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ABSTRACT

RNA ligands that bind to the human immunodeficiency
virus type-1 (HIV-1) gag polyprotein with 10 —9 M affinity
were isolated from a complex pool of RNAs using an
in vitro selection method. The ligands bind to two
different regions within gag, either to the matrix protein
or to the nucleocapsid protein. Binding of a matrix
ligand to gag did not interfere with the binding of a
nucleocapsid ligand, and binding of a nucleocapsid
ligand to gag did not interfere with the binding of a
matrix ligand. However, binding of a nucleocapsid
ligand to gag did interfere with binding of an RNA
containing the HIV-1 RNA packaging element (), even
though the sequence of the nucleocapsid ligand is not
similar to . The minimal sequences required for the
ligands to bind to matrix or nucleocapsid were
determined. Minimal nucleocapsid ligands are pre-
dicted to form a stem—loop structure that has a
self-complementary sequence at one end. Minimal
matrix ligands are predicted to form a different
stem—loop structure that has a CAARU loop sequence.
The properties of these RNA ligands may provide tools
for studying RNA interactions with matrix and nucleo-
capsid, and a novel method for inhibiting HIV repli-
cation.

INTRODUCTION

The HIV-1 gag protein is a polyprotein composed of matrix

and binds the cellular protein cyclophilin & (Matrix surrounds

the capsid and is found just under the viral membrane. Matrix also
multimerizes to form the viral core, is required for incorporation

of envelope proteins into assembling virusgsgnd plays a role

in the entry of viral DNA into the nucleus prior to integratiéh (

The p6 protein plays a role in budding of viruses from c8}ls (
and binds to the HIV-1 vpr protein leading to its incorporation into
viruses.The p1 and p2 peptides have been proposed to regulate
the proteolysis of gadl{). A gag—pol polyprotein precursor is
also encoded by the HIV genome. The pol gene encodes enzymes
such as protease, integrase, reverse transcriptase and RNAse H
Multimerization of gag—pol results in the incorporation of these
enzymes into virions.

Systematic evolution of ligands by exponential enrichment
(SELEX) is anin vitro selection and evolution method that has
been used to isolate nucleic acid polymers that bind to various
molecules {2,13). The SELEX process and similar methods
have been used previously to isolate RNA ligands that bind to the
HIV-1 rev (14-17), tat (L8), reverse transcriptasé920) and
integraseZ1) proteins. Another screening method has been used
to isolate nucleic acids that bind to the HIV-1 envelope protein
(22). Here we report the use of the SELEX method to isolate RNA
molecules that bind to the HIV-1 gag polyprotein. Such molecules
could be used to inhibit gag functions or study gag/RNA
interactions.

MATERIALS AND METHODS

Reagents

capsid, nucleocapsid, p1, p2 and p6 proteins. There are estimatée HIV-1 p55 (gag), p7 (nucleocapsid) and p15 (p7 nucleocapsid—
to be about 2000 gag proteins per virus. Gag is processed i) proteins from HIV-1 strain LAl were expressedEstherichia
individual proteins by the HIV-1 protease after the virus isoli as fusions to glutathior®transferase (GST) and purified as

released from infected cells.

described®). They are referred to here as GST-gag, GST—p7 and

Gag has multiple functions in the life cycle of HIV-1 that areGST—p15, respectively. The GST protein was also purified using
reflective of the functions of its individual protein componentghe same procedures. The HI¥EL p24 capsid protein was
(1). Nucleocapsid is a zinc finger protein that has nucleic acidbtained from the NIH AIDS Research and Reference Reagent
binding, melting and annealing activities which are required @rogram and differs from HIVi}k p24 at one amino acid

several points in the viral life cycle244). For example,
nucleocapsid binding to a structured RNA element cdilatthe

position @3). The HIV-1gy.10 p17 matrix protein was obtained
from the MRC AIDS Reagent Project and is identical in sequence

5" end of the HIV-1 genomic RNA plays a critical role in RNA to HIV-1; o) p17 @3). All DNA oligonucleotides wereysthesized
packaging into nascent virions)(Capsid surrounds the nucleo- by Operon, Inc. (Alameda, CA). Restriction enzymes, T4 RNA
capsid—RNA complex. Capsid multimerizes to form the viral corégase and T4 polynucleotide kinase were purchased from New
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England Biolabs (Beverly, MA). T7 RNA polymerase wasAGCCTCCTGTCGAA-3 and the RNA pools from SELEX B
purchased from Enzyco, Inc. (Denver, CO). RNageaimd were amplified by PCR using the following primers:C&-
bacterial alkaline phosphatase were purchased from Boehring@&GATCCTAATACGACTCACTATAGGGAAAAGCGAATC-
Mannheim (Indianapolis, IN). All radioisotopes were purchasedTACACAAGA-3' and 5>GGCGAATTCITCTCGGTTGGTC-
from DuPont NEN Research Products (Boston, MA). The pUCICTGGCGGAGC-3 The PCR products were cut witindlll
plasmid was obtained from Gibco BRL (Gaithersburg, MD). and BanH| (SELEX A; underlined) orEcdRl and BanHl
(SELEX B; underlined), and then subcloned into puUC9. All

In vitro selection of RNA ligands ligations were transformed inf.coli strain DH%!.

RNA ligands that bind to the HIV-1 gag protein were isolated bysequence analysis of cloned ligands
the SELEX method essentially as descrikigé-26), using the

GST—gag protein as a target, but with the following modification ; . ;
SELEX expetiment A used &-Bydroxyl RNA library with 50 sequences were determined using the Sequenase, version 2.0

randomized positions (50N) that has the following sequencgNZYme (US Biochemicals, Inc., Cleveland, OH) according to the

5-GGGAGACAAGAAUAAACGCUCAA-50N-UUCGACAG- manufacturer’s instructions. A DNA primer, corresponding to the
GAGGCUCACAACAGGC-3 The 5 and 3 ‘fixed’ sequences sequence of the T7 RNA polymerase promoteFfATACGA-

were required for the reverse transcription and PCR steps Gff CACTATA-3), was used as the sequencing primer. Sequences

SELEX. The RNA library was bound to GST—gag in a buffer thaf/ére analyzed and aligned using the GCG Sequence Analysis
consisted of 50 mM Tris, pH 7.5, 200 mM KOAc, 5 mM MgCl >°ftware Package, version 7.2 (Genetics Computer Group,
and 1 mM dithiothreitol. Binding of the RNA pool to GST—gag™Madison, WI).

was done at 3T for 5 min. Nitrocellulose filtration (HAWP, o ) )

Millipore, Inc., Bedford, MA) was used to separate free fronBinding affinity of RNA ligands for HIV-1 proteins

protein-bound RNA. After filtration, the protein-bound RNA wWasThe binding affinity of RNA ligands for various proteins was

recovered and reverse transcribed with avian myeloblasto’%}asured by a nitrocellulose filtration method essentially as

virus reverse transcriptase (Life Sciences, Inc., St Petersburg, scribed4,26,28). Radiolabeled RNATR fmol, (1.0 000 ¢
1 [ 3 ] . ) pm)
and a 3primer (3-GCCTGTTGTGAGCCTCCTGTCGAA-S. was bound to protein that typically ranged in concentration from

Taqpolymerase was used to amplify the cDNA by PCR using §5-1014 10-6\M. Protein and RNA were incubated af&7for 10
iﬁgg]g;_g-A'l'AAéTAChQﬁCTC?CTA'{ﬁGGGAGACA?%AA_‘I_D?-RN min in a 25ul reaction composed of SELEX B buffer. Since the
-3, Which contains the sequence of the Aamount of RNA added to each reaction varies, the actual

polymerase promoter and of thdi%ed region) and the' primer : : - : :
described above. The PCR product was then transcribed with f(?gg(e)ngﬁnﬁgO;ﬁg'g;g}g%%gﬂlcvgaf; gg%g%?ﬁgr;m

RNA polymerase to generate an enriched RNA library for use Br RNAs with a
: pparenKgs near 1 nM, th&kq may be an

the next round of SLEX. The concentration of GST—gag was nderestimation as a result of the RNA competing with itself to
reduced from 180 nM to 10 pM during the course of SELEXAand .o “axtent for binding. After binding RNA to protein the
tlheeomolar ratio of the RNA library to GST—gag ranged from 3 Qo5 tigns were vacuum-filtered through nitrocellulose filters. A

: . _ reaction with no protein was also incubated and filtered in order
RSE'&EQS’EES{'&?{LE }’(‘)’ﬁ‘g&g"ﬁééﬁ;‘ééiﬁ ?uz)écé&t;gat 3y determine the amount of RNA that binds to the filter in the

" - absence of protein. The amount of labeled RNA retained on the

AAAGCGAATCATACACAAGA-SON-GCTCCGCCAGAGAC-  iar jn 4 protein-dependent manner was determined. The

CAACCGAGAA-3. This RNA library was bound to GST—gag : :
A . . percentage of RNA bound to the protein was plotted against the
at 37 C for 15 min in a buffer that consisted of 50 mM Tris, pH 74 oncentration of the protein using Kaleidograph computer

140 mM KCI, 5 mM NaCl, 5mMMgGland 1 mM dithiothreitol. ' s g yare (Synergy, Inc., Reading, PA). The appatgistdefined
Murine _Ieukemla virus reverse transcriptase (Superscript; GIbCQS the protein concentration at which 50% of maximal RNA
Inc., Gaithersburg, MD) and a@@imer (3-TTCTCGGTTGGTCT- binding occurs. Binding of RNA to GST—-gag, GST-p15 or

CTGGCGGAGC-3 was used for the reverse transcription Siap. gt ; :
= —p7proteins was done in the presence of a 10 000-fold molar
polymerase, & primer (S-TAATACGACTCACTATAGGGAA- oy cags of yeast tRNA over the RNA ligand concentration.

AAGCGAATCATACACAAGA-3' which contains the sequence of The y-456 RNA was made by transcriptionXtid-digested

the T7 RNA polymerase promoter and of this&d region) and  gsp po) 1-456 is a 456 base RNA that consists of 441 bases
the 3 primer were used for the PCR steps. During SELEX B thE m tﬁe) |'q|J|V'JHXBZR RNA (containing nucleotide positions

concentration of GST—gag was reduced from 500 nM to 40 pM a 21152 of HIV-4 RNA: 30
X ‘ — “lixB2R ; 30) plus 15 bases of vector-
the molar ratio of RNA library to GST—gag ranged from 5 t0 100y eq sequence at theefid. The concentration of radiolabeled

In addition, a 10-200-fold molar excess of heparin (moleculay,_ ; -
weight 5000; Calbiochem, Inc., La Jolla, CA) over RNA was useatkgl 456 was 75 pM (Figl) or 159 pM (Fig2).

in each round of SELEX B, except for the first round.

é?lasmids were prepared from tranformarit§) (and ligand

Competition binding reactions

Subcloning of ligands Two radiolabeled RNA ligands (SW8.4 or SW8.27) were
transcribed with T7 RNA polymerase as described above. A
At the conclusion of the SELEX procedures, the RNA pools frongonstant concentration of radiolabeled ligand (0.3 nM SW8.27 or
SELEX A were amplified by PCR using the following primers:0.4 nM SW8.4) was mixed with various amounts of unlabeled
5'-CCGAAGCTTAATACGACTCACTATAGGGAGACAAG- competitor RNAs (SW8.4, SW8.2J;456, or the round 0 RNA
AATAAACGCTCAA-3' and 3>GCCGGATCGSCCTGTTGTG- library used for SELEX A) ranging in concentration front#0
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Figure 1.Binding of selected RNA pools to GST-gag protein. RNA pools from  Figure 2. Binding of cloned RNA ligands to GST-gag protein. RNA prepared
rounds 0, 4 and 8 difi vitro selection ‘B’ or tha}-456 RNA were bound to from cloned RNA ligands SW8.4 and SW8.27 was bound to varying

varying concentrations of GST—gag protein as described in Materials andconcentrations of GST—gag protein and compared to the binding of the random
Methods. RNA or -456 RNA as described in Materials and Methods.

to 105 M. The mixed RNAs were then added to 1 nM GST—gag In another method, two oligonucleotides were synthesized. The
protein, a concentration approximately equal to the appeigent sequence of one oligonucleotide contained the sense sequence o
of the protein for the radiolabeled RNA ligand. The reaction wathe T7 RNA polymerase promoter and part of therfel of the
incubated in binding buffer and then filtered as described aboveuncated ligand. The sequence of the second oligonucleotide
encoded the antisense sequence of tten@® of the truncated
Ligand boundary determinations ligand. The oligonucleotides were designed so that they overlapped.
_ ) ) _ These oligonucleotides were subjected to three rounds of PCR in
The boundaries of RNA ligands were determined essentially @gder to generate a double-stranded T7 RNA polymerase transcrip-
described by Jelline&t al (28). Ligands were labeled at the 5 tion templateMutated ligands were generated in a similar manner
end by dephosphorylating the RNA with bacterial alkalingyy incorporating the desired base changes into the oligonucleotides

phosphatase and then labeling the RNA by usigHIATP and  ysed to generate the transcription templates.
T4 polynucleotide kinase. Ligands were labeled at thend

using cytidine 35[32P]bis(phosphate) and T4 RNA ligase. The ESULTS
labeled RNAs were patrtially hydrolyzed in separate tubes forlg

minin 50 mM NaC@, pH 9.0 at 95C. The hydrolyzed RNAwas  |n vitro selection of RNA ligands

bound to the appropriate HIV-1 protein abacentration that was . )

equal to or within a factor of 5 of the apparkgt The binding  Two independent experiments (SELEX A and B) were done to
reactions were incubated and filtered as described above. Bouiflect RNAs that bind to the HIV-1 gag protiiwvitro with high

RNA was eluted from the filter in 66% phenol, 2 M urea. Theaffinity. The number of RNAs present in the initial (round 0)
eluted RNAs were precipitated and analyzed on an 8% polyacrjibrary of RNA molecules was estimated to bex 80 for
amide, 8 M urea gel electrophoresed #1TBE buffer ¢7). To SELEX A and 7x 1014 for SELEX B. The two selection
align the boundary with the ligand sequence, the partiallpXperiments used different binding buffers, reverse transcriptases
alkali-hydrolyzed ligand and a RNAsq Partial digest of the and RNA libraries. In addition, heparin was used in SELEX B as
ligand were electrophoresed on the same gel. The HIV-1 pEycompetitor for nonspecific or low affinity interactions.
matrix protein was used to determine the boundaries of matrixA GST—gag fusion protein was used for selection of gag-binding
ligands and the GST-p15 protein was used to determine tR&NAs. There was minimal concern about isolating GST-binding
boundaries of nucleocapsid ligands. In some binding reactiol8NAs since the affinity of the round 0 RNA for GST was low
especially with high affinity ligands, a 10 000-fold molar exces$>10 M), while the affinity of round 0 RNA for GST—-gag was

of heparin or yeast tRNA over the ligand was added to supprelsa.1-1pM. Analysis of the affinity of RNA pools for GST—gag
nonspecific binding to short RNA fragments. after successive rounds iof vitro selection revealed a steady

improvement in affinity (Figl). By round 10 (SELEX A) or
round 8 (SELEX B) the affinity of the RNA pools for GST—gag
was beginning to plateau atl nM (Fig. 1). However, the
Truncated RNA ligands were generated by two methods. In oqeoportion of nitrocellulose filter-binding RNAs in the population
method, an oligonucleotide consisting of the antisense sequeria also steadily increasedt0—30% of the total in later rounds.
of the T7 RNA polymerase promoter plus the antisense sequentdee bulk sequence of the pool of RNA molecules shifted from
of the desired truncated ligand was synthesized. This waandom to nonrandom at round 5 of both SELEX experiments,
hybridized to an oligonucleotide with the sequence correspondingitadicating the complexity of the pool of RNAs had been reduced
the sense strand of the T7 promoter. Such partial duplexes can(tata not shown). Based on the affinity of the RNA populations
used as a template for transcription by T7 RNA polymeraser GST—gag, the nonrandomness of their sequence, and the
(30,3D). estimated proportion of filter-binding RNAs, the selected RNAs

Truncated and mutated RNA ligands
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Table 1.Properties of RNA ligands that bind HIV-1 gag

Ligand?® Sequenceb: C Binds tod Ne
ML6.1 ACAGCGAUUUGUGUGCUCGUCGGCUGUUUGCAGAUGUAUGGAACCAUGCA nucleocapsid 1

ML6.2 GGGCUUGGGGUGGGGUCUUGCAGACGGAUAUGGUAAGCUGCUGCUGGCU GST-gag 1

ML6.3 AUUGGGAACGUGGCGCAUCGGGAGUGUAUGGUGGCUUGUGGGCGGGUUA GST-gag 1

ML6.6 AGCCAGGUCUUCAAUGGUAGUUGUUGAUUGGUGGUGCUUUGCAGAUGUAU nucleocapsid 1 11 nM
ML6.8 UCGGUUAUGGAGAGGCGGUAGAGAGCGAGUAGCAAGUAACGGUGCAAAAG matrix 1 3 nM
ML6.9 CCGCACUUCGAUUGCAUUGUCGAGGAGAGCGGGUGCAGAUGUACGGGUUUG nucleocapsid 1 7 nM
ML6.12 AGACUUGGUACGCGUGGUUAGCUAGGAGGGGGGGAGAAGAUAAGGCGAUAG GST-gag 1

ML6.16 GAGUUUUGCUUCGACAUGGGGUUAGCUGUGGAGCAGGGUGACCUGGGACC GST-gag 1

ML6.17 UGGAGUGGGUAGGCGUGGGAGGUAUGGCAUCUUGUGUGUGCCAAGAUGGU ? 1 4 nM
ML8.7 UGUGAUGGGUGUGAUUUUGGUUAGCUGUGGAGGGCCAUGUGGGCUGGACG matrix 7 12 nM
ML8.11 GGUGUGUGUGCGCCGCGAGGUGUCUGAGGAGAGAGGUGGCAGUGGAGGGU GST 1 13 nM
ML8.14 UGUGAUGGGUGUGAUUUUGGUUAGCUGUGGAGGGUUAUGUGGGUCGGACG matrix 2 12 nM
ML8.20 CGUUCGGUGGUGGACAGGGUAAUGUGGAGGGACCGGGUGAUUGUGUAUGU nucleocapsid 2 10 nM
ML8.22 UCACGACGGAGGGCGGAUGAAGGGGGGAAGGUCGUGAGUCCAUGCCGUGU nucleocapsid 1 10 nM
SwW8.2 UGAACCUCUGAGUUCUUCAUAGAACUGAUAUGUUCAAUAAGGGGUAGAUG matrix 1

SW8.4 CGUCUUCUACAGGGAACCGUGGUGCAUCUGUGAAGUUGUAGAUUCCUAGU nucleocapsid 12 1 nM
SwW8.6 GGGUUGAUUACCAAAUCGUAACCUGUACCCUGCCUACACUAGGACAACGG matrix 1

SW8.24 CGAGCUUUUAGUAAGACUCAUGCCGAGAAAUCGGUCGUGAUGCUGUCGAG nucleocapsid 2 5 nM
SwW8.25 GCCCGGGAAUUGCAUGUUGUGCGUGCCGGGAGUCCAAGUCAGCAUCCUCA nucleocapsid 1 5 nM
SW8.27 GGGUUGAUUACCAAAUCGUAACCUGUACCCUGCCUACCCUAGGACAACGA matrix 3 3 nM
SW8.30 AUCCCACUCGGUCGUGACCUGACGUGAAAACGGAUAGGAUCGCACGUCAA matrix 1

SW8.31 GUGUCCCUUGUCACCUGGGACUGGGCCGUUUGAACUGACAUUCUAUACGA nucleocapsid 1 41 nM
SW8.37 GGCCAACGUCCGAGUUGGUUUCCCAUAGCUGAGCACAGGACGGCUUCUGC nucleocapsid 1 50 nM
SwW10.12 UCUCGUAUCAGCACACCGGGUACAAAGAGGAUGCAAAUACGCCUGUGACC matrix 1 30 nM
SW10.22 CGUCUUCUACAGGGAACCGUGGUGCAUCUGUGAAGUUGUUGUAGAUUCCUAGA nucleocapsid 1 1 nM
SW10.28 UUGUUAGCCUGGUGAAGCAUGUACUGCGAAGUGGAGGGAAUGUGGAAGGG nucleocapsid 1 8 nM
SW10.39 CGAGCCUUUAGUAAGACUCAUGCCGAGAAAUCGGUCGUGAUGCUGUCGAG nucleocapsid 1 2 nM

aSW, RNA ligands isolated from SELEX ‘A’; ML, RNA ligands isolated from SELEX ‘B’. The first number before the period refers to
the round of the SELEX procedure from which the ligand was isolated. The number after the period is a clone designation number.
bThe sequence of the selected region of each ligand is shown. The entire ligand also includes! tBéxed regions as designated in
Materials and Methods. Note that ligand SW10.22 has four bases different from SW8.4, ligand ML8.7 differs from ML8.14bggour b
ligand SW8.6 differs from SW8.27 by two bases, and ligand SW8.24 differs from SW10.39 by one base.

CThe B fixed sequence of SW8.30 is missing the A at position 9.

dGST—gag, ligand binds to the GST—p55 (HIV-1 gag) protein used in the SELEX procedure, but that binding to individual components
of the HIV-1 gag polyprotein has not been determined. Nucleocapsid, binds to the GST—p7 (HIV-1 nucleocapsid) proteimadsatrix, b

to the HIV-1 p17 matrix protein; GST, binds to the glutathiBteansferase protein; ?, ligand binds to the GST—p55 (HIV-1 gag) protein,
but does not bind to GST, GST—p7 (HIV-1 nucleocapsid), GST—p15 (HIV-1 nucleocapsid p7—p6), p17 HIV-1 matrix or p24 HIV-1 capsid
proteins.

€N, number of clones of each ligand isolated.

fK g, apparent affinity of ligand for GST—gag as determined by the method described in Materials and Methods.

from rounds 8 and 10 of SELEX A and rounds 6 and 8 of SELEXffinity of RNA ligands

Ercy\pl)zrr%eiugf :ﬁgﬁ?dj; tlgskéhsols;%qg:r&c:;r;r;geg.roteln bmdlIQRIA ligands were tested for binding to GST—gag (at 1 or 10 nM)
or to nitrocellulose filters. Only those ligands that bound to
GST—gag and not to filters are listed in TahlsSome of these
ligands were bound to GST—gag over a wider range of concentra-
tions to obtain an apparent binding affinikg). An example of
) _ ) such a binding study is shown in Figl2€for the two most
The sequences of 27 different RNA ligands (representing 4fquently isolated ligands, SW8.4 and SW8.27. The affinity of
subclones) that bind to GST—gag are shown in Tateveral 19 jigands for GST—gag is summarized in Tabl®ost of the
features of the sequences are notable. First, the sequences flighds bound to GST—gag witHKa of [11—10 nM.
SELEX A are not similar to those from SELEX B. SW84 and As a positive control for b|nd|ng to gag, a 456 base RNA%G)
ML8.20 are the most Closely related, with 60% |dent|ty within th@vas used (See Materia's and MethodBnSG encompasses a
randomized region. Second, a comparison of the entire randomizegjion in the HIV-1 RNA that contains the HIV-1 RNA packaging
I’egion of each I|gand to the sequence of HMr:genomiC RNA signal (IJ), which is bound Speciﬁca"y by the HIV-1 gag and
revealed that none of the sequences was >50% identical to H¥icleocapsid proteingi-456 typically bound to GST—gag with
RNA or the  region. Third, one sequence from each SELEXgK of (1 nM (for example see Figsand?). Therefore, then vitro
procedure was more frequent than any of the others (Table selected RNA ligands described here are able to bind to gag with

Ligand SW8.4 and a similar ligand (SW10.22) represented 484 affinity that is approximately the same as the native HIV-1
(13/27) of the RNAs isolated from SELEX A. Ligand ML8.7 andg|ement.

a similar ligand (ML8.14) represented 41% (9/22) of the RNAs

isolated from SELEX B. Most of the remaining sequences wertg: _ ; : :
unigue isolates. Minor variants of some RNAs were also isolatel%ndlng of RNA ligands to different sites on gag

(Tablel, legend). These are presumed to have arisen from erraiaenty three GST—gag ligands were screened for binding to GST,

during the PCR step of SELEX. HIV-1 capsid, HIV-1 nucleocapsid (p7 and p15) and HIV-1 matrix

Sequence of RNA ligands
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[p17, matrix], M mixed with varying amounts of the indicated RNA competitors. The RNA
mixture was incubated with GST—gag protein and filtered as described in
Figure 4. Binding of cloned RNA ligands to HIV-1 matrix protein. RNA  Materials and Methods.

prepared from cloned RNA ligands SW8y and ML6.9c was bound to
varying concentrations of HIV-1 p17 matrix protein as described in Materials

and Methods. NC, nucleocapsid ligand; MA, matrix ligand. p17 matriX, p24 CapSid, GST—p7 (nUCleocapSid), GST—p15 (p7
nucleocapsid—p6) or GST proteins. It is possible that ML6.17
binds to more than one protein component within GST—gag.
proteins. The binding specificity of the ligands fell mainly into
two classes: those that bound to matrix and those that boun i ; o
nucleocapsid (Tabl&). Binding was mutually exclusive. Matrix déBmpetmon between RNA ligands for binding to gag
ligands did not bind with high affinity to nucleocapsid (Bjgand  Ligands were isolated that bind to two separate domains of the
nucleocapsid ligands did not bind with high affinity to matrixHIV-1 gag protein (matrix and nucleocapsid). Competition
(Fig. 4). Nucleocapsid ligands were isolated more frequentlpinding reactions were done between matrix ligands, nucleocapsid
from SELEX A and matrix ligands were isolated more frequentljigands andp-456 to determine whether ligands that bound to the
from SELEX B (see Tabl&). The bias towards matrix ligands in same or separate sites would compete for binding to gag.
SELEX B may have occurred because the heparin that was usetligands that bound to the same region on gag interfered with
in SELEX B may have effectively competed with RNA for each other for binding to gag. That is, a matrix ligand interfered
binding to nucleocapsid and forced some ligands to bind to matriwith the binding of itself (Figh) or of another matrix ligand (data
The nucleocapsid ligands were able to bind to gag with the samet shown) to the gag protein. A nucleocapsid ligand interfered
affinity either in the presence or in the absence of a 10 000-folgith the binding of itself (Fig6) or of another nucleocapsid
molar excess of yeast tRNA. In contrast, the apparent affinity éifand (data not shown) to the gag protein. In addition, a
round 0 RNA was reduced by a factor of at least 100-fold in theucleocapsid ligand interfered with the bindingpe#56 to gag
presence of a 10 000-fold molar excess of yeast tRNA (data n#lg. 6). Therefore there may be only one binding site for RNA
shown). Therefore, the nucleocapsid ligands not only bind to gam matrix or nucleocapsid, but there are at least two RNA binding
with high affinity, but also with specificity. sites on the gag polyprotein.
Two ligands were identified that bound to GST—gag, but not to In contrast, a matrix ligand did not interfere with the binding of
nucleocapsid or matrix. ML8.11 bound to GST. ML6.17 bounckither a nucleocapsid ligand @456 to gag (Fig5). Also a
to GST—gag with high affinityd{y= 4 nM), but did not bind to the nucleocapsid ligand did not interfere with the binding of a matrix
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Table 2.Boundaries of RNA ligands that bind HIV-1 gag

Ligand® Boundaryb

ML6.1Nc  GGGAAAAGCGAAUCAUACACAAGAACAGCGAUUUGUGUGCUCGUCGGCUGUUNGCAJAUgUaUGGAACCAUGCA GCUCCGCCAGAGACCAACCGAGAA
ML6 . 6NC GGGAAAAGCGAAUCAUACACAAGAAGCCAGGUCUUCAAUGGUAGUUGUUGAUUGGUGGUGCUUNGCAJAUAUAU GCUCCGCCAGAGACCAACCGAGAA
ML6.8Ma  GGGABAAGCGAAUCAUACACAAGAUCGGUUAUGGAGAGGCGGUAGAGAGCGAGUAGCAAGUAACGGUGCAAAAG GCUCCGCCAGAGACCAACCGAGAA
ML6.9NC  GGGAAAAGCGAAUCAUACACAAGACCGCACUUCGAUUGCAUUGUCGAGGAGAGCGGINJCagauguacGGGUUUGGCUCCGCCAGAGACCAACCGAGAA
ML8.7Mp  GGGAAAAGCGAAUCAUACACAAGAUGUGAUGGGUGUGAUUUUGGUUAGCUGUGGAGGGCCAUGUGGGCUGGACG GCUCCGCCAGAGACCAACCGAGAA
ML8.20NC GGGAAAAGCGAAUCAUACACAARGACGUUCGGUGGUGGACAGGGUAAUGUGGAGGGACCGGGUGAUUQUIUaugy gCUCCGCCAGAGACCAACCGAGAA
ML8.22Nc GGGAAAAGCGAAUCAUACACAAGAUCACGACGGAGGGCGGAUGAAGGGGGGAAGGUCGUGAGUCCcaUgeegugu gCUCCGCCAGAGACCAACCGAGAA
SW8.4Nc  GGGAGACAAGAAUAAACGCUCAACGUCUUCUACAGGGAACCGUUgUICaucUGUGAAGUUGUAGAUUCCUAGUUUCGACAGGAGGCUCACAACAGEC
SW8.24NCc  GGGAGACAAGAAUAAACGCUCAACGAGCUUUUAGUAAGACUCAUGCCGAGARAUCGGUCGUGAUGCUGUCIagUUCIacadGAGGCUCACRACAGGE
SW8.25Nc  GGGAGACAAGAAUAAACGCUCAAGCCCQgAAUUGCAUGUUGUGCGUGCCGGGAGUCCAAGUCAGCAUCCUCAUUCGACAGGAGGCUCACAACAGGC
SW10.12Mp GGGAGACAAGAAUAAACGCUCAAUCUCGUAUCAGCACACCGGGUACAAAGAGGAUGCAAAUACGCCUGUGACCUUCGACAGGAGGCUCACAACAGGT
SW10.28Nc GGGAGACAAGAAUAAACGCUCAAUUGUUAgEeUgauaaaGCAUGUACUGCGAAGUGGAGGGAAUGUGGAAGGGUUCGACAGGAGGCUCACAACAGGC

4 igands are named as in Table 1.

bynderlined regions designate the minimal nucleic acid ligand sequence that is predicted to bind to the HIV-1 gag protein,
based on the position of thednd 3 boundaries, which are at the left and right ends of the minimal protein-binding se-
guence, respectively. Lower case lettering indicates a self-complementary sequence found in nucleocapsid ligands.

ligand to gag (Figg). In both cases matrix and nucleocapsid ligands A B cccur
did not interfere with each other for binding to gag significantly A
better than did unselected, round 0 RNA. Gi:f,’e

: AG PURINE-RICH BULGE
Minimum sequences required for ligands to bind gag oma canmuroop e s
In order to identify smaller ligands that might be suitable for f;{ EE
structural studies and to attempt to elucidate sequence motifs in A | e S -
common among the ligands, the minimum sequences that are o ey
required for ligands to bind to the HIV-1 gag protein with high 5 e
affinity were determined. This information was obtained through P Ay
boundary determination and ligand truncation studies. Boundary \ % EE
experiments were performed on nine nucleocapsid ligands and ac AU | s roouptEvENTARY
three matrix ligands. The results of these experiments are Yec Ay | SO
summarized in Tabl@. The length of the predicted minimal o | ™ zy
ligands ranges from 14 to 59 bas®sven of the ligands required s_ﬁmfeé; v
part of the fixed region sequence to bind to gag, while five s g
required only the initially randomized region to bind to gag. e o g2 Nosaocmpoi gand

Figure 7. Predicted HIV-1 gag ligand structures. Minimal gag-binding sequences
shown in Table 2 were folded using the MulFOLD (version 2.0) program (53).

- . . . A) Predicted structure of matrix ligand ML6.8t33-82) Predicted structure
Mimimal RNA sequences that bind nucleocapsid are predicted )nudeocapsid ligand ML8_20t14?75_ ¢

form stable stem-loop structures. The stems often contain

purine-rich bulges. However, the lengths of the stems and loops

are variable, the positions of the purine-rich bulges are variable,Five truncated nucleocapsid ligands (Mipzf13-63, ML6.6-

and no consensus sequence was found among the sequencegidh-74, ML8.2Q,ct14-75, ML8.22ct23-79, SW8.4ct30-53)

the minimal nucleocapsid ligands. Therefore, the structure @fere generated based on the boundary data shown inZliable

nucleocapsid ligands may be more important than their sequenoeder to validate the results of the individuahBd 3 boundary
Nevertheless, a striking feature of the minimal nucleocapsigxperiments and the predicted minimal ligand structures. The

binding ligand sequences is that the boundaries of all nine ligandssults of binding these truncated ligands to nucleocapsid are

examined end at a self-complementary sequence that rangeshown in Table&. All five truncated nucleocapsid ligands bound to

size from 8 to 16 bases (TaB)eln all cases, except one (SW10.28),nucleocapsid. The smallest truncate tested that bound to nucleo-

the self-complementary sequence is located at'tbeuhdary. capsid was SW8t30-53,which is 29 bases long.

(The self-complementary sequence in ligand SW10.28 is locatedThe binding behavior of truncated and mutated ligands highlights

at the 5 boundary.) The lengths of these self-complementarthe importance of the self-complementary sequenceirfiatiriy

sequences are similar to the binding site size determined foucleocapsid (Tabl®). Truncated ligand ML8.2@:t21-66 lacks

nucleocapsid, which can vary frdiii to 15 bases, depending on the self-complementary sequence, but maintains base pairing in

buffer conditions and the protein/nucleotide rafid,2). The the predicted stem and, in fact, adds three additional GC base

predicted structure of the minimal ML 8.20 ligand pairs to the end of the stem. However ML§2Q21-66 does not

(ML8.20Nct14-75) is shown in FiguréB and is representative of bind nucleocapsid. Mutant ligand SWgeG47C (Table3) is a

the predicted structures of other minimal nucleocapsid-bindirfgll length version of SW8.4 that has a single point mutation at

ligands. position 47, which changes a guanine to a cytosine within the

Minimal nucleocapsid ligand sequences
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Table 3.Binding properties of truncated and mutant HIV-1 gag ligands

Ligand2 Sequence of ligandP Binding®

ML6.1Nct13-63  gggUCAUACACAAGAACAGUGAUUUGUGUGCUCGUCGGCUGUUUGCAGAUGUAU
ML6.6NCE54-78  gGGUGGUGCUUUGCAGAUGUAUGCUC

ML6.6Nct15-74  gggAUACACAAGAAGCCAGGUCUUCAAUGGUAGUUGUUGAUUGGUGGUGCUUYGCAGAUGUAU
ML6.8Mat33-82  gGGAGAGGCGGUAGAGAGCGAGUAGCAAGUAACGGUGCAAAAGGCUCCGCC
ML6.9NCt44-68  gggUCGAGGAGAGCGGGUGCAGAUGUAC

MLS.20NCt21-66  gggAAGACGUUCGGUGGUGGACAGGGUAAUGUGGAGGGACCGGGUGAUUcCe
ML8.20Nct14-75  gggCAUACACAAGACGUUCGGUGGUGGACAGGGUAAUGUGGAGGGACCGGGUGAUUGUGUAUGUG
ML8.22§ct23-79  gGAUCACGACGGAGGGCGGAUGAAGGGGGGAAGGUCGUGAGUCCAUGCCGUGUGCUCT
SW8.4NCE35-68  GGGAACCGUGGUGCAUCUGUGAAGUUGUAGAUUC

SWB .4Nct30-53  GggagCUACAGGGAACCGUGGUGCAUCUG

L T B T

ML6 .8Ma (A56-57) GGGAAAAGCGAAUCAUACACAAGAUCGGUUAUGGAGAGGCGGUAGAGAGCGAGUAAAGUAACGGUGCAAAAGGCUCCGCCAGAGACCAACCGAGAA -
SW8 .4NcG4TC GGGAGACAAGAAUAAACGCUCAACGUCUUCUACAGGGAACCGUGGUCCAUCUGUGAAGUUGUAGAUUCCUAGUUUCGACAGGAGGCUCACAACAGGTC -
SW8 . 4NC-GGCGEGCC  GGGAGACAAGAAUAAACGCUCAACGUCUUCUACAGGGAACCGUGGCGCGCCUGUGAAGUUGUAGAUUCCUAGUUUCGACAGGAGGCUCACAACAGGC -

4 igands are named as in Table 1. The lower case ‘t’ indicates the RNA is a truncated ligand. Numbers following the ‘thimdigelotide positions
from the full length ligand that are included in the truncated ligand. Mutant ligands are described in the text.

bLower case letters designate nucleotides added to facilitate transcription of the truncated ligand. Self-complementasyssequetertined.

C+, ligand binds to the appropriate HIV-1 protein at least 10-fold better than round 0 RNA,; —, ligand does not bind tqoifietepfik61 protein any better
than round 0 RNA.

self-complementary sequence. This mutation also eliminatédinimal matrix ligand sequences
binding to nucleocapsid. The fact that matrix ligands and ligands . _
that bind to other proteing®) do not contain self-complementary A common primary sequence and structural motif could be
sequences at the ends of their boundaries adds more supporgigeerned within the boundaries of the three HIV-1 matrix ligands
the importance of these sequences in the nucleocapsid ligan@s. which boundaries were determined and in matrix ligand
However not all self-complementary sequences may allow ligandV8.27, which was not amenable to boundary determination.
to bind to nucleocapsid. Mutant ligand SW@&4GCGCGCC  The sequence of each minimal matrix-binding ligand is predicted
contains the self-complementary sequence GGCGCGCC in pla€e form a stable stem-loop structure. The stem has several
of the self-complementary sequence GGUGCAUC, and is n@yclgoﬂdes that are conserved among the matrix ligands and
able to bind nucleocapsid (Talslg consists of two substems that are separated by a gap or a bulge
In spite of the apparent importance of self-complementar§ CAARU sequence is found in the sequence of the loop. The
sequences, these sequences alone may not ensure bindinﬁ:ﬁ?"f‘e‘_j structure of ligand MLG&t33-82, which is similarto
nucleocapsid. Ligands ML&@{54-78, ML6.Qct44-68 and e predicted structure of the other matrix ligands, is shown in
SW8.4ct35-68 (Table3) contain the self-complementary Figure 7A. Note that the predicted structures of matrix ligands
sequences found at theligand boundary, but lack thé &ide of isolated from SELEX A are circularly permuted relative to those
the predicted stem. None of these truncated ligands binds ffgm SELEX B. N .
nucleocapsid. In summary, a specific self-complementary Sequencge&des sequence similarities, three other experimental results
in the context of a stem—loop structure may be required fgiMPPOMt éhe str_uct?ral ?O&TGSM\%” 8'2 FI'ZQUI% AFlrst,h_thhe
efficient binding of the RNAs described here to nucleocapsid. runcated matrix figan Wi 133-82 (Fig. 7A), whic
Different structures and sequences withimay be required correspondsto the predicted mlnl_mal boqndanes of ligand ML6.8
for distinct dimer formation, gag binding and RNA packaging 12P!€2), binds to the HIV-1 matrix protein with an apparkgt.
stepsGuanine quartet§®) and kissing loops3¢-39) have been -fold Iowe( than th.e full length ML6.8 ligand. Second, deIethn
proposed to be important for some of these steps. We conside a GC dinucleotide overlapping the CAARU loop motif

e : AAGU) in ligand ML6.8 reduced ifding to matrix
:’S Cert]hsetrn'jt;?urrlggleocapad binding RNAs described here could fo 00-fold, to the same as that of round 0 RNA (T&pl& hird,

_— . uence variants are predicted to maintain base pairing in the
The nucleocapsuj ligands do not appear to form guanine quartgfaqm Ligand ML8.7 diﬁ%rs from ML8.14 at four posFi)tionsg but
for two reasons. First, there were no consistent sequence patte ’ ) ; '

. o H2h binds with the same affinity to matrix (TableThese four
;Ouua?nding]qﬁgr?eftsttiu?g%?r?chpeségnltljg?r?gzirgr(;iar:gvg(f)lrjl{?clzgggg%{i erences are predicted to maintain base pairing in stem 1 and
ligand SW8.4 to GST—-gag was not sensitive to potassium as such support the structural model shown in Figére
would be expected if guanine quartets were involved. SW8.4
bound to gag as well in 140 mM LiCl or 140 mM NaCl as in they|SCUSSION
140 mM KCl used in the SELEX procedure.

Kissing loops are also not likely to be involved in the bindingrhis report describeRNA ligands that were selectédvitro to
of SELEX-derived nucleocapsid ligands to gag. While there argind to the HIV-1 gag polyprotein with high affinity. The ligands
sequences within some nucleocapsid ligands that can forind to two different proteins within gag, matrix and nucleocapsid.
kissing loop-like structures (e.g., positions 29-6855W8.4),  This result has several implications. First, it demonstrates that
these sequences are not within the minimal nucleocapsid-bindifigands which bind to a protein can recognize smaller domains
ligand. Also, truncated ligands that lack putative kissing loops camithin that protein. This implies that ligands which bind to
bind to nucleocapsid. smaller domains of a protein may also bind to the entire protein.
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Second, it demonstrates that there can be more than one nucfaie of the protein. This region serves as the nuclear localization
acid binding site on a protein and that one can isolate ligands tigggnal of matrix 8). Three other RNA-binding HIV-1 proteins
bind to those sites within one SELEX experiment. Third, if gtat, rev, nucleocapsid) are known to utilize basic amino acids to
protein has more than one RNA binding site, it may be possiblend RNA. It is possible that matrix also utilizes this theme.
to manipulate the frequency at which ligands that bind to the twidatrix has been reported to bind double-stranded RNA The
sites can be isolated. physiological relevance of this activity is not known, but matrix
Matrix and nucleocapsid ligands may be able to bind to gag not required for HIV-1 RNA packaging). Since the matrix
simultaneously. While the competition binding experimentdigands reported here lack any extensive sequence homology to
reported here do not provide rigorous evidence that this can ocdébe HIV-1 RNA sequence we have not gained any new insights
they demonstrate that the two classes of RNA ligands do nabout the significance of RNA binding by matrix.
inhibit each other from binding to gag. The ability of matrix and Several reports have been published describing methods for
nucleocapsid ligands to bind simultaneously to gag might bdirectly inhibiting gag protein function. These include the use of
expected since matrix and nucleocapsid are at opposite ends osanse RNA47,48), benzamides4@), peptides §0), antibodies
elongated protein reported to 85 A long and 35 A wide40).  (51) and dominant negative proteiri2). The RNAs described
The matrix and nucleocapsid ligands have different sequenbere may provide an alternative strategy for directly inhibiting
and structural motifs. Each of the nucleocapsid ligands contairgag protein function. RNAs isolated by the SELEX method could
self-complementary sequence at one end and are predictedogintroduced into or expressed within cells. Gag is an attractive
form stable stem-loop structures. However they do not havarget for inhibition by RNA ligands for several reasons. For
substantial primary sequence homology to one another or @ample, gag is an RNA binding protein. Thereforejrthatro
matrix ligands. The actual structures formed by the nucleocapss@lection process can resultin RNAs that can inhibit critical RNA
ligands are not known. They could exist as duplexes hybridizdiinding functions of gag. Also since gag and gag—pol are
through the self-complementary sequences, solitary stem—loopayltifunctional, the binding of RNA ligands to them may have a
duplexes hybridized along the length of the stem—loop, ofariety of inhibitory effects. Nucleocapsid ligands might prevent
variations of these structures. In the presence of nucleocap§®#lA packaging. The matrix ligands may provide a novel
protein, some structures may be more stable than others. inhibition strategy. Also, since matrix and nucleocapsid ligands
The individual roles of the stem—loop and the self-complementaflp not interfere with each other for binding to gag it may be
sequences found in the nucleocapsid ligands is not clear, bup@ssible to use them simultaneously to achieve a synergistic
seems likely that both are important for binding to nucleocapsiéhhibitory effect.
The presence of the self-complementary sequences in all nine
minimal nucleocapsid-binding ligands examined and the identificdNOTE ADDED IN PROOF
tion of a single base change within the sequence of one ligand t(rél . . . .
eliminates high-affinity binding argues strongly that they ar %Eer subm|s§|_()n of t.h's manuscript Bergluewal pul_Jllshed a
significant for binding. The predicted structure of SELEX-derive aper describingn vitro selection of RNAs that bind to the

L . IV-1n14-3 nucleocapsid proteilN(icleic Acids Res25, 1042—
nucleocapsid ligands may represent structures that occunjin th o : o
region that result in nucleocapsid binding or dimerization o 049). A nucleocapsitlinding sequence they identified can be

Y-containing RNAs, or they may represent structures that occuorunOI in several of our nucleocapsid ligands.

during reverse transcription since nucleocapsid is also requir
for efficient reverse transcription. %‘%KNOWLEDGEMENTS
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