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Abstract

HIV-1 nucleocapsid protein (NC) exhibits nucleic acid chaperone properties that are important during reverse transcription.
Herein, we review and extend our recent investigation by fluorescence correlation spectroscopy (FCS) of the NC chaperone activity
on the primer binding site sequences (PBS) of ¢th¢ and (+) DNA strands, which are involved in the second strand transfer
during reverse transcription. In the absence of NC, the PBS stem-loops exhibited a fraying limited to the terminal G—C base pair.
The kinetics of fraying were significantly activated by NC, a feature that may favolRrBS{+)PBS annealing during the second
strand transfer. In addition, NC was found to promote the formation of PBS kissing homodimers through interaction between the
loops. These kissing complexes may favour secondary contacts between viral sequences and thus, promote recombination and vil
diversity. To cite this article: C. Egelé et al., C. R. Biologies 328 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Etude par spectroscopie & corrélation de fluorescence des interactions chaperonnes de la protéine de nucléocapside de
VIH-1 avec les séquences d'initiation viraleLa protéine de la nucléocapside (NC) de VIH-1 présente des propriétés chaperonnes
vis-a-vis des acides nucléiques, qui sont importantes lors de la transcription inverse. Cette étude porte sur I'analyse par spectrosc
pie a corrélation de fluorescence de I'activité chaperonne de NC vis-a-vis des séquemiS ADN et(+)PBS ADN impliquées
dans le second saut de brin de la transcription inverse. En absence de NC, les tiges boucles PBS présentent une ouverture transitc
limitée a la paire de bases, G—C, terminale. Les cinétiques de cette ouverture transitoire sont activées par NC, ce qui est de natu
a stimuler 'hybridation(—)PBS(+)PBS lors du second saut de brin. En outre, NC induit également la formation de complexes
boucle/boucle homologués-)PBS(—)PBS et(+)PBS{(+)PBS. Ces complexes peuvent favoriser les contacts secondaires entre
les séquences virales et donc la recombinaison et la diversité \Rale citer cet article: C. Egelé et al., C. R. Biologies 328
(2005).
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1. Introduction these fluctuations and the average number of fluorescent
molecules in the excited volume. In the simplest and
The HIV-1 nucleocapsid protein (NC) is a small ba- most common case, fluorescence fluctuations mainly
sic protein characterized by two zinc fingers that pref- occur from diffusion inside and outside the excited vol-
erentially binds single-stranded nucleic acids. Due to its ume and from triplet blinking (conversion between the
chaperone activities, NC facilitates the rearrangement of fluorescent singlet state and the non-fluorescent triplet
nucleic acids into their most stable conformation, thus state). If additional chemical or physical mechanisms
promoting nucleic acids hybridization and strand ex- induce transitions between states of different brightness
changd1,2]. As a consequence, NC is thought to chap- during the diffusion time, information on the dynam-
erone several key steps such as the two obligatory strandics of these mechanisms could be additionally derived
transfers during reverse transcription. During the first from the autocorrelation curves. This has notably been
strand transfer, NC has been shown to destabilize theused for characterizing the dynamics of DNA hairpin-
secondary and tertiary structures of the transactivation loop fluctuationg6,27—30]as well as RNA structural
response element TAR RNA and the complementary transitiong31].
cTAR DNA sequence of the genomic RNA template In this context, to further illustrate the potency of
and(—)ssDNA, respectivel{3-5], mainly by activating FCS for getting information on protein/nucleic acid in-
the transient opening (fraying) of TAR RNA and cTAR teractions, we will review and extend herein our recent
DNA terminal base pairf5,7]. This enablesthen NCto  work on the chaperone properties of NC 6n)PBS
increase the rate and extent of annealing of the comple-DNA and (+)PBS DNA sequencef82]. By using flu-
mentary sequencd8—13] and block non-specific self-  orescently labelled oligonucleotides corresponding to
primed reverse transcriptigh0,14—16] Both the initial (—)PBS and(+)PBS sequences-ig. 1) respectively,
destabilization and the subsequent annealing depend orwe found that NC activates the transient melting of both

the intact zinc finger§s,17,18] sequences during their ‘breathing’ and promotes the for-
NC also stimulates the second strand transfer re- mation of homodimers. Using PBS mutants, the homod-
action [10,19-21]by removing the tRNAYS3 primer imers were shown to mainly rely on kissing interactions

from the B end of minus-strand DNA, and by anneal- through the loops. Both NC-promoted melting and ho-

ing the (+)ssDNA PBS sequence to its complement modimer formation are thought to be of importance for

in minus-strand DNA. The activity of NC in facilitat-  the second strand transfer and recombination.

ing plus-strand annealing has been related to its abil-

ity to destabilize th&—)PBS DNA secondary structure 2. Materials and methods

and expose the nucleotides that are sequestered in the

stem[4]. This, in turn, is thought to facilitate base pair- 2.1. Materials

ing with the PBS sequence {#-)ssDNAT[4]. While the

zinc fingers contribute to the role of NC in tRNA primer NC(12-55) peptide was synthesized as previously

removal from minus-strand DNA, they seem dispens- described33] and stored lyophilized in its zinc-bound

able for the subsequent annealing(ef)PBS with its form. Its purity was greater than 98%. An extinction

complemenf10]. coefficient of 5700 Mtcm™ at 280 nm was used to
To gain further information on nucleic acid/protein determine its concentration.

interactions, fluorescence correlation spectroscopy Doubly and singly labelled DNA oligonucleotides

(FCS) has been shown to be usef@k—26] This were synthesized at a 0.2-umol scale by IBA GmbH

method analyses the fluctuations of fluorescence inten-Nucleic Acids Product Supply (Goéttingen, Germany).

sity in the very small volume obtained either with a The 5 terminus of the oligonucleotides was labelled

confocal microscope or two-photon excitation. Analysis by 6-carboxyrhodamine (Rh6G) via an amino-linker

of these fluctuations through an autocorrelation function with a six-carbon spacer arm. Thé t&@rminus of the

provides information on the phenomena that generate doubly-labelled oligonucleotide was labelled with 4-
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Fig. 1. Structures of PBS derivatives and dyes used in this study. The
selected(+)PBS sequence is the cDNA copy of the PBS RNA se-
quence from the MAL strain.

(4 -dimethylaminophenylazo)benzoic acid (DABCYL)
using a special solid support with the dye already at-
tached. Oligonucleotides were purified by the manu-
facturer by reverse-phase HPLC and polyacrylamide
gel electrophoresis. The purity of the labelled oligonu-
cleotides was greater than 93%. Extinction coefficients
of 153900, 113400, 151380, 171990 and
175680 M1cm=1 at 260 nm were used to calculate
the concentrations af-)PBS,AL (—)PBS, T (—)PBS,
(+)L(—)PBS and(+)PBS, respectively. All the exper-
iments were performed at 2C, in 25 mM Tris, 30 mM
NacCl, 0.2 mM MgCp, pH 7.5.

2.2. UV-visible absorption and fluorescence
spectroscopy

Absorption spectra were recorded on a Cary 400

spectrophotometer. Fluorescence emission spectra were

recorded on a FluoroMax spectrofluorometer (Jobin-
Yvon) equipped with a thermostated cell compartment.
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Time-resolved fluorescence measurements were per-
formed with a time-correlated single photon counting
technique, as previously describg§t7]. The excita-
tion and emission wavelengths were set at 480 and
550 nm, respectively. Time-resolved data analysis was
performed by the maximum-entropy method using the
Pulse5 softwarg34]. The mean lifetimér) was calcu-
lated from the fluorescence lifetimes, and the relative
amplitudesg;, by (t) = )", o;7;. The populationgo,

of dark species in the doubly labelled PBS derivatives
was calculated b{B2]:

(T)sl
(T)dl X Rm

ag=1- (1)
where(t)g and(z)q are the measured mean lifetimes of
the singly and doubly labelled derivatives, respectively.
Rm corresponds to the ratio of their fluorescence inten-
sities.

2.3. FCS setup and data analysis

FCS measurements were performed on a two-photon
platform including an Olympus IX70 inverted mi-
croscope, as describgd@,35]. Two-photon excitation
at 850 nm is provided by a mode-locked Tsunami
Ti:sapphire laser pumped by a Millenia V solid-state
laser (Spectra Physics). The measurements were car-
ried out in an eight-well Lab-Tek Il coverglass system,
using a 400-pl volume per well. The focal spot is set
about 20 um above the coverslip. The normalized au-
tocorrelation functionG(t) is calculated online by an
ALV-5000E correlator (ALV, Germany) from the fluo-
rescence fluctuation8 F (¢), by G(r) = (§ F(t)§ F (t +
7))/(F(1))2, where(F (1)) is the mean fluorescence sig-
nal andrz is the lag time.

The analysis ofG(r) can provide information about
the underlying mechanisms responsible for the inten-
sity fluctuations such as diffusion of the particles, elec-
tronic transition within the molecules and transitions
between states of different brightness. For an ideal case
of freely diffusing monodisperse fluorescent particles
undergoing triplet blinking in a Gaussian excitation vol-
ume, the correlation functioni7(z), calculated from
the fluorescence fluctuations can be fitted according
to [36]:

-1
G(r) = %(H Tid> <1+—

(14 (27) ol -2))

1-f

X

(2)
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wherety is the diffusion time (a parameter that is in-
versely related to the diffusion constant of the mole-
cule), N is the mean number of molecules within the
sample volumey is the ratio between the axial and lat-
eral radii of the sample volume; is the mean fraction
of fluorophores in their triplet state angis the triplet-
state lifetime. The excitation volume is about 0.33um
and s is about 3 to 4. Carboxytetramethylrhodamine
(TMR) in water was checked to exhibit a diffusion
very similar to that of Rhodamine 6G (data not shown)
and was taken as a referend®ryr = Drhsg= 2.8 x
10-% cm?s1). As a consequence, the diffusion coeffi-
cient, Deyp, Of the labelled oligonucleotides was calcu-
lated from the comparison with TMR by2exp = DTmR

X Td(TMR) / Td(oligo) Where tgrvr) and tgligoy are the
measured correlation times for TMR and the oligonu-

cleotide, respectively. As a compromise between pho-
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other and restores the fluorescence of Rh6G. Experi-
ments were performed in a buffer containing 25 mM
Tris pH 7.5, 30 mM NaCl, 0.2 mM Mg@G| which is
adequate for the evaluation of NC destabilizing proper-
ties[6,7,17,27,32]

Time-resolved fluorescence studies indicated that
both doubly labelled—)PBS and(+)PBS sequences
are largely in a dark non-fluorescent stafialfle 1)
where the stem is closed and the two dyes are associ-
ated close togetheiF{g. 2). The populationgg, cor-
responding to these dark species represents about 76
and 69% for(—)PBS and(+)PBS, respectively. The
remaining species are characterized by lifetimes that
are generally less than the corresponding lifetimes of
the singly labelled species, suggesting that they may
correspond to partly melted species with fluorescence
resonance energy transfer (FRET) between Rh6G and

tobleaching and a good signal to noise ratio, we select DABCYL [6,7,17] Due to the complex decay of Rh6G

a power of 5 mW. At this power, the photon counting

in both singly and doubly labelled derivatives, no clear

rate per molecule is about 5 kHz. Typical data recording correspondence between their lifetimes could be estab-

times are 10 min.
3. Results and discussion

3.1. Evidence and kinetics of PBS fraying

lished. Nevertheless, due to its high value, the 3.79-ns
lifetime of the doubly labelled species can safely be
considered as being due to the reduction, by energy
transfer, of the 4.27-ns lifetime of the singly labelled
derivative. Similarly, the 1.57-ns lifetime of Rh6G-5
(-)PBS-3-DABCYL can be associated with either the

Since NC has been shown to activate the kinetics of t3 or 4 lifetimes of the singly labelled species. As a

cTAR DNA fraying, our first objective was to investi-
gate whether, by analogy to cTAR DNA, both)PBS
and(+)PBS DNA (Fig. 1) also undergo a mechanism of
fraying[6]. To this end, PBS derivatives labelled at their
5 end by 6-carboxyrhodamine (Rh6G) and théieBd

by 4-(4-dimethylaminophenylazo)benzoic acid (DAB-
CYL) were used. It has been previously shown for vari-

consequence, energy-transfer efficienciésyere cal-
culated by:E =1 — tq,/15, Wherezg and tg are the
fluorescence lifetimes of the doubly and singly labelled
oligonucleotides, respectively. The calculatédialues

are 0.12 for the 3.79-ns component and 0.27 and/or 0.59
for the 1.57-ns component, respectively. Next, these
values were used together with the Foérster distance,

ous stem-loop (SL) sequences that the dyes form a non-Rg = 20 A for the (Rh6G, DABCYL) coupld17] to

fluorescent (dark) heterodimer when the SL is cldéed
37]. In contrast, melting of the SL secondary structure

calculate the interchromophore distanég, by using
R = Ro(1/E — 1)¥/8. Accordingly, interchromophore

by temperature or NC removes the two dyes from each distances of 18 A (and/or 24 A) and 28 A were calcu-

Table 1
Time-resolved fluorescence parameters of singly and doubly lahelgBS and+)PBS sequencés

2 ag) Ny a1 () My a2 (%) MY a3z (%) w©uMy s (%) (1) (NS Rm
Rh6G-3-(—)PBS — - — - 0.39 53 215 10 427 37 200 -
Rh6G-3-(—)PBS-3-DABCYL — 76 012 15 044 6 157 2 379 1 Q41 200
Rh6G-3-(—)PBS-3-DABCYL 5 82 013 7 Q50 6 173 3 362 2 Q89 124
Rh6G-5-(+)PBS - - - - 0.21 59 Q79 29 396 12 083 —
Rh6G-3-(+)PBS-3-DABCYL — 69 010 25 Q70 5 - — 2.83 1 Q31 87
Rh6G-3-(+)PBS-3-DABCYL 5 78 015 10 Q97 8 - - 2.82 4 Q96 40

2 The oligonucleotide concentration was 0.5 yMiesignates the ratio of nucleotides to NC(12-55) peptide. The relative amplifgidef, the
dark species is calculated by Hg). The lifetimes,z;, and relative amplitudesy;, of PBS sequences are expressed as means for at least three
experiments. The standard deviations are usually below 10% for the lifetimes and below 15% for the amplifudesignates the ratio of the

fluorescence intensity of the singly labelled derivative in the absence of peptide to that of the doubly labelled one in the absence or in the presen

of NC(12-55).
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Fig. 2. Proposed scheme @Gf)PBS fraying. This scheme is established on the basis of the time-resolved @atdaril The dark closed form C is

associated with theg population. In the partly opened species 1 (PO1), no base pair is melted but the dyes are no more in contact. PO1 is thought

to be associated with the; lifetime of Rh6G-5-(—)PBS-3-DABCYL. The PO2 species in which the terminal G—-C base pair is melted, may be
associated with they lifetime of Rh6G-5-(—)PBS-3-DABCYL. Due to the multiplicity of Rh6G lifetimes, the, andt, lifetimes cannot be

unambiguously associated with one of these species. Alternate PO cannot be excluded, but our data do not support the presence of the fully melte

M species. NC(12-55) is thought to activate the melting of mainly the terminal base pair. The theoretical interchromophore drtatCesor

the various species were calculated according(&y.

lated for the putative conformational states associatedto the PO1 species where no base pair is melted, but

with the r3 and t4 lifetimes of the doubly labelled

the dyes are no more in contact. Similar calculations

species, respectively. Noticeably, it has been checkedwith the long-lived lifetime (2.83 ns) of the doubly la-
by time-resolved anisotropy that the dyes at both 5 belled (+)PBS derivative led to an interchromophore

and 3 ends exhibit a fast local mobility, allowing them

distance of 22 A, consistent with the PO1 species. Nev-

to sample many orientations during the transfer period ertheless, it should be noted that the about 10-A length
(data not shown). As a consequence, orientation factorsof the linker between the chromophore and the oligonu-
may not bias the interchromophore distances. These dis-cleotide may significantly deviate the interchromophore
tances could be compared with the theoretical distancesdistance from théR?)1/2 value. However, a full melt-

calculated using the wormlike chain (WLC) mode8]

ing of the PBS secondary structure (as in the M species

by considering the melted fraction of the stem as a con- of Fig. 2), which should lead to an interchromophore

tinuous single strand~{g. 2). By using this model, the
mean square end-to-end distan@®?), is given by:

(R?) = 2PL[1 - %(1_ e_L/p)}

The contour lengttd. is calculated assuming an internu-
cleotide distance of 0.6 nfi39]. A persistence length,
P, of 0.75 nm is used for the single strapd]. If we

3)

distance of about 40 A (which corresponds to two times
the Forster distance) and thus to lifetimes identical to
the Rh6G-5(—)PBS ones, is not supported by our data.
This may be ascribed to the high stability of the stem
(with 4 C—G base pairs) of both PBS derivatives, which
may thus resist to thermal fluctuations. Taken together,
our data suggest that thermal fluctuations generate a
fraying equilibrium between closed and partly melted

assume that the flexible linkers adopt a large number of species.

orientations with respect to the oligonucleotide ends, the

To get further information on the dynamics of PBS

average interchromophore distances may be close to thefraying, FCS with two photon excitation was performed.

(R%1/2 values. In these conditions, the lifetime of
Rh6G-8-(—)PBS-3-DABCYL may correspond to the

For singly labelled PBS derivatives, fluorescence fluc-
tuations are thought to mainly occur from diffusion

partly opened PO2 species where the terminal base pairin and out the excited volume and from triplet blink-

is melted Fig. 2), while thezs lifetime may correspond

ing (conversion between the fluorescent singlet state
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cited volume in excellent agreement with the theoreti-
cal number calculated from the concentration of mole-
cules in solution. In addition, from the comparison with
TMR taken as a reference, a diffusion constadbdyp,

0f 9.9 x 107 and 83 x 10~/ cnm?s 1 could be calcu-
lated for (—)PBS and(+)PBS, respectivelyTable 2.
This value can be compared with the theoretical diffu-
sion constantDy, calculated by modelling—)PBS as

a rod-like double-stranded DNA of 6 bp (if we assume
that the loop is equivalent to two base pairs):

keT 1 L
Dih=—-—|In— 4
th 3n7tL< ] +V) (4)

whereky is the Boltzmann constant, is the absolute
temperature and; is the viscosity of the solution.

y designates the end-correction parameter and is about
0.39[41]. Assuming a rise per base of 3.4 A, the length,
L, of the rod-like DNA, was calculated to be about
20.4 A. Finally, the hydrodynamic diametéywas as-
sumed to be comprised between 20.5 and 2844.
The Deyp value appears significantly higher thdnn

for both derivatives Table 2. The reason is probably
that, due to their small length comparable to their width,
both PBS derivatives could not be appropriately approx-
imated by a rod. Moreover, both the rather flexible loop
and the protruding‘3sequencé4] may further deviate
the PBS structure from a rigid rod.

Fitting the autocorrelation function of the doubly la-
belled (—)PBS with Eq.(2) provided a significantly
lower 74 value than for the singly labelled derivative,
suggesting additional fluorescence fluctuations with ki-
netics similar or faster than the diffusion constant. By
analogy with cTAR moleculefs,27], these additional
fluctuations may be associated with the fraying, which
leads to transient stem openings and thus, transitions
between the dark closed state and fluorescent open

sequences at a 0.5 UM concentration. Solid lines correspond to fits States. Additional information was obtained by calculat-

of the experimental points with E@2). The triplet lifetime,z, and
the fraction of molecules in triplet statg,, were typically about 3 ps
and 50%, respectivelyb Ratio G*(r) between the autocorrelation
curves of doubly and singly labellgd-)PBS sequences. TH&* (1)
ratios were obtained either in the absendg) (or in the presencel)

ing the ratioG*(r) between the autocorrelation curves
of the doubly and singly labelled~)PBS derivatives
(Fig. 3). As expected for a two-state model between
a fluorescent and a non-fluorescent form, this ratio can

of NC(12-55). The solid line is an exponential fit (see text) with the be fitted with a monoexponential decag*(r) = A

parameters given ifiable 3 (c) Effect of NC(12-55) on the dynamics

+ Bexp(—t/t,), where B designates the amplitude,

of (—)PBS fraying. NC(12-55) was added at a ratio of five nucleotides A is the limit value of G*(z) and t; is the reaction

per peptide to the singlyl) and doubly(¥) labelled (—)PBS se-
quences. The solid lines are fits to experimental points as above.

and the non-fluorescent triplet state). In line with this
assumption, the autocorrelation curves of both Rh6G- kop = fr—l
5-(—)PBS Fig. 3a) and Rh6G-5(+)PBS (data not
shown) could be adequately fitted with E&), pro-

viding an average numbeN, of molecules in the ex-

time [28]. This in turn can be used to calculate the
opening and closing rate constants describing the stem
terminus transient openings by:

Ky _ 1
— ke =17t —— (5)
1+ Ky 1+ Ky

where the equilibrium constariy is determined from
time-resolved fluorescence measurements Ky =
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Table 2

FCS parameters of the interaction of NC(12-55) with PBS derivétives
r Dexp (cm?s™1) x 107 D (cm?s™1) x 107 NyNc/N_nc

(-)PBS - 9.9+0.3 15-81P 05+0.1
5 74404 14-72b

(+)PBS - 83405 15-81P 0.6+0.1
5 77403 14-720

T/(-)PBS - 100+0.7 15-81P 0.9+0.1
5 77402 6.1-106°

AL(-)PBS - 9.4+0.2 15-81P 0.8+0.1
5 85406 6.1-106°

@ The experimental diffusion coefficienDexp, Was calculated from the apparent diffusion time as describedMatgrials and method$Both
the apparent diffusion time and the average number of molecules in the illuminated volume are obtained by fitting tHegldaooEq. (2). The
Ninc/N_nc parameter describes the ratio of the average number of molecules in the presence of NC(12-55) to that in the absence.

b Dy is the theoretical diffusion coefficient calculated from E4).using the rod-like model.

¢ Dy, calculated from the Stokes—Einstein equation using the spherical model.

Table 3 55) induces no significant change in the individual life-
Effect of NC(12-55) on the kinetics ¢f-)PBS fraying, as determined times of the doubly labelled—)PBS and(+)PBS se-

by FCS quences Table 9, suggesting that NC does not gener-

r T (M9 kop (s™1) kej (s71) Kq ate new species but only modifies the equilibrium be-
- 11045 23004 100 7000k 200 Q32 tween the species already existing in the absence of
5 25+1 73004400 33000Gt 2000 022 peptide. Moreover, in sharp contrast with cTAR7,

The chemical rate constanis, were deduced from the fits of the data ~ 17], NC(12-55) does not reduce the value, and thus
in Fig. 3 to the equation given in the text. The opening rate con- the population of closed species. In fact, the limited
stants,kop, and the closing rate constanig;, were deduced from  NC.induced fluorescence intensity increase observed

Eq. (5). The equilibrium constanKy is calculated from the time- . .
resolved data, as described in the text. The results are expressed agor both (—)PBS and(+)PBS sequences-g. 4) is

meanst standard error of the mean for at least two independent ex- Mainly due to a redistribution of the population asso-
periments. ciated with the short-lived lifetiméry) to the benefit of
the populations associated with the long-lived lifetimes.
[open/[closd = (1— ag)/ao. Both calculated rate con- This suggests that the peptide induces only a limited re-
stants Table 3J are similar to those of cTAR derivatives ~ distribution between the partly opened species, in line
[27]. Since these rate constants were shown to describeWith the modest NC-induced disruption ¢f)PBS sec-
the fraying of the terminal G—-C base pair in cTAR ondary structure evidenced by NM&| and in contrast
derivatives, the observed fraying i{r-)PBS probably ~ With the large effect of NC on cTAR DNA6,7,17]
corresponds to the rapid opening—closing of its termi- These differences between cTAR and PBS cannot be
nal G—C base pair. In line with this conclusion, similar related to the oligonucleotide stabilities since the3,
kinetic rate constants were also obtained withPBS  values of(+)PBS, (—)PBS[32] and cTAR DNA[7]
(data not ShOWﬂ), which also possesses a terminal G=Ccare similar. In fact, NC destabilizing activity merely re-

base pair. lies on the free energy changes afforded by destabilizing
motifs like loops and bulges regularly positioned within

3.2. NC destabilizes PBS secondary structure and the SL secondary structuf27]. As a consequence, NC

promotes its dimerisation is only able to melt a limited number of consecutive

base-pairs in a double-stranded segment. The number

To investigate NC destabilizing effect on PBS deriv- of consecutive base pairs that can be melted by NC
atives, we used the NC(12-55) derivative, which con- depends on the base composition of the segment, and
tains the zinc-finger motifs but, in contrast to the na- notably the number of G—C base paj&¥]. Our data
tive NC(1-55) protein, does not aggregate the oligonu- suggest that NC is unable to melt the 4 G—C-containing
cleotides[43]. Since (—)PBS and(+)PBS sequences B-helical double strand that constitutes the stem of PBS
bind up to three NC(12-55) peptides with affinities of sequence$4,32]. In fact, since NC only increases the
5x 10° and 2x 10° M~1, respectively[32], this pep-  average melting within the population of partly melted
tide was added at a ratio of 5 nucleotides per peptide to species Table 1), NC activates only the melting during
0.5 uM PBS to fully coat the oligonucleotides. NC(12— the normal ‘breathing’ of the stem associated with the
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that by analogy with cTAR27], NC activates the ki-
netics of (—)PBS fraying. The increase ikyp further
strengthens the hypothesis that NC lowers the energy
barrier for breakage of base-pdji£s46,47] In addition,

the NC-induced increase &§ suggests that binding of
NC to the melted arms of the stem probably reduces the
electrostatic repulsive interactions and thus also favours
the closing of the stem.

The second striking feature observed by FCS is the
decrease by a factor of two of the average number
of singly labelled (—)PBS molecules in the excited
volume, suggesting that NC(12-55) promotes the for-
mation of (—)PBS homodimers. Two types of dimers
could be envisioned: kissing complexes and extended
duplexes. Kissing complexes would be permitted by the
partial autocomplementarity of the loop that would al-
low the formation of two intermolecular G-C base pairs
(Fig. 5a). Extended duplexes would be very stable with
ten intermolecular G—C base pairs, but are unlikely ac-
cording to the inability of NC to melt the stem of both
(—)PBS and(+)PBS sequences.

To further demonstrate the formation of NC-induced
kissing complexes, we tested the interaction of NC with
several(—)PBS mutants. In a first attempt, Rh6G-5

Fig. 4. Effect of NC(12-55) on the fluorescence spectra of the dou- (—)PBS was mixed with an equimolecular amount of

ivatives. PBS . .
bly labelled PBS derivatives. The spectra(ef)PBS @) or (+) Rh6G-5-(+)L(—)PBS (Flg. 5b) In this last mutant,

(b) were recorded at a 0.5 uM concentration either in the absence X
(solid) or in the presence (dotted) of NC(12-55) added at a ratio of the loop of(—)PBS was substituted by ttfe-)PBS one

five nucleotides per peptide. Excitation wavelength was 480 nm. The to increase the stability of the kissing complexes and
NC-induced quorescencg increase isindicat‘ed as ntestandard er- the stem was inverted with respect to that(ef)PBS
ror of the mean for three independent experiments. to prevent the formation of extended duplexes. Ad-
dition of NC(12-55) to this mixture decreasad by
fraying mechanism. Since the destabilizing component a factor of two, clearly indicating the formation of
of NC chaperone activity is mainly associated with the (—)PBS(+)L(—)PBS kissing complexes. In sharp
zinc finger domairj17], the limited NC-induced desta-  contrast, no significant decrease M was observed
bilization of (+)PBS and—)PBS sequences evidenced when NC(12-55) was reacted with (F)PBS (where
here may explain the poor sensitivity on NC zinc fingers the loop was no more autocomplementarifg( 5c)
of the annealing of+)PBS in(+)ssDNA to its comple- or AL(—)PBS (where the loop was substituted by an
ment in minus-strand acceptor DNAO]. Noticeably, hexaethylenglycol HEGL tetherfFig. &d), confirming
these conclusions might be modulated if by analogy that (—)PBS kissing complexes rely on the anneal-
with the B leader region of the RNA genonjé4,45], ing of the partially autocomplementary loops. Finally,
the stem of both{4+)PBS and—)PBS sequences at the NC(12-55) was found to promote al§¢)PBS kissing
3’ ends of the plus- and minus-strand DNA molecules, complexes stabilized by two intermolecular G-C base
respectively, may be characterized by only three G—C pairs between the loops (data not shown).
base pairs. In this case, it is likely that NC would con- Interestingly, in the absence of NC(12-55), g
tribute to the stem destabilization. values of T(—)PBS, AL(—)PBS and(+)PBS were
NC(12-55) was found to strongly modify the auto- similar to that of (—)PBS (Table 2, suggesting that
correlation curves of both singly- and doubly labelled these species have similar shapes and thus, similar sec-
(—)PBS derivativesKig. 3c). Two important features  ondary and tertiary structures. A significant decrease of
could be observed. The first one is a significant decreasethe Dexp values was observed for all PBS derivatives in
of the reaction time (from 110 to 25 ps) associated with the presence of NC(12-55) but only small differences
the fraying mechanisnTéble 3. As a consequence, NC  could be observed between species giving homodimers
increases both thiy, andkop rate constants, indicating  and those giving not. To address this intriguing point,



C. Egelé et al. / C. R. Biologies 328 (2005) 10411051 1049

0.04 0.04
(@) (-)PBS 5 9?99(_51’1‘06 GGCGCCA-3’ (H)L(-)PBS;
3"ACCGCGGACTTGC cce 5’ z (6CCA'S”
T
0.03- ED 0.03 KC R
’ - A ] G
3 or 3nacce, _2 3 ci s AI\
T
[0) 0.02 4 KC g:g 0) 0.02 4 Pl
Sret ] oe
I AR ) o
0.01 g g 0.01 5, ecead’
Tae | (-)PBS
g
0.00 T T 0.00 T
1E-3 0.01 0.1 1 10 100 1E-3 0.01 0.1 1 10 100
T (ms)
0.020 0.025
d) AL(-)PBS
0.020 X
0.015 g:g
£
0.015 g+ GCCA-3'
o\':/omo- X=HEGL
0.010
o
(.NMNOJ-O-J Ol
0.005
0.005 4
0.000 0.000 T T T
1E-3 0.01 0.1 1 10 100 1E-3 0.01 0.1 1 10 100
7(ms) T(ms)

Fig. 5. Interaction of NC(12-55) witli—)PBS derivatives, as monitored by FCS. The autocorrelation curves-3#¥BS @), a mixture of
(+)L(—)PBS and (—)PBS ), T/(-)PBS €) and AL(—)PBS @) were recorded at 0.5 pM of oligonucleotides (expressed in strands) in the
absence4&) and in the presencdl) of 1.8 uM of NC(12-55). The continuous lines are fits to the experimental points witfREJ-he putative
kissing complexes (KC) or extended duplexes (ED) corresponding to-tjeBS homodimersa) as well as thg€—)PBS(+)L(—)PBS kissing
complexeslf) are represented.

the Deyp values were compared with the theoretical val- found to fully encompass thBexp value. Accordingly,
ues calculated based on assumptions derived from thethe Dey, values of all the complexes are in line with the
experimental data. In the case(ef)PBS, and+)PBS, conclusions derived from the NC-induced change$ jn
the NC-induced kissing complexes were approximated further strengthening our conclusions on NC-promoted
as 12-bp double-stranded rods coated by NC(12-55). homodimers.

According to the dimensions of NC(12-58)8], the

hydrodynamic diameter of the rod was increased by 10 4. Conclusion

to 25 A to take into account the bound peptides. Using

these assumptions, it was found that g values of By combining FCS and fluorescence spectroscopy,
these threg€—)PBS derivatives are close to the upper we have shown that NG)(activates the destabiliza-
limit of the expectedDy, range. This may again result tion of both(—)PBS and(+)PBS secondary structures
from the deviation of their shape from an ideal rod. In and {i) promotes the dimerisation of these sequences
the case of T(—)PBS andAL(—)PBS, the hydrody-  through the formation of kissing complexes stabilized
namic diameter increase resulting from the binding of by two G—C Watson—Crick contacts. From these data,
NC(12-55) to the short monomeric oligonucleotides is it may be inferred that NC also activates the formation
expected to deviate them even more strongly from a rod- of kissing complexes between tk¢)PBS sequence in
like model. As a consequence, this model was substi- (+)ssDNA and the(—)PBS sequence in the comple-
tuted by the spherical model aig, was calculated by ~ mentary minus-strand DNA. This may constitute the
the Stokes—Einstein equatio®yy = kp T/67tnr. Us- initial step in the NC-directed chaperoning of the second
ing a radiusr, between 30 and 45 A, they, range was strand transfer during reverse transcriptj@8]. Since,
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in addition, NC increases the kinetics and extent of fray-
ing of both (—)PBS and(+)PBS stems, NC may in a

second step promote the nucleation of the extended du-

plexes.

Moreover, the HIV genome corresponds to a com-
pact dimeric RNA where two identical RNA molecules
are hold together by stable interactions at thesd
[49-52] Homodimers with partially self complemen-

tary sequences may contribute to the stabilization and

compaction of the genome in the viral nucleocapsid
structure[53], thus contributing to the overall struc-
ture of the genome in the virus. In addition, since a

close connection between dimerisation and recombina-

tion has been recently highlightgs#], the PBS homod-
imers stabilized by NC may facilitate the strand transfer
events during viral DNA synthesis by reverse transcrip-

[8] J.-L. Darlix, A. Vincent, C. Gabus, H. de Rocquigny, B. Roques,
Trans-activation of the’3o 3 viral DNA strand transfer by nu-

cleocapsid protein during reverse transcription of HIV-1 RNA,
C. R. Acad. Sci. Paris, Ser. Il 316 (1993) 763-771.

[9] T.M. Davis, L. McFail-lsom, E. Keane, L.D. Williams, Melt-

ing of a DNA hairpin without hyperchromism, Biochemistry 37
(1998) 6975-6978.

[10] J. Guo, T. Wu, J. Anderson, B.F. Kane, D.G. Johnson, R.J. Gore-

lick, L.E. Henderson, J.G. Levin, Zinc finger structures in the hu-
man immunodeficiency virus type-1 nucleocapsid protein facili-
tate efficient minus- and plus-strand transfer, J. Virol. 74 (2000)
8980-8988.

[11] J. Guo, T. Wu, J. Bess, L.E. Henderson, J.G. Levin, Actinomycin

D inhibits human immunodeficiency virus type 1 minus-strand
transfer in in vitro and endogenous reverse transcriptase assays,
J. Virol. 72 (1998) 6716-6724.

[12] M. Lapadat-Tapolsky, C. Pernelle, C. Borie, J.-L. Darlix, Analy-

sis of the nucleic acid annealing activities of nucleocapsid pro-
tein from HIV-1, Nucleic Acids Res. 23 (1995) 2434-2441.

tase, fuelling genetic recombination and thus viral di- [13] J.C. You, C.S. McHenry, Human immunodeficiency virus nu-

versity [54].
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