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ABSTRACT. We have shown that at low ionic strength (i.e., 100 mM NaCl) a short autocomplementary
sequence spanning nucleotide¥¥o G*°¢ of MoMuLV RNA genome is involved in the process of PSI
dimerizationin vitro [Girard, P.-M., Bonnet-Mathonie, B., Muriaux, D., & Paoletti, J. (199Biochemistry

34, 9785-9794]. In order to identify other contributions of the PSI structure to RNA dimerization, we
studied the kinetics of dimerization as a function of salt concentration of short RNA transcripts comprising
or not the autocomplementary sequenég*€G?%, We propose that, apart from the crucial role of this
sequence in RNA dimerization, the 36865 domain of PSI can interferi vitro, with the initiation of

dimer formation. Intermolecular loegdoop recognitions involving the 364565 domain could stabilize,

in a salt concentration-dependent manner, a transient RNA dimer built around the dopp288—A293
interaction. This dimer evolves toward a more stable structure which mainly corresponds to the annealing
of two C283—G298 sequences. We also show that chemically synthesized NCp10 does not modify these
steps but rather helps the system to pass over the energy barriers associated with the transition to stable
RNA structures comprising the stertoop G78-G3%3, Data obtained in the presence of NCp10 suggest

a binding site size of & 1 nucleotides per protein at 3T and a 16-20-fold increase in the rate constant

(i.e., ki = 24 000+ 7000 M s71) of dimer formation.

The 60-70S RNA extracted from MoMuL¥retroviral salt concentration-, RNA concentration-, and temperature-
particles results from noncovalent association of two identical dependent manner (Roy et al., 1990).
30-35S genomic RNAs of 8332 nts. As shown by electron e have shown thah witro dimerization of short RNA
microscopy studies, the region of interaction that was namedtranscripts corresponding to thetBrminal noncoding region
DLS (Bender & Davidson, 1976) involves sequences and/ of MoMuLV RNA genome involved a nearly perfect
or structures localized near theterminal noncoding region  autocomplementary sequence spanning nucleotidé&st@
of each genomic RNA (Hu et al., 1977; Maisel et al., 1978; G3%3that can adopt a stentoop structure (Tounekti et al.,
Bender et al., 1978; Murti et al., 1981). In the experimental 1992; Girard et al., 1995). The overall dimerization process
conditions (i.e., urea and formamide as denaturing agents)of MoMuLV RNA transcripts can be described in at least
the DLS corresponds to the strongest region of stability and three steps: (1) a temperature-dependent intramolecular
could involve less than 50 nts (Murti et al., 1981). The DLS process (M— M*) leading to a “dimerizable” conformation
was localized inside a short sequence ranging from nts 2150f the RNA monomer, (2) a looploop recognition through
to 565, referred to as PSI, that is necessary for efficient the PAGCUA?%% sequence leading to an unstable dimer
retroviral RNA encapsidation [Mann et al., 1983; Mann & (M* + M* < D1), and (3) the evolution of D1 toward a
Baltimore, 1985 for review see Rein (1994)h sitro, PSI  Stable dimer D2 (D1~ D2). Could this region be the only

is able to dimerize in the absence of trans-acting factor in a Structural feature implicated in RNARNA interaction, or
do regions located upstream and downstream &&-G?°8

sequence contribute to the overall process of dimerization?
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or CCHC box (Meic & Spahr, 1986) that bind a zinc atom and ligated into thé&ccoRl andHindlll sites of pPGEM3ZF-
with very high affinity,K,> 108 M~ (Cornille et al., 1990; (=), thus generating p2+%65A279-302. After lineariza-
Mély et al., 1991). ThéH NMR structures of the MoMuLV  tion at the Hindlll or BseHI sites, this plasmid was
NCpl0 (Denéné et al., 1994a) and of the HIV-1 NCp7 transcribed with T7 RNA polymerase, giving rise to f215
(Morellet et al., 1992, 1994; Omichinski et al., 1991) have 565A279-302 or f215-364A279-302, respectively. Due
shown that the zinc atom is tetracoordinated to the CCHC to the construction, the same non-MoMuLV sequence as
residues, resulting in well-defined folded zinc finger domains. described for RNA transcript 23565 is present at the' 5
Point mutations of the conserved Cys and His residues resultend of these transcripts (Girard et al., 1995; see also Figure
in a drastic reduction of genomic RNA packaging’(Mest 1).

al., 1988; Gorelick et al., 1988, 1990; Bowles et al., 1993;  For RNA transcripts 283364 (89 nts in length), pCR2
Dorfman et al., 1993; Deéneet al., 1994b; Morelletetal., (Roy et al., 1990) was linearized with the restriction
1994; Rein et al., 1994). Darlix and co-workers have also endonucleas8pé and end-filled using the Klenow fragment
suggested that NCp could (1) activate viral RNA transcript of DNA polymerase | (New England Biolabs). The reactions
dimerization (Prats et al., 1988, 1990, 1991; Bieth et al., were phenol-extracted, and after ethanol precipitation, the
1990; Darlix et al., 1990; de Rocquigny et al., 1992), (2) DNA was digested by the restriction endonucledsd,
promote the annealing of primer tRNAs to the primer binding resulting in two DNA fragments. The 285 bp DNA fragment
site (PBS), an essential step for the initiation of reverse was purified and ligated between tliedRI site that was
transcription (Barat et al., 1989, 1993; Darlix et al., 1992; blunt-ended using S1 nuclease andRis¢ site of pGEM3ZF-

de Rocquigny et al., 1992; Lapadat-Tapolsky et al., 1993), (—), thus generating p283%65. After linearization at the
(3) favor the minus strand DNA transfer during reverse BsaHl site, the plasmid was transcribed with T7 RNA
transcription (Lapadat-Tapolsky et al., 1993; Allain et al., polymerase, giving rise to transcripts starting at position 283
1994), and (4) slightly stimulate the cleavage reaction of MoMuLV RNA sequence and ending at position 364.
catalyzed by integrase, suggesting a possible involvementThese fragments are referred to as f2884. The five non-

of NCp in provirus integration (Lapadat-Tapolsky et al., MoMuLV nucleotides (GGGCG) are present at tHeefid
1993). of these transcripts (Figure 1).

In this work, we investigated thia vitro dimerization of RNA Synthesis and PurificatiorExperimental conditions
MoMuLV RNA transcripts in the presence or absence of used forin vitro transcription and purification are described
solid-phase synthesized NCp10. We propose a model of PSIby Girard et al. (1995). The purity and integrity of RNA
RNA dimerization that takes into account the overall RNA transcripts were checked by polyacrylamide gel electro-
structure. In this model, we suggest that stdoop phoresis in denaturing conditions, and the RNA strand
structures localized in the 364665 domain of PSI RNA  concentration was determinated by UV spectroscopic mea-
favor the process of dimerization through complementary surement at 260 nm.
loop—loop recognitions. We also report that in the presence  In Vitro Dimerization without NCp10Kinetics of dimer-
of NCp10 the autocomplementary sequenc&*€G2 is ization were achieved as described by Girard et al. (1995)
mainly involved in RNA dimer formation and in the thermal with a 5-fold concentrated buffer leading to 50 mM Tris-
stability of RNA dimers, suggesting that this sequence could HCI, pH 7, and 56-700 mM NaCl in final concentration.

be all or part of the dimer linkage structure (DLS). The samples were incubated for-020 min at 50°C. At
the end of incubation, all the samples were cooled on ice,
MATERIALS AND METHODS mixed with 2uL of loading buffer (50% w/v glycerol and

) ] ) ) o 0.025% wiv tracking dyes), loaded on 1.5% (w/v) Seakem

Plasmid Construction and Digestion for in Vitro Tran- (504 (w/v) Nusieve agarose gel, and electrophoresed at 5
scription. Standard procedures were used for restriction \;jom at 4°C, in buffer containing 50 mM Trisborate, pH
enzyme digestion and plasmid construction (Sambrook et aI.,8.3' 1 mM EDTA, and 0.2ug/mL ethidium bromide.
1989). Escherichia coli DHSa. was used for plasmid  gjigonucleotide inhibition was as described by Girard et al.
amplification. (1995) in buffer Dso (250 mM NaCl, 50 mM Tris-HCI, pH

RNA transcripts 215565 (380 nts in length), 215364 7).
(172 nts in length), and f215282 (93 nts in length) were MoMuLV NCp10 Solid-phase synthesis of the retroviral
prepared as previously described (Girard et al., 1995). nucleocapsid protein NCp10 (56 aa, MW 6362) was

For RNA transcripts f215565A279-302 (361 nts in performed using the Fmoc procedure with DCC/HOBLt as
length) and f215364A279-302 (153 nts in length), poly-  coupling reagents on a HMP resin (de Rocquigny et al.,
merase chain reaction was performed on pCR2 (Roy et al.,1993). Assembly of the protected peptide chains was carried
1990) with two sets of oligonucleotides: the first set out using the stepwise solid-phase method of Merrifield
contained oligonucleotide AVA27862 (BCTCGGGACG- (Barany & Merrifield, 1979) on an ABI 431A (Perkin-
CAGGCGCATAAAAZ), carrying anAval site and 17 Elmer). Amino acid analysis and NHerminal sequencing
nucleotides corresponding to the complementary part of were performed on a System 6300 Beckman apparatus (Palo
positions+278 to+262 of the MoMuLV RNA genome, and  Alto, CA) and on a Model 477A Applied Biosystems
M13 universal primer. The second set contained oligonucle- sequencer, respectively. The SH content of NCpl10 was
otide AVA303—-319 (BCCCGAGTATCTGGCGGAC- checked by titration at 412 nm with 3s8ithiobis(2-
CCGT3), which corresponds to positions303 to+319 of nitrobenzoic acid) as already described (de Rocquigny et al.,
the MoMuLV genome and carries adwal site, and T3 1993) and suggested that more than 90% of the SH groups
universal primer. The amplified products were purified, were in a reduced state. Considering the molar extinction
digested withAval, and ligated to each other. The DNA coefficient of 7000 M* cm™t at 280 nm (Cornille et al.,
fragments obtained, which lack nucleotides 2282 of the 1990), stock solution of NCp10 was prepared at 1x2403
MoMuLV genome, were digested withcdRl and Hindlll M in Milli-Q (Millipore) water, and an equivalent molar
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concentration of ZnSowas added. a)

The various NCp10/RNA molecular ratiog) (were s 2R 565
prepared as follows: a concentrated solution (in referring * =5 — > (f215-565)
to RNA strand concentration) of NCp10 was prepared from
a stock solution of NCp10 in a 44 final volume of buffer

215 278 303 565
| : |

. L — 3 (f215-565A279-302)
NCp (buffer NCp= 20 mM Tris-HCI, pH 7.5, 50 mM NacCl, Lo20
0.2 mM MgCh, and 5 mM DTT) and by adding AL of s 277 30 364
RNasin (RNase inhibitor, Promega). Subsequent dilutions s E=t———"=—-_————= (1215-364)

of 10-fold concentrated solutions of NCp10 were prepared
from this one in buffer NCp and were then kept for 15 min Poryor 1536270508

at room temperature prior to RNA addition, as described "
below. 25 a2
MoMuLV RNA Transcript Dimerization in the Presence = == (£215282)
of NCp10. In a standard dimerization assay, RNA, in 21 b 283 364
uL of Milli-Q water, was heated for 2 min at 9TC, chilled 5 GOCCC M— (£283-364)

on ice for 2 min, and adjusted to 3Q with 6 uL of 5-fold b)
concentrated buffer NCp anda. of 10-fold concentrated

NCp10 (or 3uL of Milli-Q water). The samples were 4 non MOMULY G'-C™ sequence SS0G M MoMuLV C-G™* sequence
incubated for 15 min at temperatures ranging from 4 to 50 l m— MoMuLV C*7*-G* sequence l

°C. For kinetics of dimerization, samples were incubated

at 37°C for an incubation time varying from 0 to 60 min. AGCy, u€ 6, LC e

After incubation, all the samples were cooled on ice for 2 ¢ Y ALY ALY

min, placed for 2 min at room temperature, and then mixed ca ¢ ce

with 3 uL of 5% SDS for another 5 min at room temperature. e Y. S

Forty microliters of phenol saturated by 40 mM Tris-HCI, - ¢ ¢ <1 c o8 Cage s

pH 6.5, 0.1% SDS, and 2.5 mM EGTA was added, and the s cs S% -
samples were mixed vigorously. Six microliters of loading W > G0 s WG

buffer (50% wiv glycerol and 0.025% wiv tracking dyes) Ficure 1: Mapping of the sequence necessary for MOMuLV RNA

was then added to 3?‘ of the upper phaie, and the sz_';lmples dimerization. (a) MoMuLV RNA transcripts used in this study.
were loaded on 1.5% (w/v) Seakei.5% (w/v) Nusieve  Numbering from 215 to 565 is in relation to the cap siel} of

agarose gel and electrophoresed at 5 VV/cm at(@, 4n buffer the MoMuLV RNA genome. Note that non-MoMuLV sequences

containing 50 mM Tris-borate, pH 8.3, 1 mM EDTA, and  are present at the &nd of these transcripts (numbering from 1 to
i ; 20 and GGGCG sequence).symbolizes a deletion from nucle-
0.2 ug/mlL ethldlum bromide. . otides 278 to 303. Opened and filled rectangles characterize two
Monomer and Dimer DetermmaﬂonGeIs were scanned  nearly perfect autocomplementary sequences. (b) Predictive second-
for fluorescence by a Bioprofil apparatus (Vilber-Lourmat, ary structure of these sequences af@7determined by MFOLD

France), and peak surface corresponding to dimeg4R)S  software (Zuker, 1989a,b).
B i int ted. A i . L . s
and monomer (Rrnone) Species was integrate SSUMING 4+ dimerization of f215565 is not inhibited by OL275

that the sensitivity of ethidium bromide toward monomer 291 N i leotide/RNA ratio of 5/1 wh
and dimer is the same and that the fluorescence intensity of even at an olgonucleotide ratio o whereas

each band only depends on RNA concentration, the amount{ﬁl?_fggoRNG ﬁ lef?zifggbgtdfeg_(ﬁgufre Z)It' Thishsugljgists
of dimer obtained at each incubation tim®ge) was then ata m a imer formation should be
calculated by applying the following relation:Dgne) = centered on the 278303 sequence while nucleotides down-

(PSime)/(PSimer + PSn ). The rate constant of the stream of nt 364 are involved in f21%65 dimer formation
imer) imer onomey -

reaction ki) and the total amount of dimeD(,) were derived either through a self-association or an interaction with the

by assuming a simple bimolecular reaction and solving the 212._3?4 regfugrj. izati Funcii f NaCl C
integrated form of the equation. inetics of Dimerization as a Function of Na oncen-

tration. The contribution of RNA structure to dimer forma-
RESULTS tion was assayed by following the kinetics of dimerization
of short RNA transcripts at 50C as a function of salt
Oligonucleotide Inhibition.RNA dimer formation of short ~ concentration (from 50 to 700 mM NacCl). The proportion
transcripts corresponding to thetérminal noncoding region  of dimer D) and the rate constank;j were derived, as
of the MoMuLV RNA genome (Figure 1) is a slow process, described in Materials and Methods, and plotted as shown
which implies conformational rearrangements of both mon- in Figure 3. From 50 to 250 mM NaCk; of f215-565
omeric and dimeric RNA (Roy et al., 1990; Girard et al., dimerization linearly increases 25-fold with a slope (d log
1995). A major structural feature of this process is the [ki]/d log [NaCl]) of 2.2+ 0.4 and decreases from 400 mM
involvement of a short autocomplementary sequence (nucle-NacCl (Figure 3b). As shown in Figure 3a, this diminution
otides 283 to 298) at low ionic strength (i.e., buffefo= was not correlated with a low dimerization yieldg; was
50 mM Tris-HCI, pH 7, 100 mM NacCl). Oligonucleotide 100% at NaCl concentratiors100 mM. On the other hand,
OL275-291, which is complementary to nucleotides 275  k; for f215—364 dimerization increased linearly between 50
291 of the MoMuLV RNA genome, inhibited at 90% 215 and 700 mM NaCl (Figure 3b) with a d log]/d log [NaCl]
565 (also called RNA PSI) and f233864 dimerization in slope of 0.9+ 0.2 andk; values 3-23 times lower than
buffer Digo and at 5¢°C at an oligonucleotide/RNA ratio of  those of f215-565 dimerization between 50 and 250 mM
5/1 (Girard et al., 1995). Similar experiments conducted in NaCl. In addition, less than 15% of 23282 dimer (RNA
buffer D,s0 (50 mM Tris-HCI, pH 7, 250 mM NaCl) revealed transcript lacking the entire autocomplementary sequence;
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Ficure 2: Kinetics of f215-565 and f215-364 dimerization in buffer By at 50°C without (a) or with oligonucleotide OL275291 at

an oligonucleotide/RNA ratio of 1/13) or 5/1 @). (Up) Ethidium bromide stained agarose gel electrophoresis at an oligonucleotide/RNA
ratio of 5/1. M and D indicate monomeric and dimeric RNA species, respectively. (Down) Representation of the relative percent of RNA
dimer as a function of time. Gels were scanned for fluorescence, and the concentration of each RNA species was calculated (see Materials

and Methods). The total RNA strand concentration isyM8
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Ficure 3: Representation of (a) the total amount of diniegd and (b) the rate constaki as a function of salt concentration for f215
565 @), f215-364 (a), f215-565A279-302 (), f215—-364A279-302 (), and f215-282 @). A symbolizes a deletion of nts 27302.

These data were derived from kinetics of dimerization performed in 50 mM Tris-HCI, pH 7, and NaCl concentration ranging from 50 to
700 mM assuming a simple bimolecular reaction MM < D). The total RNA strand concentration is Qu&/.

see Figure 1) is observed below 700 mM NaCl (Figure 3a) Kinetics of f215-565 and f215-565A279-302 Dimer-
with rate constants varying between?khd 2x 10? M1 ization at 37°C as a Function of NCp10 Concentration
s 1 (Figure 3b). These results, together with the inhibition Darlix and co-workers have shown that NCp10 favors RNA

induced by the OL275291 antisense oligonucleotide, sup-
port the idea that the dimerization of the 21364 region is

dimer formationin vitro at low ionic strength (Bieth et al.,
1990; Prats et al., 1988, 1990, 1991; Darlix et al., 1990; de

triggered by the sequence spanning nt 278 to 303 and thatRocquigny et al., 1993). Thus, it was of interest to determine

the 364-565 region could increase the kinetics of dimer-
ization.

To ascertain the role of the 36465 domain in dimer-
ization, RNAs f215-565 or f215-364 bearing a deletion
of nts 279 to 302 (f215565A279-302 and f215-364A279—
302, respectively) were tested at 30 for their ability to
dimerize in 50 mM Tris-HCI, pH 7, and 56700 mM NacCl.

Figure 3a shows that these transcripts do not significantly 3—4 nts per NCp10).

dimerize at NaCl concentrations100 mM and are=30%
dimeric at NaCl concentratione300 mM. The deletion
lowersk; values by 1 order of magnitude (Figure 3b). This

which part of the PSI RNA structure is responsible for RNA
dimer formation triggered by the NCp10. For this purpose,
kinetics of f215-565 and f215-565A279—-302 dimerization
were performed at physiological temperature {87 in NCp

1x buffer (20 mM Tris-HCI, pH 7.5, 50 mM NacCl, 0.2 mM
MgCl,, and 5 mM DTT) with increasing NCpl0/RNA
molecular ratio ranging froomn = 0 tor = 100 (i.e., until
The proteins were removed by
pheno-SDS extraction and the samples analyzed on 2%
agarose gels (Figure 4). The total amount of dinigg)
and rate constank{) were derived as already described in

suggests a contribution of at least three regions in the Materials and Methods. THay of f215—565 reached 100%

dimerization process: stentoop C?8—G3%3 all or part of
the 364-565 region, and the 363364 region. In our

after a 60 min incubation at 37C in the presence of 100
NCp10/RNA (Figure 4a) that corresponds to around 3.8 nts

experimental conditions, the autocomplementary sequenceper NCpl10. In contrast, tHe of f215—565A279-302 was

C?83—-G?%8 s required for a wild-type dimer yield at all salt
concentrations whereas the 368865 domain only increases
the kinetics of dimerization.

<40% and was independent of NCp10 concentration (Figure
4b). Furthermore, the plot of the logarithmlgfas a function
of NCp10 concentration leads to a curve with {2855 that
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Ficure 4: Kinetics of dimerization of 215565 (a) and f215565A279-302 (b) as a function of NCp10 concentation ing@d0of 20 mM

Tris-HCI, pH 7.5, 50 mM NacCl, 0.2 mM MgGJ and 5 mM DTT (buffer NCp %) at 37°C for a total RNA strand concentration of 0.3

uM. (Up) Ethidium bromide stained agarose gel electrophoresit@rresponds to the NCp10/RNA molecular ratio. Time (0 to 60) is

expressed in minutes. M and D correspond to monomer and dimer species, respectively. (Down) Representation of the amount of dimer

(Diime) @s a function of time at various NCp10/RNA ratios ranging betweenO (a), r = 10 (=36—38 nts per NCpl10)A), r = 20

(~18—19 nts per NCp1lO)N), r = 35 (~10—-11 nts per NCp10){), r = 50 (=*7—8 nts per NCp10)®), andr = 100 3—4 nts per

NCp10) ©).

100000 nucleotides per NCp10 and a rate constant of 24-50@00
M~1s 1 Taking into account these data, f21565 dimer
formation was enhanced 1@O0-fold upon addition of
chemically synthesized NCp10.

2~ NCp10 Annealing Actity as a Function of Temperature.

§Lm 10000 We have already described a three-step dimerization process

o = ° of MoMuLV RNA transcriptsin vitro which is dependent

& O/ \ upon temperature (Girard et al., 1995). Consequently, we
(o]

tried to determine how this process is modified in the
presence of NCp10. For this purpose, f2B55 dimeriza-
1000 . . s . . tion was followed between 4 and 3C in NCp 1x buffer
0 20 40 60 80 100 at various incubation times and in the presence of increasing
Ficure 5: Representation of the rate constenas a function of concentcr)atlons of NCB:LO (Figure 6). qu temperature higher
NCp10/RNA ratio. Thes&; values were derived from kinetics of than 30°C and forr = 50 (corresponding to¥8 nts per

f215-565 (380 nt in length)®) and of f215-565A0279-302 (361 NCp10) more than 90% of f215%65 RNA molecules were
nts in length) ©) shown in Figure 4. Considering f23%565, k; dimeric after 15 min of incubation, suggesting that NCp10

evolves from 160Gt 160 to 15300+ 5700 M™* s™* betweerr = increases the kinetics of PSI dimer formation in this range
0 andr = 35. of temperature (Figure 6a). At > 75 (i.e., <5 nts per
increases linearly to reach a plateau whereas NCp10 doesNCp10), high molecular weight RNA/RNA and/or protein/
not favor the dimerization process of f21565A279—-302 RNA complexes are formed as observed by the presence of

(Figure 5). These results suggest that NCp10 enhances théluorescence at the top of the wells. For temperaturdé
dimerization process if theX®—G83% domain takes part in  °C, dimerization was incomplete evenrat= 150 (i.e., at
the overall process. Then, considering {2855 dimeriza- 2—3 nts per NCp10) (Figure 6a). To better understand if
tion (Figure 5), the most efficient stoichiometry is determined this incomplete dimerization is due rather to an insufficient
to be around 4645 NCplO per RNA molecule. This incubation time and/or a nondimerizable conformation of PSI
corresponds to a theoretical binding site size oft91 RNA at these temperatures (Girard et al., 1995), {2365
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FIGURE 7: Representation of the total amount of 21565 dimer
(Dyop) as a function of temperature. These data were derived from

kinetics undertaken in the presence of NCp®) (the related
experiments are shown in Figure 6) or without NCp@) i buffer
NCp 1x.

ning nucleotides &3—G2%in 100 mM NaCl (Girard et al.,
1995). We then proposed a three-step mechanism based on
this sequence that takes into account (1) a conformational
rearrangement of the stesbop C78—G2% induced by
temperature (M— M*), (2) a loop—loop recognition (M*
+ M* < D1), and (3) the reassociation of each stem to
generate a stable dimer (B2 D2). Kinetics of dimerization
undertaken at 50C should involve only the second and third
steps insofar as all RNA molecules are under a dimerizable
conformation (M*) at this temperature. With respect to the
PSI RNA transcript (nts 215565), if self-annealing of the
C?78—G3%3 sequence was solely implicated in dimer forma-
tion, we might assume that disruption of this interaction either

T 0 10 5 150 0 10 50 150 at low or high ionic strength would lead to an inhibition of
/0/ 30 / 60 dimer formation. On the other hand, if other parts of the

. . L RNA transcript were involved in the dimerization through
FIGURE 6: Agarose gel electrophoresis of 21565 dimerization | ble i - hen i - he ioni h
in the presence of different NCp10/RNA molecular ratioy (€SS Stable interactions, then increasing the ionic strengt
between 0 and 150 and at temperatures ranging from 4 €50  would favor these interactions, leading to a salt concentration-
Dimer formation after an incubation time of 15 min (a) or until 60 dependent dimer formation. Along this line, f21364
min (b). The column denoted is a control. Experiments were dimer formation is inhibited at 100 mM NaCl (Girard et al.,

performed in buffer NCp, and the proteins were phenol extracted ;
as described in Materials and Methods prior to loading. M and D 1995), at 250 mM NaCl, and up to 700 mM NaCl (Figure 2

correspond to monomer and dimer species, respectively, and oriand da'ta not shown, respectively) by an antisense oligo-
designs the wells. nucleotide complementary to nts 27891. The same

. . oligonucleotide inhibits 215565 dimerization at 100 mM
was incubated at temperature80 °C for at least 60 min. (Girard et al., 1995) but not at 250 mM NaCl (Figure 2),
In these conditions, most of the RNA molecules were dimeric indicating that the 364565 domain could also be involved
fromr = 50 (i.e., at 78 nts per NCp10) (Figure 6b). The i, ps| dimer formation through intermolecular interactions.
Diox values derived from Figure 6 as well as those obtained |, grder to characterize these intermolecular interactions,
from kinetics of f215-565 dimerization conducted without e have considered the secondary structure of PSI monomer.
NCp10 (data not shown) were reported in Figure 7. Such toynekii et al. (1992), using chemical probes in solution,
data clearly showed that NCp10 favors PSI dimer formation gowed that PSI is a highly structured domain containing
over a broad range of temperatures whereadihevalues  {hree major subdomains: subdomain 1 (nts2381), 2 (nts
obtained in the absence of NCp10 described a sigmoid Curve3go_437), and 3 (nts 438565) characterized by 5, 2, and
whose midpoint was around 3% (Girard et al., 1995). 3 gtem-loop structures, respectively. We took into account
These results suggest that NCp10 lowers the energy barriekpig proposed secondary structure for analyzing the base
separating the alternative conformations of té®€G* composition of loops between nts 365 and 565 (see Table
stem-loop, thus generating a dimerizable conformation of 1). Since L1 is complementary to L4 (between nucleotides
the monomer. In this latter case, the transition is perhapsg g3g7uuuU 3 and 3 C495AAAA) and L2 to L5
around 4°C. (between nucleotides 51416CCCGA and 3A535GGGUU),
we propose that these short intermolecular Watgonck
DISCUSSION base pairings could cause a transient PSI RNA dimer that
A Model of PSI Dimer Formation in VittoWe previously favors 3 U288AGCUA293 3loop—Iloop annealing (Figure
showed that dimer formation of RNA transcripts derived 8a). The opening of each stertoop C78-G3 followed
from the B-terminal noncoding region of MoMuLV RNA by annealing of the autocomplementary sequenc&%-C
genome involves a short autocomplementary sequence spanc?% leads to a more stable dimer. We also propose that
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Table 1: Nucleotide Composition of Loops (Denoted L1 to L5) of Subdomains 2 and 3 Derived from the Proposed Secondary Structure of the
PSI Monomer Determined in Solution through Chemical Probing (Tounekti et al., 4992)

subdomain 2 subdomain 3
sequence (from'So 3) 5 G®¥UUUUUGU* 3 (L1) 5 U%IAGA*4 3 (L3)
5 A*SUCCCGAUCGE#3 (L2) 5 C4UAAAACA 4963 (L4)

5 USUUGGGAS 3 (L5)

a2 Note that L1 is partly complementary to L4 and L2 to L5.

a) M* + M* <> D1 b) D1 —» D2
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autocomplementary intermolecular loop-loop
stem-loop C283-G298 interactions

Ficure 8: Proposed model of PSI dimerization. A transient RNA dimer involving-L4 and L2-L5 interactions (a) evolves toward a

more stable conformation through thé&#€-G2°8 autocomplementary sequence (b). M* correspond to dimerizable conformations of monomeric
RNA. This model of interaction was drawn by taking into account the proposed monomeric and dimeric secondary structure of PSI determined
in solution by chemical probes (Tounekti et al., 1992) and the computer predicted secondary structure using PCFOLD 4.0 [as described
previously by Girard et al. (1995)]. Only structural features that are mainly involved in the interaction are pointed out in shading. Bold lines
characterize the RNA structural secondary motifs such as loops, bulges, and stem-loops.

this conformational rearrangement changes the conformation“transient RNA dimer” that cannot evolve toward a more
of loops L4 and L5, as previously suggested (Tounekti et stable one. When the 36465 region was deleted together
al., 1992), leading to disruption of the £1.4 and L2-L5 with nts 279-302 (leading to f215364A279-302),Dy,: and

RNA duplex (Figure 8b). k; strongly decreased. This model of dimerization (Figure

We made the assumption that, at ionic strength lower than8) i$ in good accordance with the proposed secondary
200 mM NaCl, the L+L4 and L2-L5 intermolecular structure of the PSI monomer and dimer (Tounekti et al.,
interactions are unstable. By increasing the salt concentration}992) and with the fact that thermal stability of {21565
up to 306-400 mM NaCl, such intermolecular interactions (PSI) and f215-364 dimers increased as a function of salt
are stabilized and consequently, the rate constant of PSiconcentration in a similar fashion (Girard et al., 1995).
dimer formation is increased approximatively 25-fold be-  Another parameter also supports this model. The rate
tween 50 and 250 mM NacCl (Figure 3). For salt concentra- constank; for RNA and DNA duplex formation is connected
tion higher than 308400 mM NacCl, we suggest that the to [Na+] by the relatiork; ~ [Nat]9% (thus log ki] ~ Q/2&
rate constant decreases due to intramolecular interactions thabg [Na']), whereQ is the number of phosphate groups lined
could compete with intermolecular interactions. Such effect up in the initial nonbonded complex afgds a dimensionless
has been already described by Studier (1969), who suggestedharge-density parameter [for more details, see Williams et
that an intramolecular restructuration of each single-strandedal. (1989) and references therein)]. d Idg]{d log[Na']
DNA molecule of T7 phage is unfavorable to double-stranded values determined in our experimental conditions (i.e.,
DNA renaturation while the salt concentration increases. One between 50 and 350 mM NacCl for 21565 and 215
major point of our system is that when the?’&-Us302 565A279-302 and between 50 and 700 mM NaCl for f215
sequence was deleted (such as in f2565A279-302), L1— 364) are reported in Table 2. f23364A279-302 was not
L4 and L2-L5 intermolecular interactions favored a considered insofar as this fragment has neither thé-C
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Table 2: Variation of Rate Constark;( as a Function of Salt 05 10152030 0 S 10 1520 30
Concentration [N&]
d log [kyJ/d log [Na'] Q 1215-282
f215-565 2.2+ 04 9+2
f215-565A279-302 2.8+ 0.2 11+ 2
f215-364 0.9+ 0.2 4+1
a2 These values were derived from linear regression of the plots o

log [ki] versus log [Nd] shown in Figure 3b. Only values ranging

from 50 to 400 mM NaCl were considerétQ, the number of

phosphate groups lined up in the initial nonbonded complex, was
calculated using equations derived by Manning [for details see Williams $283-364
et al., (1989)].

0510152030 0 5 10 15 20 30

G303 stem-loop nor the 364565 domain. Taking into

account that (1) a&)/2& value of 3.6 corresponds to 15
nucleotides or phosphate groups in each strand aligned befordiGure 9: Agarose gel electrophoresis of f21882 and f283-
the first base pair is formed (Williams et al., 1989, and 364 dimerization at 30 and 5@ in the presence of NCp10/RNA

. . . . i i.e., untit2—3 nts per
re_ferences therein), (2) the transient RNA dimer is the ,Samemggefg)lirft{a?tglsirr?cgt?;\?ilc?r?gn?e%?dls%ig.eE’xperimentaI con%itions
W|th regal’d tO f215’565 and f215'565§279—302 and IS were the same as described in Figure 6.
due to L1-L4 and L2-L5 interactions (as postulated), and
(3) the transient 215364 RNA dimer involves only the  enhancement of PSI dimer formation (Figure 5). Assuming
U?8SAGCUA?**loop, then the maximur@ value for f215- that each protein interacts with the RNA transcripts and has
565 and f215-565A279-302 is 11 and 6 for f215364. an annealing activity, then these latter values suggest a
The measure@ values of 9+ 2 for f215-565, 11+ 2 for binding site size of & 1 nucleotides per NCp10. This value
f215-565A279-302, and 4t 1 for f215-364 are consistent  appears to be slightly higher than those already published

with this prediction. for several retroviral nucleocapsid proteins:461nts for
The CG83-G?% Autocomplementary Sequence Is Respon- murine nucleocapsid (NCp10) (Karpel et al., 1987; Casas-
sible for RNA Dimer Formation Induced by NCpl®o- Finet et al., 1988; Roberts et al., 1989);t51 nts for avian

MuLV nucleocapsid protein NCp10 is a 56 amino acid nucleocapsid (NCp12) (Karpel et al., 1987; Jentoft et al.,
polypeptide that contains one CCHC box (Henderson et al., 1988), and 7 1 nts for human nucleocapsid protein (NCp7)
1981). It has been previously shown that NCp10 highly (You & McHenry, 1993; Khan & Giedroc, 1994). However,
favors RNA dimer formatiorin vitro (Prats et al., 1988,  given that part of the RNA is hybridized and, conceivably,
1990, 1991). Then witro PSI dimer formation triggered  that there may still be some internal secondary structures,
by chemically synthesized NCp10 allowed us to determine not all the RNA may be accessible to NCp for binding. Thus,
the annealing activity of NCp10 in low ionic strength (20 the NCp might bind only to single-stranded regions at
mM Tris-HCI, pH 7.5, 50 mM NacCl, 0.2 mM MgGland 5 equilibrium. This would have the effect of increasing the
mM DTT). The major structural feature involved in PSI apparent site size.
dimer formation with NCp10 is also the sequenéé*€G3°3 NCp10 Destabilizes the?l®—G3°3 Stem-Loop. Kinetics
insofar as a deletion of this sequence results in low RNA of PSI dimer formation performed at temperatures ranging
dimer formation irrespective of NCp10 concentration (Figure from 4 to 20°C allowed us to document the annealing
4). Note thak, values of f215-565A279-302 were greater  activity of NCp10in zitro. At low ionic strength conditions,
than those observed for f23%65 atr values < 30, PSI dimer formation is a slow process that depends on the
suggesting that deletion of a key dimerization signal appar- incubation temperature (Girard et al., 1995). In this study,
ently results in a combination of faster dimerization kinetics we showed that NCp10 induces efficient PSI dimerization
(such as loogloop interactions) and lower dimerization yield even at 4°C (Figure 6), suggesting a strong destabilization
(unstable dimer due to weak interactions). These results areof stem-loop structure &8—G393 (with a ATy > 30 °C).
in good agreement with those obtained at low ionic strength Note that the non-MoMuLV sequence present at therfs
without NCp10 [see above and Girard et al. (1995)] and of these transcripts can adopt a stelwop structure similar
could be explained by the deletion of a sequence-specificto the stem-loop CZ78—G3%3 (Figure 1). Thus, taking into
binding of NCp10 and/or of the dimer linkage structure of account a hypothetical loegoop interaction around the®
MoMuLV PSI RNA. Such specific binding of HIV-1  G!3sequence and the opening of each stem, this should lead
nucleocapsid protein (NCp7) to sterftoop structures of  to the formation of a short RNA duplex. However, as
HIV-1 PSI RNA has been shown (Sakaguchi et al., 1993; previously reported (Girard et al., 1995), this sequence is
Berkowitz & Goff, 1994; Dannul et al., 1994), but it is not involved in the process of dimerization since f2282
unknown if this exists for MOMuLV RNA. Moreover, we  did not give rise to dimer formation even for a NCp10/RNA
observed that the 233565 RNA dimer formed in the  molecular ratio of 30, which corresponds to approximatively
presence of NCp10 is slightly more stable than the one 2.6 nts per NCp10 (Figure 9). Similar experiments con-
formed without the protein (Figure 7). This indicates that ductedin vitro with f283—364, which is also characterized
NCp10 could also participate in dimer stabilization by by a stem-loop structure at its"send comprising the €3—
favoring intermolecular interactions. G*% sequence (Figure 1), showed that for a NCp10/RNA
Our results also show an NCp10 annealing activity over molecular ratio of 10 (i.e., 89 nts per NCpl0) these
a wide range of Ncpl0/RNA molecular ratios (from 10 to transcripts are mainly dimeric at 3€ (Figure 9). Further-
150) as well (i.e., 382.5 nts per NCp10) (Figures 4 and 6) more, in the absence of NCp10, 28364 dimer formation
with an optimalr value of 40-45 leading to a 1820-fold was observed at low ionic strength for temperature®)
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Table 3: Comparison between the Free Energy of the Three should correspond to a great _eXter.]t_ to _the annealing of t_he
Stem-Loops [AG°s»¢(SL)] Shown in Figure 1 and of the Resulting ~ autocomplementary sequence identified in human and murine

Loop—Loop Interaction AG®szc(LL)] viral strains (Skripkin et al., 1994; Laughrea & Jeti®94,
AG%3ro(SLE  AGsrc(LL)  2AG°src(SL)/ 1996; Muriaux et al., 1995; Girard et al., 1995). We also
sequence (kcal/mol) (kcal/mol)  AG°arc(LL) suggest that individual contribution of other intermolecular
Gl—C20 90 26 6.9 interactions to dimer stability is weak whereas the sum of
GGGCGCE8—-G28 —6.7 —5.2 2.6 these interactions could explain the less thermostable dimer
7.9 -3 5.3 extracted from newly released viral particles.
C278-G303 -2.6° -5 12
—38 ¥ 2.5 REFERENCES
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