
ChemBioChem 2003, 4, 1093 ± 1097 DOI: 10.1002/cbic.200300681 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1093

Identification of Peptide Ligands for
Target RNA Structures Derived from
the HIV-1 Packaging Signal � by
Screening Phage-Displayed Peptide
Libraries

Anette Pustowka,[a] Julia Dietz,[a] Jan Ferner,[b]

Michael Baumann,[b] Margot Landersz,[a]

Christoph Kˆnigs,[a] Harald Schwalbe,[b] and
Ursula Dietrich*[a]

RNA molecules have the capacity to adopt complex three-
dimensional structures, which allow specific recognition of
proteins or RNA ligands. This property enables RNA molecules
to perform essential regulatory and catalytic functions in the cell ;
these include modulation of gene activities, RNA transport,
protein biosynthesis, splicing, viral genome packaging, and
many more.[1] Consequently, RNA molecules have also become
an attractive target for therapeutic interventions, especially since
sequence information of the human genome combined with
modern chip technologies allows the association of defined RNA
molecules with specific pathological alterations.
RNA molecules mostly exert their regulatory functions by

specific interactions with proteins. Clearly, posttranscriptional
base modifications play an important role in protein recognition,
as shown for the specific interaction of tRNA molecules with
aminoacyl-tRNA synthetases.[2] In the last few years, however,
X-ray crystallography and NMR spectroscopy have provided
additional insights into some rules governing specific RNA±
protein recognition.[3] According to these analyses, structural
features of RNA molecules like A-form helices, single-stranded
loops of a hairpin, or bulged regions are also important elements
for protein recognition.[4] Arginine-rich motifs bind to RNA
structures by adopting different conformations within different
complexes.[5] Other specific contacts between single-stranded
RNA loops and proteins are often mediated by aromatic amino
acids. In any case, induced fit of either one or both binding
partners is very frequently observed in RNA±protein recognition
and is mechanistically important for biological regulation.[6±9]

In terms of therapeutic interventions, one approach to identify
molecules that interfere with specific RNA±protein interactions
is to select those molecules from complex chemical or molecular

libraries. The huge structural space of RNA phenotypes is
exploited in screening procedures in which RNA aptamers are
selected and amplified over multiple rounds as the best-fitting
ligands for a target molecule. The name SELEX (systemic
evolution of ligands by exponential enrichment) has been
coined for this procedure.[10] Other approaches use a given RNA
structure as a target to select for specific ligands from compound
libraries.[11, 12]

Phage-displayed peptide libraries have been widely used to
select peptide ligands for antibodies, protein domains, or
peptides.[13] Since the selection of peptide ligands is based on
the structural recognition of the peptide motifs presented at the
phage surface, phage-display technology should also be suited
for the selection of peptide ligands for RNA structures. In fact,
some groups have already used phage-display technology for
this purpose: the U1 small nuclear RNA has been a target to
select proteins or antibody binding fragments (Fab) from phage
libraries.[14±17] Tailored phage libraries expressing zinc finger
motifs or arginine-rich motifs were generated to select protein
domains binding to the Rev responsive element stem-loop IIB
(RRE-IIB) from HIV-1 and the 5S rRNA[18, 19] or the Tat trans-
activating region (TAR).[20, 21]

The aim of this study was to select specific peptide ligands for
the RNA packaging structure psi (�) of HIV-1. The � RNA is a
highly structured region located at the 5�-untranslated end of
unspliced HIV-1 RNA molecules. The � RNA is responsible for
specific encapsidation of two viral RNA genomes into the virions
during their assembly process at the plasma membrane.[22]

Specific recognition of viral genomic RNAs is mediated by the
interaction of the � RNA with the viral Gag polyprotein, in
particular, with the nucleocapsid protein NCp7 containing two
zinc fingers.[23, 24] The entire � region consists of about 120
nucleotides predicted to form four individual stem-loop struc-
tures, SL1 ± SL4 (Figure 1). Several additional functions are also
located within the � structure like the dimerization sequence
(DIS) in SL1, the splice donor site (SD) in SL2, and the Gag
initiation codon preceding SL4. Although all four stem-loops are
involved in the RNA encapsidation process, SL3 is the major
packaging signal, as it is capable of direct packaging of
heterologous RNAs into virus-like particles.[25] A number of
NMR studies have proven the specific interaction of SL3, and also
of the other SL structures, with the NCp7 protein.[26±28] The key
structural determinants are interactions between aromatic
residues of the zinc fingers and the SL3 RNA sequence.[29±31] A
detailed study combining biochemical analysis and NMR spec-
troscopy of SL3 has shown the specific interaction of full-length
Gag with the GGAG tetraloop as well as with a purine-rich
internal loop of SL3.[32] Furthermore, Gag binding and polymer-
ization leads to progressive unwinding of the SL3 secondary
structure.[33] As packaging of viral RNA genomes into virions is an
essential step in the viral replication cycle, this process should
also be suited for antiviral interventions. In fact, antisense RNA
directed against the � region and inhibitors for the zinc finger
protein NCp7 have shown antiviral activity.[34, 35] Our approach
focuses on the selection of peptide ligands from phage-
displayed peptide libraries, which specifically bind to the
complete � RNA or to single stem-loops thereof.
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Figure 1. Location of the packaging signal � and the gag gene within the HIV-1
genome. The nucleocapsid protein NCp7 of the Gag polyprotein interacts through
its zinc fingers (zinc in bold) with the �-RNA structure and in particular with the
third stem-loop SL3. The Gag initiation codon is shown in bold.

Immobilized full-length in vitro transcribed � RNA was stable
under screening conditions and was in a conformation that
would allow binding of the natural ligand, HIV-1 Gag protein
p55. Full-length � RNA and short synthetic RNA molecules
representing stem-loops SL1, SL2, and SL3 were used as the

targets in the biopanning rounds. For negative selections, we
used an unrelated RNA of similar size (CCR5) or mutated stem-
loop RNAs. After several rounds of positive and negative
selections, phages were analyzed for specific binding to the
target RNAs derived from the � region by ELISA. Between 8.3
and 19.8% of the phage clones were positive depending on the
library used. Peptide motifs of specific phages were identified by
sequencing the genome inserts encoding them. Among the
most prominent motifs selected was a cluster of aromatic amino
acids in conjunction with positively charged amino acids.
Interestingly, similar aromatic motifs could be selected with
full-length � RNA and with the single stem-loop RNAs (all or SL1,
SL2, and SL3; Table 1).
The specificity of the corresponding phage for the � RNA and

the stem-loops SL1, SL2, and SL3 was confirmed by ELISA
(Figure 2). Specific binding of the phage to full-length� RNAwas

Table 1. Aromatic peptide motifs selected with RNA structures derived from
the HIV-1 packaging signal �.

Phage clones Target RNA Peptide motifs

12.3/12.9/12.18 � HHSWHWWHQDRQ
12.21 � RWWSWPSYTQSS
12.25 � WPMTNWFHYHSW
12.55 � HFWPWWLYSGTW
7.5 � HWWLFWW
7c.47 � HWPFLHS
12.64 SL1 HWWPYHTSTSQP
D4E12.7 SL1 FPWHFHRAPSIH
A5S7C.64/82/95 SL1 HWWSRHH
7C.8/7C.56 SL2 HWWSRHH
C.7x SL1 SPWHPHR
A5S7C.41 SL2 HPHWWHR
A5S7C.122 SL2 HWWNYRH
A5S7C.156 SL2 HWWSWRH
A5S7C.166 SL2 HQHWWKR
C5E7.12.64 SL3 IPWTQHMAMSPM

Figure 2. Analysis by ELISA of binding of phages selected with RNAs derived from the � region after several rounds of positive and negative selection to � RNAs (� : full-
length � RNA, white bars ; SL1, black bars ; SL2, light grey bars ; SL3, dark grey bars) and control RNAs (C: CCR5-RNA, diagonal stripes; mutated SL1, grids ; mutated SL2,
horizontal stripes; mutated SL3, dots). The insert graph shows binding of wild-type phages to the same RNAs. The optical density values (A) are the mean of triplicate
measurements at 492 nm.
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also visualized by band-shift analysis by
separation on polyacrylamide gels (Fig-
ure 3). Specific binding of the hydrophobic
peptide motifs to� RNA was confirmed for
synthetic peptides corresponding to the
peptide sequences on the selected phages
by ELISA (data not shown) and CD spec-
troscopy (Figure 4). After Boltzmann trans-
formation (y� (A1�A2)/(1� e(x�x0)/dx)�A2 ;
fitting the data asymptotically to the initial
value with no peptide (A1), to the final
value with a large excess of peptide (A2),
and to the value and the slope of the
inflection point x0 which corresponds to
the binding constant, KD), the deduced
affinity of a consensus peptide HWWPWW
for � RNA was 25� 2 �M and for SL3 was
34�2 �M. Exchange of single amino acids
within the HWWPWW peptide for alanine

Figure 3. Analysis of binding of phages selected with RNAs derived from the � region after several rounds of
positive and negative selection to full-length � RNA and CCR5 control RNA by band-shift analysis. Specific
band shifts are observed for the selected phages in the presence of � RNA.

Figure 4. Detection of binding between peptide HWWPWW-NH2 and � RNA (A and B) and stem-loop SL3 (C and D) by CD spectroscopy. A) CD spectra (at 20 �C) show
the decrease of the positive molar ellipticity at around 290 nm which stems from the secondary structure of the � RNA (0.2 �M) induced by titration with the peptide
HWWPWW-NH2 in 100 mM potassium phosphate buffer (pH 6.5). B) Plot of the molar ellipticity decrease at 290 nm (�max��) in relation to the maximum decrease
(�max��min) against the peptide concentration. �max is the maximum molar ellipticity at 290 nm during the experiment and �min is the minimum value. Curve fitting
assumed the sigmoidal Boltzmann function (y� (A1�A2)/(1� e(x�x0)/dx)�A2) and resulted in a binding constant KD of 25� 2 �M. C) CD spectra (at 20 �C) show the
decrease of the positive molar ellipticity around 260 nm which stems from the secondary structure of the SL3 RNA (0.7 �M) induced by titration with the peptide
HWWPWW-NH2 in 100 mM potassium phosphate buffer (pH 6.5). D) Plot of the molar ellipticity decrease at 260 nm (�max��) in relation to the maximum decrease
(�max��min) against the peptide concentration. �max is the maximum molar ellipticity at 260 nm during the experiment and �min is the minimum value. Curve fitting
assumed the sigmoidal Boltzmann function (as above) and resulted in a binding constant KD of 34� 2 �M.
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was followed by CD spectroscopy and showed residues H1, W3,
and W5 to be important for RNA binding; in contrast, mutation
of W2 and P4 resulted in improved RNA binding.
Tryptophan motifs are known to be important for RNA

binding. NMR analysis of SL3 RNA with the nucleocapsid protein
NCp7 showed the specific stacking interaction of W37 of the
second zinc finger of NCp7 with unpaired guanosine residues
(especially G318) within the SL3 tetraloop.[36, 37] NCp7 also binds
to the single-stranded loops of SL1, SL2, and SL4 with affinities of
20 ± 140 nM.[38] High-resolution structures revealed similar inter-
actions between NCp7 and the different stem-loops involving
the hydrophobic cleft of the zinc fingers and unpaired guanosine
residues. In fact, this stacking interaction was used in binding
assays to study the affinities of wild-type and mutated stem-
loops SL1 ± SL4 for NCp7, based on the quenching of the
fluorescence of W37 by guanosine residues in the single-
stranded loops of SL1 ± SL4.[32, 38] Interestingly, we also selected
similar tryptophan-containing peptide motifs independently of
which RNA was used as the target. Furthermore, we could
confirm specific binding of the hydrophobic peptides to � RNA
as well as to SL1, SL2, and SL3 by ELISA. This binding could be
competed with by the natural ligands Gagp55 and NCp7
(Figure 5), but not by an unrelated RNA binding protein, the
HIV-1 transactivator protein Tat (data not shown).

Figure 5. Binding of the myc-labeled HWWPWW peptide to full-length � RNA is
competed with by the natural ligands Gagp55 (white bars) and NCp7 (grey bars).
Black bars indicate control wells with RNA and no peptide, diagonal stripes
indicate control wells without peptide but with a competitor protein. Bound
peptide is detected by a horse raddish peroxidase labeled anti-myc antibody.

Thus, by the phage-display approach we selected peptide
ligands for RNA structures derived from the HIV-1 � region, and
these peptides resemble the natural NCp7 ligand in terms of the
binding features, including the tryptophan residues involved
and the cross-reactivity with different RNA stem-loop structures
derived from the � region. The selected peptides can now serve
to derive modified peptides or small molecules with optimized
binding properties to the target RNA, which could then
potentially interfere with the packaging process of HIV-1 RNA
genomes.

Experimental Section

Target RNAs : Full-length � RNA and CCR5 RNA of similar length
were in vitro transcribed after PCR amplification and cloning
(nucleotides 20 ± 202 from HIV-1 pNL4-3 and nucleotides 737 ±890
from pcDNA3-CCR5) into pTRIkan18 (Ambion). Shorter stem-loops
SL1 ±SL3, as well as mutated stem-loops SL1± SL3, were chemically
synthesized and biotinylated. All RNAs were checked on poly-
acryamide gels for purity. The sequences were: SL1, biotin-
TTTTTTCUCGGCUUGCUGAAGCGCGCACGGCAAGAGGCGAG;
SL1mut, biotin-TTTTTTCUCGGCUUGCUGAAGCGCGCAGUCGUU-
CAGGCGAG; SL2, biotin-TTTTTTGGCGACUGGUGAGUACGCC;
SL2mut, biotin-TTTTTTGGCGACUAAAAAGUACGCC; SL3,
biotin-TTTTTTGGACUAGCGGAGGCUAGUCC; SL3mut, biotin-
TTTTTTGGACUAGCAAAAGCUAGUCC.

Screening of phage-displayed peptide libraries : RNAs (50 ng per
well) in psi buffer (5 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane-
sulfonic acid (HEPES), 100 mM KCl, (pH 7.4)) were denatured for 3 min
at 95 �C and renatured for 20 min at room temperature before being
immobilized on streptavidin-coated plates, either directly (SL1 ± SL3)
or through a biotinylated primer (5�-oligo: GCTTAATACTGA-
CGCTCTCGC, 100 pmol) complementary to the 3�-end of the �

RNA or (3�-oligo: CCTTTAGTGAGGGTAATTCTCG) complementary to
the 5�-end of CCR5 RNA by incubating for 3 h at 4 �C. After washing,
the plates were incubated with 3 different phage libraries (Biolabs)
displaying peptides of 7 or 12 amino acids in a linear (7-mer, 12-mer)
or a cyclic form (7-mer) for 4 h at 4 �C. After extensive washing,
binding phages were eluted with glycine (100 �L, 0.2M, (pH 2.2)) and
neutralized with tris(hydroxymethyl)aminomethane (Tris)/HCl (15 �L,
(pH 9.1)). After four rounds of positive selection, CCR5 RNA or
mutated SL1, SL2, or SL3 RNAs were used for negative selection.
Finally, phages were amplified and titered, and phage DNA was
prepared for sequencing of the peptide inserts.

Peptide synthesis : All chemicals and solvents used were of
analytical grade. Peptides were synthesized on an ABI 433A peptide
synthesizer (Applied Biosystems, USA) by solid-phase chemistry with
in situ neutralization (2M diisopropylethylamine (DIEA) in N-methyl-
pyrrolidine (NMP)) and activation with 19% O-(benzotriazol-1-yl)-
N,N,N�,N�-tetramethyluronium hexafluorophosphate (HBTU) and
7.66% 1-hydroxy-1H-benzotriazole (HOBT) in N,N-dimethylform-
amide (DMF) on 9-fluorenylmethoxycarbonyl-amide (Fmoc-amide)
resins (Applied Biosystems, USA). After chain assembly was com-
plete, peptides were deprotected and simultaneously cleaved from
the resin by treatment with trifluoroacetic acid containing phenol
(1.25%), chlorotriisopropylsilane (1.25%), 1,2-ethanedithiol (1.25%),
and water (1.25%). Peptides were then lyophilized and purified by
preparative HPLC. Fmoc-protected amino acids were obtained from
NovaBiochem, USA. Side-chain protecting groups were as follows:
Arg(Pmc), Asn(Trt), Asp(tBu), Gln(Trt), Glu(tBu), His(Trt), Lys(Boc),
Ser(tBu), Thr(tBu), Trp(Boc), and Tyr(tBu), where Pmc�2,2,5,7,8-
pentamethylchromen-6-sulfonyl, Trt� trityl� triphenylmethyl, and
Boc� tert-butoxycarbonyl.

ELISA : Streptavidin-coated plates were blocked with milk powder
(3% in phosphate-buffered saline (PBS)) for 2 h at room temperature.
After washing, RNAs (50 ng) from the � region or control RNAs were
immobilized for 90 min at room temperature as described above.
After washing, the amplified phage stocks (10 �L) were added for 2 h
at room temperature. Binding phage were detected with mouse
anti-phage antibodies conjugated with horseraddish peroxidase
(HRP). After addition of the HRP substrate ortho-phenylendiamine
dihydrochloride (OPD) plates were read at 492 nm.
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For peptide competition ELISA measurements, the myc-labeled
HWWPWW peptide (500 ng) was added in milk powder (5% in PBS
with 5 �g of yeast tRNA) to immobilized full-length � RNA. After
washing, Gag or NCp7 protein (50 ng±1 �g) was added for 30 min at
room temperature. The bound myc-HWWPWW peptide was detect-
ed with an HRP-labeled anti-myc antibody.

Band-shift analysis : RNA (500 ng) was denatured for 5 min at 95 �C
and renatured for 25 min at room temperature. The phage stock
(10 �L) was added and incubated for 20 min at room temperature.
Samples were run on a native polycarylamide gel (5%) for 150 min at
75 V and 4 �C. Bands were visualized by ethidium bromide staining.

Circular dichroism spectroscopy : Spectra were obtained with a
Jasco J810 spectrapolarimeter (Jasco, USA) at 20 �C. The peptides
had no elliptic maxima in the range of 260 ± 290 nm, thereby
allowing for direct observation of changes in the RNA spectrum with
the addition of peptides. The concentration of � RNA was 0.2 �M and
of SL3-RNA was 0.7 �M in a 100 mM potassium phosphate buffer
(pH 6.5). The peptide concentrations ranged from 5±100 �M.
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