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ABSTRACT: The nucleocapsid protein (NC) of HIV-1 exerts critical functions in viral genome replication
and virus assembly. Since the recognition of target nucleic acids is required in the initial step of most
NC-mediated processes, attempts were made to find small molecules capable of competing with this
recognition. In particular, several Trp-rich hexapeptides were recently found to strongly bind RNA sequences
targeted by NC. To further validate these peptides as potential anti-NC agents, we studied the ability of
Ac-HKWPWW-NH,, taken as a representative, to interfere with the NC chaperone properties required
during reverse transcription. Using NMR and steady-state and time-resolved fluorescence spectroscopy,
we characterized the structure of Ac-HKWPWW-NBs well as its binding to viral sequences such as
TAR and PBS involved in the two obligatory strand transfers of reverse transcription. Results show that
Ac-HKWPWW-NH; exhibits an almost symmetrids—trans equilibrium at the level of the Pro residue
where it is structured. The peptide binds both TAR and PBS sequences with low micromolar affinities.
Thecis-Pro andrans-Pro conformations of the peptide bind with comparable affinities{PB8S, mainly
through stacking interactions between the Trp residues ane-iifBS bases. Though all three Trp residues
may contribute to the<{)PBS/Ac-HKWPWW-NH complex formation, Trp3 and Trp5 residues are the

key residues in the complexes with thes-Pro andtrans-Pro conformations, respectively. Moreover,
Ac-HKWPWW-NH; stabilizes cTAR secondary structure and largely inhibits the NC-directed melting of
CTAR. This further strengthens the interest of this peptide for deriving modified peptides capable of
inhibiting NC and HIV-1 replication.

The nucleocapsid protein (NEYf the human immuno-  primer tRNA to the primer binding site (PBS) and directing
deficiency virus type 1 (HIV-1) plays several key roles in the two obligatory strand transfers necessary for the synthe-
the viral life cycle, either as a domain of the Gag polyprotein sis of a complete proviral DNA by reverse transcriptase
precursor or as the mature protein. NC notably selects and(3—10). In the first transfer, the cTAR from the strong stop
directs dimerization of the genomic RNA, which is subse- cDNA [(—)sscDNA] is hybridized to the TAR located at the
quently efficiently packaged into assembling viral particles 3 end of the genomic RNA while the second transfer occurs
(1, 2). Moreover, NC acts as a chaperone protein during via the annealing of the)PBS and {)PBS sequences
reverse transcription by promoting the annealing of the located at the '3end of the {)ssDNA and cDNA(),
respectively.
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Ficure 1: Structure of TAR RNA, cTAR DNA, {)PBS DNA, (-)PBS DNA, and NC(1255). The selected TAR and PBS sequences are
from the HIV-1 Mal strain. The secondary structures of cTAR and PBS were predicted from that off 2@ (—)PBS (73), respectively,
and the mfold program7d).

NC activities. Indeed, mutations of amino acids involved in
zinc binding completely abolish virus infectivity and impair
virion structure {2—15). The NC mutant virions have low
amounts of genomic RNA and exhibit defects in reverse
transcription 10, 12, 13, 16—22). These results were
corroborated by in vitro studies describing the NC determi-
nants in nucleic acid binding and chaperone activit3 (

of Ac-HKWPWW-NH,, taken as a representative of these
peptides. The structure of this peptide and its interaction with
(—)PBS DNA were studied by NMR. Moreover, steady-state
and lifetime fluorescence spectroscopy was used to further
characterize its binding to the TAR (TAR RNA and cTAR
DNA) and PBS [()PBS DNA and {+)PBS DNA] sequences
(Figure 1) involved in the first and second strand transfers
19, 20, 23—25). Nucleic acid chaperoning by NC is thought during reverse transcription. In addition, using doubly labeled
to involve at least three steps: (i) binding of NC to its target cTAR DNA sequences, we characterized the ability of Ac-
nucleic acid sequences, (ii) destabilization of the nucleic acid HKWPWW-NH; to inhibit the NC-directed destabilization
secondary and tertiary structures, and (iii) promotion of the of the cTAR secondary structure. Taken together, our results
annealing of the destabilized complementary sequences (forshow that this peptide exhibits an almost symmetiie-
a review, see refs and references cited therein). NC trans equilibrium at the level of its Pro residue, binds to
destabilization properties mainly rely on the zinc fingers both TAR and PBS sequences with low micromolar affinities
while NC-mediated annealing depends also on the basicmainly through stacking interactions with Trp residues,
amino acids located in both N- and C-terminal regich3 ( stabilizes the secondary structure of cTAR, and inhibits its
19, 20, 23—-25). NC-mediated melting in vitro. This further strengthens the
Due to its numerous functions in the viral life cycle and importance of this peptide to derive modified peptides or
its highly conserved sequence, NC constitutes an attractivesmall molecules able to inhibit NC functions during HIV-1
target for the development of antiviral agen®6{30). In replication.
this respect, many attempts were performed to target directly
NC molecules with either (i) zinc-ejecting agents that react MATERIALS AND METHODS
with Cys residues within the zinc fingers and induce  NC(12-55) (Figure 1) and Ac-HKWPWW-NK were
subsequent loss of functionally active conformatidf) (or synthesized by solid-phase chemistry as previously described
(i) RNA aptamers and xanthenyl ring-containing compounds (36, 37). The peptides were purified on reversed-phase HPLC
that bind NC with high affinity 82—35). Since the initial columns and lyophilized. NC(1255) was stored in its zinc-
step of most NC-promoted activities corresponds to a nucleic bound form, and its concentration was determined using an
acid recognition process, an alternative strategy is to extinction coefficient of 5700 M cm~! at 280 nm.
synthesize small molecules able to compete with NC to its  Doubly and singly labeled DNA oligonucleotides were
target nucleic acids. In this respect, phage display libraries synthesized at a 0/2nol scale by IBA GmbH Nucleic Acids
were recently used to identify small peptides able to interact Product Supply (Gitingen, Germany). For this study, we
with the encapsidatiopy RNA sequence of HIV-136). This used a pair of dyes, 5- and 6-carboxytetramethylrhodamine
study identified Trp-rich hexapeptides that bind with micro- (TMR) and 5- and 6-carboxyfluorescein (FB§). The 3
molar affinities to the encapsidation sequence of the genomicterminus was labeled with TMR via an amino linker with a
RNA and may thus potentially interfere with the selection, six carbon spacer arm. Thét&rminus was labeled with Fl
dimerization, and packaging of the HIV-1 genome. using a special solid support with the dye already attached.
To further validate the potential of these Trp-rich peptides Oligonucleotides were purified by PAGE, and the purity was
to interfere with NC functions during reverse transcription, verified by electrospray ionization mass spectrometry. Fluo-
we performed a detailed structural and functional analysis rescence experiments were performed in 25 mM Tris-HCI,



9256 Biochemistry, Vol. 45, No. 30, 2006
pH 7.5, 30 mM NaCl, and 0.2 mM Mggl(25, 38, 39).

Concentrations of oligonucleotides and peptides were mea-

sured by UV absorption on a Cary 400 BVisible spec-
trophotometer. Extinction coefficients of 521910, 396600,
153900, and 175680 M cm™® at 260 nm were used for
CTAR, TAR, (—)PBS, and 4)PBS sequences, respectively
(10, 38). All experiments were performed at Z€. Ac-
HKWPWW-NH,—cTAR binding, the effect of Ac-HKW-
PWW-NH, on NC destabilizing activity, and NMR spectra
of Ac-HKWPWW-NH, were also studied at 37C.

Homo- and Heteronuclear NMR Measuremeriisr the
structure determination of the peptide, NMR experi-
ments were recorded at 298 and 310 K on a 2.0 mM
Ac-HKWPWW-NH; peptide sample which was synthesized

Raja et al.

tide complexes and FI"£ TAR-3-TMR was calculated by

_ TR
FdRy

where [ is the measured mean lifetime of the free
Ac-HKWPWW-NH, peptide or the singly labeled FI-5
CTAR derivative, while[#(4 is the measured lifetime of the
peptide-oligonucleotide complex or the doubly (FF&STAR-
3'-TMR) labeled derivative, respectivelR, corresponds to
the ratio of their corresponding steady-state fluorescence
intensities. The remaining amplitudes,, were recalculated
from the measured amplitudes;, according tooc = oi(1

(1)

=1

as described above with an N-terminal acetylation and an Thé effect of His1 deprotonation on Ac-HKWPWW-NH

amide group at the C-terminus. The NMR buffer contained

25 mM potassium phosphate and 50 mM potassium chloride,

fluorescence was monitored in 25 mM R-torpholino)-
ethanesulfonic acid (MES) buffer. Direct addition of NaOH

and the pH was adjusted to 6.2. NMR resonance assignmentq adjust the pH value leads to turbidity, probably due to

was accomplished by analyzing the following experiments:
a'H,’N HSQC and dH,*C HSQC 40—-42) a'H,'H DQF-
COSY, a'H,H TOCSY @3) (mixing time of 80 ms), and a
1H,'H ROESY @4) (mixing time of 400 ms). Full experi-
mental details are provided in the Supporting Information.

The interactions between the peptide argRBS DNA
(from MWG-Biotech AG) were monitored by 1D homo-
nuclear'H NMR during the titration of a 0.4 mM solution
of Ac-HKWPWW-NH, with (—)PBS in the above-mentioned
NMR buffer. The 1D experiments were recorded with a
jump—return—echo sequence where the excitation maximum
was set to the chemical shift range of the Trp indole signals.
The NMR data were recorded on Bruker 400 and 600 MHz
spectrometers at 298 and 310 K.

All structure calculations were performed using the
program CNS 1.145) and the ARIA 1.2 46) setup and
protocols. The protein allhdg 5.3 force field7) was used
and was slightly adapted to allow structural calculations with
the N-terminal acetyl group, the C-terminal amide, and the
cis-proline. After each of the first eight iterations, 50

local peptide precipitation at the point of addition. To avoid
this, separated MES buffer solutions with different pH values
ranging from 4.5 to 7.5 were prepared. To each solution was
added Ac-HKWPWW-NH at a final 1uM concentration,
and its fluorescence intensity at 350 nm was recorded.

For binding studies, fluorescence titrations were performed
by adding increasing oligonucleotide concentrations to a
fixed amount of peptide in 25 mM Tris-HCI buffer, 30 mM
NacCl, and 0.2 mM MgG| pH 7.5. The binding stoichiometry
was determined at a peptide concentration of-2B® uM
while the binding constants were determined at peptide
concentrations of 0:21.5u4M. Fluorescence intensities were
corrected for dilution, buffer fluorescence, and screening
effects due to the oligonucleotide absorbance. The fluores-
cence intensityl, at 350 nm was fitted according to

= 1o = [(To = /LI + (L + nN)K 0] —
\/[(l + (Lt + nNt)Kap;)z] - 4LtnNtKapp2} /2Kapp (2)

structures were calculated. Then, the ROE distance restraintdVhereL: andN: designate the total concentration of peptide

were recalibrated by ARIA based on the 10 lowest energy

and oligonucleotide, respectivell.represents the fluores-

structures. The violation tolerance was progressively reducedcence at the plateau when all of the peptide is bound, whereas

to 0.1 A in the last iteration in which 200 structures were

lo and | correspond to the fluorescence intensities of the

calculated. The final 20 lowest energy structures were further Peptide in the absence and in the presence of a given

analyzed and visualized.
Steady-State and Time-Regsd Fluorescence Measure-

concentration of oligonucleotid&,,, andn correspond to
the apparent binding constant and the number of peptide

mentsFluorescence emission spectra were recorded on eithePinding sites, respectively.

a Fluorolog or a FluoroMax spectrofluorometer (Jobin Yvon)
equipped with a thermostated cell compartment. The fluo-
rescence quantum yield of Ac-HKWPWW-NHvas calcu-
lated by using Trp in water as a referenge,{ = 0.14) @8).

RESULTS

Characterization of Ac-HKWPWW-NHy NMR.Figure
2 shows the'H,'>N HSQC spectrum of the peptide. For a

Time-resolved fluorescence spectroscopy measurementsingle peptide conformation, 10 signals (5 backbone amide

were performed with a time-correlated single photon counting
technique as previously describedQf. The excitation

wavelengths for Trp and Fl were 295 and 480 nm, respec-

tively, and their emission were monitored at 350 and 520

resonances, 3 side chain indole resonances, and 2 side chain
amide resonances) are expected. The observation of a total
of 20 cross-peaks suggests the existence of two conforma-
tions in slow chemical exchange; i.e., the rate of intercon-

nm, respectively. The fluorescence lifetime measurementsversion is slow on the NMR time scale (millisecond to

were performed with a kM peptide concentration. Time-

second range). The findings of two full and independent data

resolved data analysis was performed by the maximum sets described in Figure 2 for thel,'>N HSQC are in

entropy method using the Pulse5 softwad€)( The mean
lifetime [ZCwas calculated from the individual fluorescence
lifetimes, 7;, and their relative amplitudes;, by [Z[= Y ait;.
The populationgy, of dark species in peptideligonucleo-

agreement with the proton 1D spectra and evident in all
recorded NMR spectra. By analysis of tHe,'H TOCSY

and the!H,!H DQF-COSY spectra, the intraresidual spin
systems for both conformers could be assigned. From the
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FiGURE 2: NMR spectra of the Ac-HKWPWW-NKpeptide. (Top)!H 1D spectrum of the amide and aromatic region of the peptide
recorded at 600 MHz with water presaturation during the relaxation delay. (Bottafi;N HSQC recorded at 600 MHz showing the
assignment of the Trp side chain, the backbone amide, and the C-terminal amide resonances. The labeled signals (*) in the 1D spectrum
belong to the backbone amide resonances of the N-terminal residues His1l and Lys2 in both proline conformations. Their weak intensities
are due to the water presaturation and indicate a fast exchange with water and no defined structure of the N-terminus.
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Ficure 3: 1HN,He region in the!H,'H ROESY spectrum of the Ac-HKWPWW-Ntpeptide. The ROESY spectrum was recorded at 600
MHz with a mixing time of 400 ms. The solid and the dashed lines are the connectivity walks assignedranshgoline and the
cis-proline conformations, respectively. The interresidual cross-peaks along the connections are labeled with fille@yaoés$signed.
The intraresidual peaks labeled with an asterisk (*) are observable at lower contour levels and in the TOCSY experiment.

HNH* region of the!H,'H ROESY spectrum, the spin residue. In the case of the Ac-HKWPWW-NHhe ROESY
systems identified in the TOCSY and COSY experiments cross-peaks with medium intensity between the bf Pro4
could be assigned sequentially for each of the two conforma-and the M proton of the preceding amino acid (Trp3) in
tions as shown in Figure 3. one resonance set indicate that the Pro residue likely adopts
The assignment of the two sets of cross-peaks in the 2D a trans conformation. In contrast, strong cross-peaks from
NMR spectra to eitheris- or transproline conformation was  the preceding M to the H of the proline and medium
based on the methods of Lee et &l0)and Schubert et al.  intensity signals to the amide proton of the following residue
(51). The method of Lee et al.50) derives the Pro  (Trp5) indicate acis conformation for the second set of
conformation from the NOESY patterns around the Pro resonances. This assignment is further confirmed by the
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cis-proline conformation trans-proline conformation

Trp5

Ficure 4: Structural ensemble of the two Ac-HKWPWW-NIidonformations. The 20 lowest energy structures are shown fordisth

proline (left) andtrans-proline (right) conformations. In both ensembles, the side chains of Hisl and Lys2 are not represented since they
do not exhibit a preferred conformation. Trp6 shows some preferred conformations and is therefore shaded. The residues in the core region
(Trp3—Trp5) are thickened. While in thigans-proline conformation, all members of the family of structures superimpose well, the Trp3

side chain in thecis-proline conformation wobbles between two conformations.

method of Schubert et al5{), which is based on the adopts two different conformations. Thé angles of these
chemical shift difference between the carbons afptp®si- two conformations are around 6and slightly above 180
tion and at the/-position of the Pro residue. This chemical respectively. The terminal residues, Hisl, Lys2, and Trp6,
shift difference constitutes a reference-independent indicatorexhibit no preferred structure in both conformers.
of the Pro peptide bond conformation based on a statistical The average distances and the relative orientations between
analysis of 1033 prolines in 304 proteins deposited in the the aromatic side chains of the Trp residues were determined
BioMagRes database. A differengg, = o6[*3C] — o[*3C’] over the 20 lowest energy structures of both conformations.
of around 4.5+ 1.2 ppm indicates a high probability of a In thecis-Pro conformation, the side chains of Trp5 and Trp6
trans-proline amide bond conformation, while a difference are about 78 A apart, with a planar orientation. Since the
of 9.6 + 1.3 ppm is characteristic for thes conformation. indole ring of Trp3 can adopt two conformations, there is
The Ac-HKWPWW-NH, peptide gives differences of 9.0 no conserved orientation with respect to the other indole rings
and 4.0 ppm for the two observed conformations, in and the inter-ring distances are between 7 and 11 A.
agreement with the ROESY analysis. Peak integration andSignificantly shorter distances between the Trp side chains
comparison in 1D and 2D spectra resulted cistransratio are observed in thegans-Pro conformation. Indeed, in the
of 46:54 with a variation of 4%. Interestingly, no significant well-resolved structure of the core of tirans-Pro confor-
change in this ratio was detected when the temperature wagnation, the indole side chains of Trp3 and Trp5 are only
raised to 37°C, indicating that theis—trans equilibrium is 6.2 &0.2) A apart, with a fixed planar orientation. Moreover,
preserved at physiological temperature. Trp6 comes even closer to Trp3 (4.6.5 A) but with no
Analysis of the ROESY spectrum showed no cross-peaksconserved orientation.
between protons of the two conformations, indicating a slow  Characterization of Ac-HKWPWW-NHy Fluorescence.
exchange rate between the two conformations. In addition Trp residues constitute intrinsic fluorescent probes of peptides
to the intraresidual ROE cross-peaks, 15 sequential and 4and proteins. Due to their exquisite sensitivity to the
medium-range (all between Trp3 and Trp5) cross-peaks wereenvironment, Trp fluorescence properties can be used to

observed between the resonances assigned toigheon- obtain information on the overall structural properties and
formation. For thetrans conformation, 16 sequential reso- conformational changes of the protein or peptide in which
nances and 3 medium-range (from th&ltéf Trp3 to H* of these Trp residues are include®?). In this respect, we

Trp5 and to one Flof Trp6 as well as from the Hof Pro4 characterized the fluorescence properties of the three Trp
to the backbone Mof Trp6) cross-peaks were observed. The residues in Ac-HKWPWW-NK The fluorescence intensity
cross-peaks identified in the ROESY spectrum were con- maximum of Ac-HKWPWW-NH is 351 @&1) nm (Figure
verted into distance restraints for separate structure calcula-5a), which is typical for fully solvent exposed Trp residues.
tions using the CNS 1.1 and the ARIA 1.2 programs. This, in line with the NMR data, confirms that the three Trp
The structure calculations confirmed the results describedresidues do not form a hydrophobic cluster. The fluorescence
above. Examination of the 20 lowest energy structures quantum yield ¢) of Ac-HKWPWW-NH, in 20 mM Hepes,
showed a defined structure around the Pro residue in bothpH 7.5, buffer was found to be 0.058-0.002), which is
conformations. The peptide with thes-Pro conformation about 3-fold less than the quantum yield of free Tgp=
(Figure 4, left) adopts a folded structure, which is supported 0.14).
by the 4 observed ROE cross-peaks between Trp3 and Trp5. Moreover, the time-resolved fluorescence decay of Ac-
In contrast, theransconformation (Figure 4, right) exhibits HKWPWW-NH, is characterized by three lifetimes, 0.42,
an extended backbone. While in tttans-Pro conformation 1.35, and 3.0 ns, with relative amplitudes of 26%, 52%, and
both the backbone and the side chains of the residues Trp322%, respectively (Table 1). Interestingly, the radiative rate
Pro4, and Trp5 can be superimposed, the NMR data for theconstantk, = ¢/(z[]J was found to be 3.% 10’ s™* and thus
cis-proline conformation suggest that the Trp3 side chain significantly smaller than that df-acetyl+-tryptophanamide
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Ficure 5: Fluorescence characterization of Ac-cHKWPWW-NH

(a) Absorption and emission spectra of Ac-HKWPWW-NH 50
mM Hepes, pH 7.5. The dotted and solid lines represent the

absorption and emission spectrum, respectively. The excitation

wavelength was at 280 nm. (b) Effect of Hisl deprotonation on
Ac-HKWPWW-NH,; intrinsic fluorescence. The deprotonation of
Hisl was monitored through the intrinsic fluorescence of Ac-
HKWPWW-NH,. The experiments were performed in 25 mM MES
at different pH values. Excitation and emission wavelengths were
280 and 350 nm, respectively.

in water 63), unambiguously indicating static quenching.
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rescence resulting from the binding to the oligonucleotides.
Binding experiments were performed in a 25 mM Tris-HCI,
pH 7.5, 30 mM NaCl, 0.2 mM MgGl buffer which is
currently used for evaluating NC destabilizing propertls; (

38, 39). For both PBS and TAR derivatives, the titrations
indicate a sharp fluorescence decrease that reduces the
peptide fluorescence by about 40% and 25% for TAR and
PBS derivatives, respectively.

In contrast to the large decrease in the steady-state fluor-
escence intensity, the three fluorescence lifetimes (0.42, 1.35,
and 3.0 ns) and their relative amplitudes remained essentially
unchanged upon the formation of the hexapeptialacleic
acid complexes (Table 1), suggesting the formation of dark
species with a very short or null lifetime. These dark species
are indicative of stacking interactions between the Trp
residues of Ac-HKWPWW-NKand both ¢)PBS and cTAR
(57). Similarly, very low fluorescent species have also been
observed with the single Trp residue of NC. However, while
these low fluorescent species represent about 90% of the total
species in the complexes of NC with its viral nucleic acid
targets 9, 23, 58), the dark species in Ac-HKWPWW-NH
complexed with PBS and cTAR represent only 25% and
34%, respectively. This indicates that, in the complexes, only
a fraction of the Trp residues of Ac-HKWPWW-NHs
stacked with the oligonucleotide bases.

In a first step, the binding stoichiometry of Ac-HKW-
PWW-NH, to the TAR and PBS oligonucleotides was
estimated from the intersection of the initial slope of the
titration with the fluorescence plateau. The number of binding
sites was found to be # 1 and 12+ 2 for PBS and TAR
derivatives, respectively (Table 2), giving occluded binding
sizes of about 2.5 and 4.5 nucleotides per peptide, respec-
tively. These differences in the occluded binding sizes
suggest that the Ac-HKWPWW-NHnNolecules probably do

This quenching may be attributed to ground state stacking not saturate the TAR species and, thus, that the true occluded

interactions that are thought to occur between Trp pairs,
notably in thetrans-proline conformation where the Trp side
chains are close.

In a next step, the K, of His1l was determined through

binding size for Ac-HKWPWW-NH on oligonucleotides
may be equal to or smaller than 2.5. In a second step, the
apparent binding constarap, was determined by fitting
the binding data to eq 2. This approach is only semiquan-

the pH dependence of the peptide quantum yield. The titative, since it is based on the assumption that the binding

rationale of this approach is that only the protonated form
of His markedly quenches the fluorescence of spatially
close Trp residues5é, 55). The quantum yield of Ac-
HKWPWW-NH, was monitored in 25 mM Mes buffer in
the pH range 4.57.5 (Figure 5b). We observed a steep

sites for the peptide are identical and independent. The
binding constant for all TAR derivatives (CTAR DNA, TAR
RNA, and its DNA equivalent, TAR DNA) was found to be
about 16 M~ (Table 2), indicating that there is no strong
dependence on the oligonucleotide sequence or nature (DNA

decrease ipp when the pH decreases. This pH dependence or RNA). A similar conclusion also applies for PBS deriv-

of ¢ was fitted according to5g)
¢ = dyn + Py — du)/(L + 107 x 107pH) 3

wheregun and ¢y are the fluorescence quantum yields of

atives since Ac-HKWPWW-Nklbinds to both 4¢)PBS and
(—)PBS sequences with an affinity of &) x 106 M1,
Noticeably, the binding constants of Ac-HKWPWW-NH

to both TAR and PBS sequences are about 1 order of mag-
nitude higher than those described for related peptides to

the peptide with protonated and deprotonated His, respec-the SL3 sequence of the encapsidation sequet}ehese

tively. A pKj, value of 6.3 {£0.1) close to that of free His
was obtained, in line with its random orientation observed
by NMR spectroscopy. This indicates that, at pH 7.5, about
95% of the His residues are nonprotonated.

Binding of Ac-HKWPWW-Nfto the Viral cTAR and PBS
Sequenceslo characterize the binding of Ac-HKWPWW-
NH, to TAR and PBS, reverse titrations were performed by
adding increasing oligonucleotide concentrations to a fixed
peptide concentration (Figure 6). Binding was monitored
through the decrease of Ac-HKWPWW-Nlhtrinsic fluo-

differences may be ascribed to differences in both the
experimental conditions and the peptide sequence since
binding of Ac-HKWPWW-NH, to SL3 in our conditions led

to Kapp Values comparable to those obtained with PBS and
TAR (data not shown). Interestingly, though the Ac-
HKWPWW-NH, peptide contains only six amino acids, its
binding constants for both TAR and PBS derivatives
are of the same order of magnitude as those reported for
NC(12-55) (9, 23). This confirms that this peptide may
efficiently compete with NC for its nucleic acid targets.
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Table 1: Time-Resolved Fluorescence Parameters of Ac-HKWPWWA-NH

oo 71(NS) o 72(ns) o2 73 (NS) o3 Z0ns)
0.42 0.26 1.35 0.52 3.02 0.22 1.48
(+)PBS 0.25 0.30 0.27 (0.20) 1.28 0.50 (0.38) 2.90 0.23(0.17) 1.39
cTAR 0.34 0.45 0.30 (0.20) 1.47 0.50 (0.33) 3.08 0.20 (0.13) 1.48

aThe experiments were performed withul1 Ac-HKWPWW-NH; either in the absence or in the presence pVL(+)PBS or cTAR. Excitation
and emission wavelengths are 295 and 350 nm, respectively. The fluorescence lifetitoes, the measured relative amplitudes, to as, and
the mean lifetime[z[}] are expressed as means for three experiments. The standard errors of the mean are usually below 10% for the lifetimes and
15% for the amplitudes. The relative amplitudeg, of the dark species is calculated by eq 1. The remaining amplitogg$) parentheses), were
recalculated according t@i. = oi(1 — o).

1] Table 2: Binding Parameters of Ac-HKWPWW-NHKbr TAR and

100 PBS Derivatives

954 sequence Kapp (x1076) (MY n
90 TAR RNA 1.8 12
CcTAR DNA 0.8 12
851 TAR DNA 1.1 12
80 (+)PBS 3.0 7
(-)PBS 4.0 7

75
a Experiments were performed in 25 mM Tris-HCI, 30 mM NacCl,

and 0.2 mM MgCJ, pH 7.5. The number of binding sites was
determined as described in the text. Thg, values were calculated

by fitting the data in Figure 6 to eq 2. Indicated values correspond to
60+ the mean of two to three experiments. The standard error of the mean
T j ! ! ! ! was usually of 2 fom and about 30% foKapp

70 1

65

Fluorescence intensity, %

[Oligonucleotide], uM

Table 3: Chemical Shift Changes of Trp Indole Resonances upon
Titration of Ac-HKWPWW-NH, with (—)PBS*

chemical shift changes of Trp indole resonances in
peptide: the two peptide conformations (ppm)

DNA ratio cisW3 cisW5 cis W6 trans W3 trans W5 trans W6

4:1 0.07 0.03 0.05 0.04 0.06 0.05
2:1 0.16 0.08 0.11 0.11 0.14 0.12
11 024 012 0.17 0.16 0.21 0.17
1:4 037 022 0.28 0.25 0.30 0.26

aThe experiments were performed with 0.4 mM Ac-HKWPWW-
NH; and increasing concentrations ef)PBS at 310 K. The 1D spectra
were calibrated on the water signal. The signals overlapping in the 1D

100

©
a
1

90+

85+

80+

754

Fluorescence intensity, %

704 experiments were resolved in 2D experiments.
0 1 2 3 4 5 a titration was performed by adding increasing amounts of
o [Oligonucleotide], uM _ (—)PBS DNA to a fixed concentration of Ac-HKWPWW-
FiGURE 6: Binding curves of Ac-HKWPWW-NKwith (a) TAR NH,. Already at the first step of the titration at 298 K where
and (b) PBS derivatives. The peptide concentration waMiin (—)PBS was added to the peptide at a 1:4 molar ratio, a large

25 mM Tris-HCI, 30 mM NacCl, and 0.2 mM Mgglin (a), the broadeni f all id . | h ith
peptide was titrated with TAR RNAA(, dash-dotted line), TAR roadening of all peptide proton signals together with a

DNA (@, dashed line), and cTAR DNAK, solid line). In (b), the slight turbidity was observed. This turbidity disappeared
peptide was titrated with)PBS @, solid line) and )PBS @, when (—)PBS was added to a 1:1 molar ratio, but the signals
dashed line). Excitation and emission wavelengths were 295 andremained broad and unresolved. The signal intensities and
gg?n?smv,wrtehsggcg?/ely. The lines represent the fits of the experimental resolution were recovered pgrtly by increasing the temper-
ature to 310 K and by switching to a lower frequency

To further characterize the binding process, the salt and spectrometer (400 MHz). These observations are character-
temperature dependence of the binding constant of Ac-istic of an intermediate exchange of the peptide with the
HKWPWW-NH, to cTAR was investigated5Q). The DNA, in line with the binding constant of the peptide to
dependence of the binding constant on NaCl concentration(—)PBS. Moreover, the significant changes of the Trp indole
(in the range 36500 mM) appears very small (data not resonances in botleisPro andtransPro conformations
shown), indicating that the binding strength relies essentially during titration with ()PBS (Table 3) indicate that both
on nonelectrostatic contributions. Moreover, no change in peptide conformations bind to—jPBS with comparable
the binding stoichiometry and only moderate affinity decrease affinities. All Trp indole signals shifted upfield during the
(3-fold) of Ac-HKWPWW-NH, to cTAR were observed titration, in line with a stacking of the indole rings with the
when the temperature was raised to °&7, indicating that bases of {)PBS. In addition, the amplitudes of these shifts
the hexapeptide can compete with NCp7 for the binding to can be used to identify which Trp residues are the most
CcTAR also at physiological temperature. important for interaction. In theis-Pro conformation, the

To identify by NMR the peptide conformation which is large shift displayed by Trp3 suggests that this residue plays
mostly responsible for the binding to the oligonucleotides, a central role in the interaction with-jPBS. In contrast,
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Table 4: Effects of Ac-HKWPWW-NEKand NC on cTAR Secondary Structure As Measured by Time-Resolved Fluorescence Spectroscopy

TMR-5'-cTAR-3-FI 0o 71 (NS) o 72 (NS) o 73(NS) o3 24 (ns) @R(s) Rn
0.732 0.16+£0.01 0.130 1.230.10 0.043 3.920.01 0.096 1.7Z0.04 3.86 8.1
+NC 0.443 0.15-0.01 0.089 1.3@&0.03 0.236 3.#0.1 0.227 2.240.02 3.91 3.1
+Ac-HKWPWW-NH, 0.852 0.14-0.03 0.052 1.230.09 0.020 4.05:0.01 0.075 2.3:0.1 3.95 11.8
+Ac-HKWPWW-NH; + NC  0.601 0.3G:t0.10 0.067 1.420.09 0.153 3. A&0.1 0.178 2.3t0.1 3.85 4.2

aExperiments were performed in the same buffer as in Table 2. Excitation and emission wavelengths were 480 and 520 nm, respectively.
Concentrations used: TMR-6TAR-3-Fl, 0.1 uM; Ac-HKWPWW-NH,, 7 uM; NC(12—55), 1.1uM. The fluorescence lifetimes; to s, the
relative amplitudesqu to oz, and the mean lifetimelzl) are expressed as means for three experiments. The relative amptiguaé, the dark
species and the remaining amplitudeg, were recalculated as in Table 1.

the modest shift observed with Trp5 suggests that this residue
is only moderately involved in the complexes formed with
this peptide conformation. A more symmetric situation was
observed with thérans-Pro conformation, since the three
Trp residues displayed comparable chemical shifts during
their interaction with {)PBS. Nevertheless, since at all
peptide:oligonucleotide ratios, the changes in the chemical
shifts of Trp5 were systematically higher than those of Trp3
and Trp6, this suggests that Trp5 may contribute slightly
more than the two other Trp residues in the complexes of
the trans-Pro conformation with {)PBS. Moreover, since 00
time-resolved fluorescence data show that only a fraction of " 500 55 600 650 700
the Trp residues is involved in stacking interactions, the Wavelength, nm
binding of both peptide conformations is probably hetero-
geneous with the number and nature of stacked Trp residues
differing from one bound peptide to another.
Ac-HKWPWW-NH Stabilizes the Secondary Structure of
PBS and cTARSince Ac-HKWPWW-NH binds to TAR
and PBS with affinities similar to that of NC, this prompted
us to determine if, by analogy to NC, the peptide exhibits
nucleic acid chaperone activities. To this end, we analyzed
the interaction of Ac-HKWPWW-NHK with cTAR doubly
labeled at its 5and 3 ends by TMR and Fl, respectively.
As previously shown, the TMR and Fl dyes form a
nonfluorescent heterodimer when the stem of cTAR is closed
(10, 38). However, due to fraying of the terminal bases of
CTAR stem, the nonfluorescent closed species was shown

to be in equilibrium with partly melted fluorescent species E 7. Stabilization by Ac-HKWPWW-NH of th q
; IGURE 7: Stabilization by Ac- -NH of the secondary
(where Fl was removed away from TMR)Q 38, 39). Since, structures of cTAR and<)PBS. (a) The fluorescence spectrum of

in melted species, Fl and TMR undergo FRET, the time- 1\r-5'-cTAR-3-FI (100 nM) was recorded in the absence (solid
resolved fluorescence technique has been shown to accuratelline) or in the presence of Ac-HKWPWW-Ntht a concentration

identify the melting degree of the various species in solution, of 5 uM (dotted line) or 10uM (dashed line), respectively. (b)
as well as their populationl(). In this respect, the three Fluorescence spectra of 100 nM TMR{5)PBS-3-FI in the
lifetime componentsz; to 73, of TMR-5-cTAR-3-FI (Table ggge{\ge (solid line) and in the presence (dotted lines) of 1, 2, 5,
! X ; ) uM Ac-HKWPWW-NH,.
4) have been associated with the melting of the terminal 3
bp segment, the lower half of cTAR, and the whole cTAR to the benefit of the dark species and thus that the peptide
molecule, respectivelyl(Q, 38). These partly melted species stabilizes the cTAR secondary structure. Interestingly, Ac-
are in equilibrium with a populationg,, of closed dark HKWPWW-NH, induced also a decrease of the fluorescence
species (associated with a null lifetime) representing 73% intensity (by about 8%) at 37C, although to a lesser extent
in the present batch of cTAR molecules. NC shifted the than at 20°C.
equilibrium toward the partly melted species (as could be In a next step, we analyzed the interaction of Ac-
seen from the increase im; to o3 values), increasing the  HKWPWW-NH, with TMR-5'-(—)PBS-3-FI. This oligo-
fluorescence intensity of TMR“£TAR-3-FI by a factor of nucleotide was also shown to be in equilibrium between
about 3 (Table 4). In sharp contrast, addition of increasing closed and open specieg, 60). In contrast to cTAR, NC
concentrations of Ac-HKWPWW-NKinduced a fluores-  has been shown to induce only a limited 1.4-fold increase
cence decrease (amounting to about 20% in the presence oin TMR-5'-(—)PBS-3-FI fluorescence, due to a limited
an excess of peptide) with no significant change in the ratio redistribution between the already partly opened species. As
of the FI to TMR peaks (Figure 7a). This fluorescence for cTAR, addition of an excess of Ac-HKWPWW-NH
decrease is due to a significant increase ofdbealue at decreases the fluorescence of TMR-5)PBS-3-FI by about
the expense of all other species, suggesting that Ac-20% (Figure 7b), suggesting that Ac-HKWPWW-BlBlso
HKWPWW-NH, decreases the population of melted species stabilizes the secondary structure of the PBS. The absence
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Ficure 8: Inhibition by Ac-HKWPWW-NH of NC(12-55)

destabilizing activity. The bottom spectrum (solid line) and top
spectrum (dashed line) correspond to 100 nM TMRBAR-3 -

Fl in the absence and the presence of ANl NC(12-55),
respectively. The dotted lines describe the spectra of the TMR-5
CcTAR-3-FI/NC(12—-55) complexes in the presence of increasing
concentrations (as indicated by the arrow) of Ac-HKWPWWNH
Inset: Inhibition by Ac-HKWPWW-NH of the NC(12-55)-
directed destabilization of cTAR. The inhibition was calculated on
basis of the FI peak intensity of TMR-BTAR-3-FI.

of Ac-HKWPWW-NH,-promoted destabilization of()PBS

Raja et al.

NC concentrations to a cTARAc-HKWPWW-NH, com-
plex. We observed a clear fluorescence increase of TMR-
5'-cTAR-3-F| fluorescence, indicating that NC(£55)
displaces Ac-HKWPWW-NK and exerts its destabilizing
activity (data not shown). On the basis of these conclusions,
the EGo concentration of Ac-HKWPWW-NHthat inhibits
50% of the NC destabilizing activity (under the conditions
described in the legend of Figure 8) was found to be about
4 uM as determined from the Fl intensity peak (Figure 8,
inset). Interestingly, the effect of Ac-HKWPWW-NHN

NC destabilizing activity at 37°C was similar to that
described at 20C, with an EG, of 3.5uM, indicating that

the competing effect of the peptide is preserved at physi-
ological temperature.

DISCUSSION

In the present work, we characterized the structure and
the fluorescence properties of Ac-HKWPWW-MHNd its
potency to inhibit NC destabilizing activity. After structural
calculations and free energy minimization, a well-defined
structure was found around the central Pro residue. Moreover,
the peptide was found to exhibit two slowly interconverting
conformations that were attributed ts- and trans-Pro
conformations. In contrast to His1, Lys2, and Trp6 residues
which showed no preferred orientation, Trp3 and Trp5
adopted defined orientations in both conformations. In the
transPro conformation, the proximity of Trp3 and Trp5

stem is further supported by the absence of changes in theindole rings as well as their planar orientation suggests a

chemical shift, line width, and relative intensity of the imino
proton signals of the four<)PBS base pairs in the NMR
titration.

Ac-HKWPWW-NHK Inhibits NC-Directed Destabilization
of cTAR.Since Ac-HKWPWW-NH and NC(12-55) show
similar binding affinities but opposite effects on cTAR stabil-
ity, we examined the competing effect of Ac-HKWPWW-
NH, on NC-directed destabilization of cTAR secondary
structure. For these experiments, 100 nM TMR:BAR-
3'-Fl was first incubated with NC(1255) at a nucleotide to
protein molar ratio of 5. As shown in Figure 8, this results

stacking interaction between the two indole rings. Such an
interaction may also exist between Trp3 and Trp6 side chains
in thetransconformation as well as between Trp5 and Trp6
in the cis conformation. Since fluorescence quenching due
to ground state stacking interactions has been reported for
various fluorescence pair$1—63), stacking interactions
between Trp side chains may explain the low quantum yield
of the peptide as well as the static fluorescence quenching
(Table 1). As described by the exciton theory, these ground
state interactions between parallel Trp side chains in an
H-type geometry [in which the transition dipoles of the

in a sharp fluorescence intensity increase due to the partialindividual chromophores are parallel to each other and

melting of cTAR secondary structure. Addition of increasing
concentrations of Ac-HKWPWW-Nkgradually reduces the

normal to the radius vector connecting thed){ probably
allow strong coupling between the transition dipoles of the

fluorescence intensity of both Fl and TMR peaks, suggesting Trp side chains and delocalization of excitation over them,

that Ac-HKWPWW-NH, competitively inhibits NC desta-
bilizing activity. At the highest concentration (1tM) of
Ac-HKWPWW-NH,, the intensity of the Fl peak was still

40% higher than the Fl intensity in the free oligonucleotide,

preventing fluorescence emissi@#{-66). In contrast, since
Lys, Pro, and deprotonated His residues are poor quenchers
of Trp fluorescence (reb5 and references cited therein),
these residues probably do not significantly contribute to the

while the intensity of the TMR peak was reduced to the level low quantum yield of Ac-HKWPWW-NH

of the TMR peak in the free oligonucleotide. This indicates

Ac-HKWPWW-NH, was found to bind with good affinity

that the FRET between Fl and TMR was reduced with respectto both the PBS and TAR viral sequences, confirming the

to that in the free oligonucleotide and, thus, that cTAR
equilibrium is still partly shifted toward the melted forms.
In line with this partial inhibition of NC destabilizing activity,

potency of this type of peptide to compete with NC for its
target nucleic acid element36). Since the binding appears
to be mainly nonelectrostatic, it is likely that the stacking of

the time-resolved measurements showed that in the presthe Trp residues with the bases of PBS and TAR derivatives
ence of both peptides the amplitude of the closed species(Tables 2 and 3) governs the binding of Ac-HKWPWW-

(o) and the amplitudes of the partly melted speciestd

NH. to both PBS and TAR target sequences. In the case of

o) were intermediate to those of the free cTAR and the (—)PBS, the two peptide conformations were found to bind
CTAR/NC complexes (Table 4). Taken together, our data with comparable affinities. Though all three Trp residues of

indicate that Ac-HKWPWW-NH inhibits NC destabilizing
activity, probably by competing with NC for binding cTAR.
This competition between NC and Ac-HKWPWW-NFor
binding cTAR was further confirmed by adding increasing

Ac-HKWPWW-NH, contribute (but not necessarily simul-
taneously) to the binding of both peptide conformations to
(—)PBS, the key residues in the complexes veithPro and
transPro conformations are Trp3 and Trp5, respectively.
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This conclusion is in line with the critical role of Trp3 and REFERENCES

Trp5 evidenced for the binding to SL3§). The central
contribution of the Trp residues of Ac-HKWPWW-NHh
the binding to oligonucleotides is also fully consistent with
the critical role of the Trp37 residue of NC, which strongly
contributes through its stacking (mainly with guanine resi-
dues) 67, 68) to the overall stability of the NEoligonu-
cleotide complexes2@, 58, 69). In addition to Trp resi-

dues, His1 has also been reported to play an important role 3-

in the binding process3g). Since His is largely unproto-

nated at pH 7.5 (Figure 5b), it should thus mainly inter- 4.

act with oligonucleotides through nonelectrostatic interac-
tions.

The good affinity of Ac-HKWPWW-NH for NC nucleic 5
acid targets suggests that it partly mimics the hydrophobic
platform formed by the Val13, Phel6, Thr 24, Ala25, Trp37,
and Met46 residues in the two folded zinc finger motif§, ( 6
16). This platform has been shown to be critical for strong
binding (16, 67, 68, 70, 71) as well as for nucleic acid
destabilizationZ3). This latter property is clearly not realized 7
with Ac-HKWPWW-NH, which is unable to destabilize both
PBS ad TAR derivatives. This may be attributed to the fact

that the proper orientation of the residues in the NC 8

hydrophobic platform is much more critical for destabiliza-
tion than for binding 23). Moreover, the lack of ionic

interactions involved in the destabilization properties of NC 9

may also contribute to the inability of the hexapeptide to
destabilize the nucleic acids. Due to its flexible structure,
Ac-HKWPWW-NH, can probably adopt appropriate con-

formations for binding; however, the subsequent molecular 10.

steps related to NC unwinding activity which rely on the
constrained structure of the two finger motifs cannot be
mimicked by Ac-HKWPWW-NH.

In fact, Ac-cHKWPWW-NH; rather stabilizes both cTAR
and PBS secondary structures. Since the stacking of the Trp
residues of Ac-HKWPWW-NHK with the oligonucleotide
bases strongly contributes to the binding affinity, this stacking
may also be involved in the stabilization of the oligonucleo- 15
tides. An exactly opposite conclusion was drawn for NC
where the stacking of Trp37 is required to unwind cTAR
secondary structur@®). This indicates that the destabiliza-
tion of cTAR by NC probably results from a concerted
activity of Trp37 with the other residues of the NC

hydrophobic platform that cannot be mimicked by only the 13-
Trp residues of the hexapeptide.

Thus, in full line with its good affinity for cTAR, Ac-
HKWPWW-NH,; efficiently inhibits NC destabilizing activity 14

on the cTAR secondary structure (at both 20 and°GYy
through competition for the same binding sites on cTAR.

This suggests that, in addition to its potential interference 15

with the packaging process of HIV-1 RNA genomno),
Ac-HKWPWW-NH, may potentially interfere with NC

during the two-strand transfer reactions in reverse transcrip- 16.

tion in vivo. This peptide can now serve to derive modified
peptides or small molecules with improved binding properties
in order to inhibit NC functions during HIV-1 replication.

17.

SUPPORTING INFORMATION AVAILABLE

Expanded Materials and Methods section. This material
is available free of charge via the Internet at http:// g
pubs.acs.org.
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