, C, or T bases but probably with a lower stability. It d(CCGTAA), showed only a limited increase as compared
may also be inferred that thé BAC and 3 CC residues in to Kops of d(AACGCC).
d(AACGCC) were unable to strongly interact with Trp37  Next, we substituted ©in d(AACGCC) by either A, G,
or other NCp7 residues. This inability of A's or C's to  or T (Table 3). Neither of these substitutions significantly
strongly interact with NCp7 was confirmed by the I  modified Kops O Qmax, €xcept for the A substitution that
obtained with either dge) or d(Ae). _ ~ induced a limited decrease @ax A similar conclusion held
The cntlca}l role .of Gin hexa_nucleoude-NCp? interaction true for (12-53)NCp7, suggesting that the substitution of
was further investigated by using@Cs). In contrast to the  C5 by A modified to some extent the interaction of Trp37
marginal binding of NCp7 to @), theKossvalue for dGCs) with the hexanucleotide.
was only 2-fold reduced as compared to d(AACGCC).  |y;,0lyement of the'SEnd NucleotidesBy substituting 4,
Moreover, the time-resolved fluorescence dec_ay§ of NCp7  \ve found that either G or T (but not C) at this position
d(GCs) and NCp7-d(AACGCC) were largely similar (data  jqyced a significant 3-fold increasekissdue to additional
not shown), suggesting that the two Trp residues of NCp7 nsnelectrostatic interactions (Table 3). To further investigate
have the same behavior in the two complexes. Thus, wehe stabilization effect of G residues, we analyzed the
conclude that the interaction of NCp7 and probably the jnteraction of NCp7 with dBs). Unfortunately, the appear-
stacking of Trp37 wh a G drives the binding of NCp7 10 4nce of light scattering indicated an aggregation Gl
hexanucleotides. _ _ _ NCp7 complexes as in the case of poly@¥). This prevented
Involvement of the Nucleotides Flanking the G Residue. g, gccurate determination s but a rough comparison
The dependence of NCp7 binding on the oligonucleotide of the binding curves suggested that the binding parameters
sequence was fqrther investigated by substltutlrfgl_rc of NCp7 for dGs) and d(AGCGCC) were similar (data not
d(AACGCC) by either A, G, or T (Table 3). Only alimited  shown), and thus, no strong interactions of G residues at
Kons decrease was observed whehvias replaced by G or  positions 1, 3, 5, or 6 with NCp7 amino acids may occur.
A. In conrast, a 15-fald Increase K"?bs accompamed the Since Fisher et al4@) have reported that sequences with
replac.ement .Of Cby T. This I.argg Increase Kops Was TG repeats present very high affinities for NCp7, we
atsst?lg 'ate?hw;:lhca c?rrespcalnd[[n dg mcrea}se(ém 't\)/l)uigast investigated the binding parameters of NCp7 with@(-
stabilizes the NCp7aligonucleotide complex by abouts. GCQC). This sequence was found to show the highest affinity

kd/mol Interestingly, Qmax and the flgor_escence decay among all the hexanucleotides we tested, althougKdts
parameters were not affected by Substitution, suggesting was only twice that of d(ACGCC). The binding energy
that the behavior of the two Trp residues was not modified. associated to  this oIigorﬁ:leoti.de exceeded that of

A similar sharpKqps increase was observed for (233)- _ - : :
NCp7 (data not shown), suggesting that the stabilization ?égﬁa%(igﬁégglegt'rlolggétirioill’,'{aers;zggﬁstlOn thatis entirely
induced by F did not involve the N- and C-terminal domains '

of NCp7. Inter_estmgly, the binding anq fluorescence param- Binding of NCp7 and NCp-Mutants to d{&TsG) and

eters of the interaction of NCp7 with r(A4GCC) and SL3

d(AATGCC) were strikingly similar (Table 3), suggesting

that neither the ribonucleotidic nature nor the replacement Binding to d(GA;TsG). To confirm the conclusions drawn
of T by U significantly affected the binding process. Finally, from the hexanucleotides, we investigated the interaction of
the binding of NCp7 to d(AAGCC) was found to be  NCp7 with d(GA.TsG), the DNA analogue of r(§\,UsG),
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Table 4: Binding Parameters of NCp7 to dfGTsG) Derivatives

oligonucleotide nP Kobs x 107° (M™1) max (%0) K (1 M) x104 (M) m ¢
d(CA-TsG) 1.140.2) 276:3) 68(1) 4.0(£0.1) 2.5¢0.1)
d(CASTs) 1.0(0.2) 2.5¢-0.2) 66(£2) 0.6(£0.1) 2.3(0.2)
1(CoAUsG) 1.2(0.2) 216:3) 70(:2) 3.1¢:0.1) 2.8(:0.3)

a Experiments were performed in 50 mM Hepes and 100 mM NacCl, pH7be numben of protein molecules bound per oligonucleotide was
obtained by fitting the titration curves with eq 9Parameter significance and expression are as in Table 1.

7G AS

.PAA G A
6G Go Al G A (A
5C—G10 c—G c—G
4G—C11 G—C G—C
3A—T12 A—T A—T
2T—A13 T—A T—A
1C—Gl4 1C—G14 1C—G14
A—T A—T A—T
G—C G—C G—C
G—C G—C G—C
wt ml m2
: :
(Al (Al A A
c—G T—A
G—C A—T
A—T A=T
T—A T—A
1C—Gl4 1T —Al14
A—T A—T
G—C T—A
G—C A—T
m3 m4

Ficure 3: Nucleotide sequence of the 20 nucleotide S§:3

packaging signal and its mutants. Mutated nucleotides are in boxes

The numbering of nucleotides is as in De Guzman et28). (

a putative NCp7-binding sitel), located next to ACGCC
in the v packaging signal from HIV-1 strain MAL. Sto-

ichiometric titrations performed in the absence of salt and

fits of titrations performed at 0.1 M NaCl (Table 4) revealed
a single protein-binding site on d{&,TsG). This was not

unexpected since the hexanucleotide data indicate that th

5" end CCAA sequence may not promote a tight binding of
NCp7. MoreoverQmaxandKqsswere close to those obtained
with d(AATGCC), suggesting that NCp7 may bind to the
3 end of d(GA,TsG) in order to achieve a strong interaction
with the TG pair. This hypothesis was confirmed by the
analysis of the interaction of NCp7 with a d#GTs)
sequence where thé 8nd G residue has been removed.
Indeed, a 10-fold decrease Kyps associated to a corre-
spondingK (1 M) decrease and a 5.7 kJ/mol loss in binding
energy resulted from'@ removal. This energy loss was close
to that accompanying the substitution of i@ d(AACGCC)

Table 5: Time-Resolved Fluorescence Parameters of NCp7 and
NCp-Mutants Complexed to SBE3

(s) ol (%) fP(%) QUM I
(12-53)NCp7  7.440.2) 3 (1) 39 &9) 0.14 (0.6) 0.15
2.5@0.1)  7(1) 31 @E9)

0.60 (-0.02) 18 (-2) 19 (+2)
0.09 (:0.01) 72 (£3) 11 &2)
4.7¢0.1) 7 @&2) 23 (£5) 0.60 (1.45) 0.64
2.7@0.1) 32 1) 60 (@E7)
0.60 (-0.02) 37 (2) 15 (+2)
0.10 (:0.01) 24 (1) 2 (£1)
5.9@03) 5@1) 28 (5) 0.32(1.0) 0.33
2.6(£0.1) 22 {1) 55 @E7)
0.58 (-0.02) 22 (1) 12 (+1)
0.09 (:0.01) 51 (1) 5 (+1)

(1-72)NCp7

NCp7

linear combination 5.65 4.5 27 0.30 (0.95)
model 2.67 18.5 52

0.60 25 16

0.09 52 5

aThe SL3 concentration in nucleotides was 2®l. ° Parameter
significance and expression are as in Table 2.

replacement of T by U significantly affected the binding
process.

Binding of NCp7 to SL3)-RNA.We next investigated
the interaction of NCp7 with the DNA analogue of the SL3
1-RNA recognition element (Figure 3) whose structure in

‘complex with (:-55)NCp7 has been solve@3). The Qnax

value of NCp7 was somewhat higher with SL3 than with
the shorter oligonucleotides. This was confirmed by the
significant increase of the relative proportion associated to
the ultrashort lifetime in NCp#SL3 (Table 5) as compared

to NCp7—d(AACGCC) (Table 2). In contrast, binding of
SL3 to (12-53)NCp7 induced the sam@nmax and fluores-
cence decay parameters (Table 5) as did d(AACGCC) (Table

e2), suggesting that the stacking of Trp37 was similar in both

complexes. Consequently, the hi@ax of NCp7—SL3 is
probably linked to a partial quenching of Trp61. This was
confirmed by the significant fluorescence decrease that
accompanied the interaction of {¥2),NCp7 with SL3
(Table 5). The appearance of an ultrashort lifetime i (1
72)dNCp7—SL3 complexes suggested that Trp61 may also
be involved in stacking interactions, but the rather low
relative proportion associated to this lifetime indicated that
stacking only occurred for a small fraction of these com-
plexes. Moreover, the time-resolved fluorescence parameters
of NCp7—SL3 corresponded to a linear combination of the

(Table 3). These data confirmed that the interaction of NCp7 (12—-53)NCp7-SL3 and (+72)NCp7—SL3 parameters,

with G is a driving event in the binding process. Moreover, suggesting that the behavior of Trp37 and Trp61 in NCp7
since no large differences in the binding parameters weremay be similar to that in the mutants. These results were
observed when NCp7 was substituted by<{53)NCp7, it strikingly similar to those obtained with tRNA¢ (36) and

is suggested that the N- and C-terminal domains do notsuggested that, in contrast to the complexes with the
significantly contribute to the binding of NCp7 to G TsG) hexanucleotides, the C-terminal domain of NCp7 probably
(data not shown). Finally, the binding parameters of NCp7 stabilize the binding to SL3.

with d(GA,TsG) and r(GA.UsG) were highly similar, again According to the data of de Guzman et a23), the
suggesting that neither the ribonucleotidic nature nor the existence of a single (155)NCp7SL3 complex for equimo-
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Ficure 4: Binding curves of NCp7 with SL3 derivatives. NCp7
concentration was 0,8M in 50 mM Hepes, 0.1 M NacCl, pH 7.5.
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loss as compared to SL3, was observed for both NCp7 and
(12—53)NCp7 (Table 6).

The energetic contribution of the interaction of Bith
NCp7 residues and notably Phel6 was investigated by
examining the interaction of both peptides with a SL3 mutant,
SL3(m2), where &was replaced by A, and to facilitate the
comparison with SL3(m1), &esidue was also replaced by
A. For both NCp7 and (1253)NCp7, the binding parameters
were similar to those obtained with SL3(m1), suggesting that
Phel6-G® and Trp37G’ interactions equally contributed
to NCp7—SL3 stability.

A further KopsandK (1 M) decrease as compared to SL3
was evidenced for the interaction of both peptides with the
SL3(m3) mutant where the three G’s of the SL3 loop were
simultaneously replaced by A. The binding energy loss for
SL3(m3) as compared to SL3 roughly corresponded to the
sum of the energy losses observed for SL3(m1) and SL3-
(m2) but was much lower than expected from the hexa-
nucleotide results. Indeed, whila 2 orders of magnitude
decrease irKqps Was observed for &) as compared to
d(AGCGCC), an only 45-fold decrease was evidenced for
SL3(m3) as compared to SL3. Since the residues of the (12
53) sequence in the (155)NCp7SL3 complex 23) have
been shown to exclusively bind to the four residues of the
SL3 loop, this suggested that the unexpected high affinity
of (12—-53)NCp7SL3(m3) may be due either to (i) a
strengthening, induced by the stem-loop structure, of the
interaction of the central finger domain with the Wop or

The SL3 (A) and SL3(m4) (B) concentrations are expressed in (jjy some differences in the location of (353) sequence

strands. The intercept of the initial slope with the plateau gives the

number of protein binding sites on SL3 mutants. Experimental

points in panel B are fitted with eq 1 and the parameters of Table

6.

on SL3(m3) as compared to the wild-type SL3. In the last
hypothesis, some interactions with residues of the stem may
be involved. Since the G residues may be good candidates
for these additional interactions, the SL3(m4) mutant where

lar concentrations of its components strongly suggests thatg|| c—G pairs in the stem were replaced by-A& pairs was

the affinity of the protein is much higher for the SL3 loop
than for the other putative binding sites on SL3. In line with

this conclusion, we found that, in the presence of 0.1 M salt,

NCp7 binds to SL3 with a 1:1 stoichiometry (Figure 4, Table
6). This suggested that no significant contribution of ad-
ditional SL3-binding sites could be observed in our condi-
tions. AsKypsWas too high to be accurately determined from
a titration at 0.1 M NaCl, it was deduced from a salt-back-
titration. Kops was about 20-fold larger for SL3 (Table 6)
than d(AGCGCC) (Table 3), which is comparable to the SL3
loop sequence. In contrast, the binding parameters of (12
53)NCp7 with both oligonucleotides were similar, strongly
suggesting that the additional6.9 kJ/mol energy stabiliza-
tion for NCp7—SL3 was related to the N- and C-terminal
domains of NCp7. This additional stabilization was es-

tested. The affinity of (1253)NCp7 for SL3(m4) was further
decreased by a factor of 7 as compared to SL3(m3).
Moreover, the significanQmax decrease suggested a less
efficient stacking of Trp37. We checked that the substitution
of C—G by A—T pairs has no deleterious effect by itself
since the same mutation in SL3 did not induce d&&ys
decrease as compared to the native SL3 (data not shown).
Accordingly, our data suggested that the central finger
domain of NCp7 is stabilized by the binding to at least one
residue (probably a G) of the SL3(m3) stem, in keeping with
a shift of the protein on SL3(m3) as compared to the native
SL3.

DISCUSSION

sentially due to the presence of two additional ion pairs and ~ Oligonucleotide and Protein Determinants in the Binding
thus strongly depended on the salt concentration. Theof NCp7 to d(AACGCC) and dfB.TsG). A comparison of

contribution of both NCp7 terminal domains was further

the binding properties of (3253)NCp7 and NCp7 to

assessed by the significant interaction of the fingerless d(ACGCC) or d(GA-TsG) indicated that the central finger

peptide, (:72)4NCp7 with SL3 (Table 6).

domain drives the interaction of NCp7 with both oligonucle-

In a second step, we investigated the binding of NCp7 otides. In contrast, the lateral domains flanking the finger

and (12-53)NCp7 to SL3 mutants (Figure 3). As Trp37 has
been shown to stack with ‘G22, 23), we investigate the
energetic contribution of this stacking by replacingy A

domain did only marginally interact with these oligonucle-
otides in line with the perpendicular orientation of d(ACGCC)
with the short interfinger sequenc®2?j, an orientation that

in the SL3(m1) mutant. Moreover, to avoid the occurrence iS not favorable for an interaction with NCp7 terminal

of a compensatory stacking of Trp37 witt,Ghis residue

domains.

was also substituted by an A residue. As expected, a decrease Substitution of Gin d(AACGCC) dramatically weakened

in KopsandK (1 M), associated to a 1-21.7 kJ/mol energy

the interaction with NCp7, indicating a critical role of G in
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Table 6: Binding Parameters of NCp7 and NCp-Mutants to SL3 and Its Mutants

peptide SL3 Kob® x 1075 (M~1) ma? (%) ma K (1 M)2 x10°% (M~ AAG (kd/mol)
(1-72)NCp7 wt 1404:20) 75£2) 4.60-0.3) 0.74£-0.05) 0.0
m1l 85(-9) 75(3) 4.50-0.2) 0.50¢-0.05) 1.2
m2 66(L5) 75(2) 4.5@0.3) 0.37¢-0.04) 1.8
m3 30(:4) 76(2) 4.2(-0.2) 0.35{-0.02) 3.8
m4 116:3) 70(:2) 4.5@0.3) 0.07¢-0.01) 6.2
(12-53)NCp7 wt 104-2) 87(:3) 2.9(+0.2) 0.89¢-0.05) 0.0
m1 4.9¢£0.3) 906:2) 2.7(£0.3) 0.55{-0.03) 1.7
m2 3.7¢:0.2) 87¢:2) 2.8(0.2) 0.34{-0.03) 2.4
m3 2.7¢:0.3) 90£:3) 2.8(£0.2) 0.28(-0.04) 3.2
m4 0.37¢:0.08) 83(2) 2.8(+0.2) 0.0334-0.008) 8.0
(1-72)NCp7 wt 156-2) 42(3) 4.300.4) 0.12¢-0.02)

a Parameter significance and expression are as in Table 1. The stoichiometry of binding, determined as described in Figure 4, was about one for
each complex? AAG corresponded to the difference between the free energy measured with a given SL3 mutant and that measured with the native
SL3 at 0.1 M NaCl, for (+72)NCp7.¢ AAG corresponded to the difference between the free energy measured with a given SL3 mutant and that

measured with the native SL3 at 0.1 M NaCl for {123)NCp?7.

the interaction. Moreover, comparison of the interaction of
NCp7 derivatives with d(Gg and d(G) on one hand and
with d(CA,TsG) and d(GA,Ts) on the other hand strongly

an even higher affinity was reached with d(TGTGCC), in
full keeping with the strong binding constants reported for
sequences with TG repeat3l( 42). The potency of both

suggested that the interaction of the central finger domain TG pairs to optimally interact with the two finger motifs of

with G drives the positioning of NCp7, irrespective of the
position of G in the oligonucleotide sequence. According to
the theoretical studies of Kumar and Gowa8], we infer
that the stacking of Trp37 with Gbase may largely
contribute to the—5 to —7 kJ/mol stabilization energy
associated to the interaction of* @ith NCp7. The strong
involvement of Trp37 is in line with the strong binding
decrease observed with either a single-stranded DB8&\ (
or polyA) (34) when Trp37 has been replaced by a

NCp7 may suggest some symmetry in the interaction of
Phel6 and Trp37 with the two TG pairs. However, the nature
of the aromatic amino acid at positions 16 and 37 was clearly
not indifferent, since the inversion of the two residues in
W16F37(12-53)NCp7 led to profound changes in the
interaction with d(AACGCC). The critical role of the
aromatic amino acids and their proper location in the finger
motif may be a general rule for NC proteins since high-
affinity binding to the NC of murine leukemia virus also

nonaromatic residue. Moreover, the biological relevance for requires that the Tyr and Trp residues be in their native
a preference of a Trp37 residue in NCp7 is supported by positions in the zinc finger motif4@3).

the inability of Leu37(12-53)NCp7 to initiate the annealing
of tRNAWYs3 to the primer-binding site PBS in vitro, in
contrast to its native counterpadtQj. However, the presence
of Trp37 is not sufficient for strong binding since the zinc-
free protein only weakly bound to d(AACGCC). As the
solvent accessibility of Trp37 does not depend on z&8},(
this suggests that the proper folding of the finger motifs is
also critical for binding. This requirement of a bona fide

Taken together, our data on the hexanucleotides suggested
a strong dependence Kf,s on the nucleotide sequence; the
difference being more than 4 orders of magnitude between
the strongest and the weakest binding sequences. According
to the well-known preference of NCp7 for single-stranded
sequenceslR) and to the overall equivalence of A and C in
the binding process, we propose that NCp7 may bind to the
single-stranded regions of DNA with the following binding

conformation of NCp7 has also been demonstrated by thepreference: XIGX; > XGXGX; ~ X;TXGX; > XiGX; >

effects of His23— Cys mutation since the structural changes
induced by this mutation modify the interaction of the finger
domain with d(ACGCC) 22) and leads to noninfectious
viruses 41).

In addition to the pivotal role of G, we evidenced that the
nature of the nucleotide at position 3 was important, too,
since ony a T atthis position gave a strong increaseigs
andK (1 M). The—6.5 kJ/mol stabilization energy associated
to the presence of°Imay be related to the creation of specific

XiX;j, where X correspond to either A or C residues. This
rule is in full keeping with the negligible binding of {1
55)NCp7 to d[A(TC),TA] and the strong binding to
d(GACT,GTG,) and d(GCAGTGCAT)42) or to sequences
selected by the SELEX methodl4, 45). Moreover, in
keeping with previous investigations on the interaction of
NCp7 with the DNA and RNA forms of various oligonucle-
otide sequencex2?, 42), our data on selected sequences
suggested that the conclusions drawn from DNA experiments

hydrophobic interactions between T and several residues ofwere applicable to the interaction with RNA too, and thus,

NCp7 finger domain or, alternatively, the strengthening of

our preference rule probably applied for RNA as well. This

the interactions described with C at the same position in the observed sequence dependence was somewhat unexpected

(12—53)NCp7~d(ACGCC) complex 22). In contrast, the

according to the histone-like function of NCp7. This suggests

nucleotide at position 5 seemed not critical. This conclusion that either some structural features in the genomic RNA allow

held notably true for T, confirming that the binding of NCp7

to oligonucleotides may be polarized. Moreover, in agree-

ment with the limited interactions of the 8nd residue of
d(ACGCC) with (12-53)NCp7 @2), this residue does not
seem to strongly contribute to the stability of the complex.
The stability of the NCp#hexanucleotide complex was
further increased when?Awas substituted by G or T, and

a sufficient binding constant to be reached even when the
sequence is not favorable for binding or alternatively that
protein—protein interactions stabilize to some extent the
binding of NCp7 to low-affinity binding sites.
Oligonucleotide and Protein Determinants in the Binding
of NCp7 to SL3The analysis of the interaction of NCp7
with the DNA analogue of the SL3-RNA recognition
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element confirmed the critical role of Trp37-G stacking for preferential binding sites for NCp7 may be limited to the
the proper positioning of NCp7 on its target nucleic acids. four SL loops, the UG-containing single-stranded sequence
Similarly, Phel6-G interaction seems critical, too, and between SL2 and SL3 and the GXGXG-containing single-
contributes to the same extent than Trp37 in the stability of stranded sequence between SL3 and SL4. Furthermore,
NCp7—SL3. Accordingly, the deleterious effects of Phel6 examination of the secondary structure model of the 350 nt
and Trp37 mutations (substituted by the hydrophobic but packaging signal of MoMuLV48) reveals that the majority
nonaromatic Ala residues) on virus infectivityq) may be of the loop sequences of this packaging signal do not contain
partly related to the binding energy decrease that preventedeither a UG, GXG, or TXG sequence. This may partly
the recognition of they-RNA-specific binding sites. explain the absence of selective recognition of this packaging
The preference rule established for the binding of NCp7 signal by NCp7 49, 50).
to hexanucleotides was found to fully apply when the binding  Taken together, our data provide new clues for the
of NCp7 to various SL3 mutants was investigated. Moreover, selective binding of NCp7 to its nucleic acid targets despite
the binding parameters of (¥53)NCp7 to SL3, SL3(m1), the absence of very high-affinity binding sites. However, to
and SL3(m2) were strikingly similar to the binding param- straightforwardly quantify the binding of NCp7 to the HIV-1
eters of (12-53)NCp7 or (:-72)NCp7 to hexanucleotides v sequence and, consequently, to give a valid model for the
with sequences that are analogous to the SL3 tetraloopencapsidation process, efforts should be made to elaborate
sequence. This strongly suggested that the central fingera new formalism that should take into account both sequence-
domain of NCp7 essentially interacts with the single-stranded dependent and overlapping binding sites. Similarly, efforts
tetraloop, in full agreement with NMR data3). Moreover, should also be made to explain how, despite the low-binding
the stem-loop structure of SL3 mutants does not seem toaffinities of numerous nucleotide sequences, NCp7 could
stabilize the binding of the central finger motif itself but efficiently cover the genomic RNA. Both aspects are under
favors the binding of the lateral N- and C-terminal domains, current investigation.
providing a high stabilization energy 6f6.9(+0.7) kJ/mol
for the five SL3 derivatives at 0.1 M NaCl. In keeping with ACKNOWLEDGMENT
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