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A Combinatorial Approach Toward

DNA Recognition

DenUA PE1, HELLE D. ULRICH, PETER G. SCHULTZ*

A combinatorial approach has been used to identify individual RNA molecules from a
large population of sequences that bind a 16—base pair homopurine-homopyrimidine
DNA sequence through triple-helix formation. Fourteen of the seventeen clones
selected contained stretches of pyrimidines highly homologous to the target DNA
sequence (T-AT and C*-GC). In addition, these RNA molecules contained hairpin
loops, interior loops, and nonstandard base triplets [C* (or C)-AT, U-GC, G-GC, and
A-AT] at various positions. Affinity cleavage experiments confirmed the ability of
selected sequences to bind specifically to the target DNA. Systematic variation in both
the target DNA sequence and buffer components should provide increased insight into
the molecular interactions required for triple-helix-mediated recognition of natural

DNA.

HE POWER OF COMBINATORIAL
strategies for generating molecules
with novel properties has been ex-
ploited in the. generation of catalytic anti-
bodies (1) and more recently in the study of
protein-ligand interactions (2-5). We report
application of this approach to the molecu-
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lar recognition of double-helical DNA
through the synthesis and screening of large
RNA libraries for selective triple-helix for-
mation. The sugar-phosphate backbone of
nuclejic acids provides a natural framework
for building specific hydrogen-bonding in-
teractions with functional groups in the
major groove of DNA (6). This structural
motif, however, is currently limited to the
recognition of predominantly homopurine-
homopyrimidine tracts of DNA. Polypyri-
midine oligonucleotides bind specifically in

the major groove, parallel to the purine
strand, through Hoogsteen T-AT and
C*-GC base triplets (7, 8). Polypurine oli-
gonucleotides bind in the major groove,
parallel to the pyrimidine strand, through
G-GC and A-AT triplets (9). Recently, it has
been shown that a G'TA triplet can also be
formed in a polypyrimidine oligonucleotide,
although the interaction is considerably
weaker than the T-AT triplet (10). Given the
conformational flexibility associated with
nucleic acids, as well as the effects of pH,
salt, and small molecules on nucleic -acid
structure, it was of interest to determine
whether  additional  hydrogen-bonding
schemes might be associated with triple-
helix formation. The extension of triple-
helix formation to the recognition of mixed
DNA sequences would likely find applica-
tions in the analysis of nucleic acid structure
and function (11) as well as in the develop-
ment of therapeutic agents based on selec-
tive gene inactivation (12).

Because a general solution to triple-helix—
mediated recognition of natural DNA se-
quences might involve relatively complex
rules (including context effects, looped
structures, and conformational isomers), we
chose a strategy that samples large numbers
of diverse sequences for binding to a defined
DNA duplex. Analysis of those sequences
that form the most stable triple-stranded
structures, coupled with systematic varia-
tions in the target sequence, should provide
increased insight into the molecular interac-
tions responsible for triple-helix formation.
In order to test the feasibility of this ap-
proach, an RNA library has been generated
and screened against a homopurine-ho-
mopyrimidine target DNA, for which the
recognition “rules” are known (T-AT and
C*GC) (7, 8).

The library of randomized RNA mole-
cules was generated from a 106-nucleotide
(nt) DNA template containing: (i) a T7
promoter sequence; (ii) a 16-nt priming site
for the polymerase chain reaction (PCR);
(iii) a 50-nt random sequence (synthesized
from an equimolar mixture of the four bas-
es); and (iv) another 23-nt priming site for
reverse transcription and PCR amplification
of the in vitro transcripts (Fig. 1A) (2, 3). In
vitro transcription of the template with a
33-nt primer (Fig. 1A) and T7 RNA poly-
merase (13) affords an 89-nt RNA tran-
script. Based on the amount of the DNA
template used in the initial transcription
reaction, the complexity of the RNA pool
generated from this template is on the order
of 10'° to 102 individual primary se-
quences, a small fraction of all possible
sequences (3). In addition to sequence di-
versity, randomized 50-nt oligoribonucle-
otides should be able to form a large number

SCIENCE, VOL. 253




of secondary and even tertiary structures.
Sequencing analysis of 20 cDNA clones of
the transcribed RNA library indicates that the
base composition is essentially random, with
a slight excess of purines over pyrimidines.

In vitro selection was carried out with a
25-bp DNA fragment containing a 16-bp
homopurine-homopyrimidine target site
(Fig. 1B). This sequence was immobilized
onto a thiol-Sepharose support through a
disulfide bond at the 3’ terminus of the
pyrimidine strand (14). This linkage strategy
avoids secondary components (such as
streptavidin-biotin) that might also bind the
RNA library. In order to insure selection for
triple-helix formation over simple Watson-
Crick duplex formation, the following con-
trol experiment was carried out. Two oligo-
nucleotides (5'-AGAGAGAGAGAGGGA-
3" and 5'-TCTCTCTCTCTCCCT-3") were
synthesized that can form either a Watson-
Crick duplex with the immobilized pyrimi-
dine strand or a triplex structure with the
immobilized duplex DNA, respectively. The
oligonucleotides were labeled with 3?P at
their 5’ termini and assayed for binding to
the 25-bp DNA affinity column. The pyrim-
idine oligonucleotide was retained by the
support when loaded and washed with 2 M
NaCl, pH 5.5 buffer, conditions known to
favor triple-helix formation (15). When the
DNA affinity column was subsequently
eluted with 50 mM trisHCl buffer (pH
8.0), the bound pyrimidine oligonucleotide
was eluted from the column. In contrast, the
purine oligonucleotide showed no signifi-
cant binding to the DNA affinity column
under either high or low pH and salt con-
centration.

Selection was carried out by incubating
the in vitro RNA transcripts with the DNA
affinity column at low pH (pH 5.5) and
high salt concentration (2.0 M NaCl) for 1
hour at room temperature (16). The support
was washed exhaustively with the same buff-
er to remove unbound RNA; bound RNA
was then eluted with a low-salt buffer (50
mM tris-HCI, pH 8.0, 1 mM EDTA). The
eluted RNA molecules were used as tem-
plates for cDNA synthesis and subsequent
amplification by PCR reaction (17). Because
the 33-nt 5’ primer (Fig. 1A) also contains a
promoter sequence for T7 RNA polymer-
ase, the amplified cDNA library could be
used directly as a template for the next
round of selection against the immobilized
DNA fragment. During the third, fourth,
and fifth rounds of selection, bound RNA
transcripts eluted from the DNA affinity
column (positive selection) were subse-
quently passed through an underivatized thiol-
Sepharose column under the same conditions
in order to remove RNA specific for the
thiol-Sepharose support (negative selection)
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(18). After five successive rounds of selec-
tion, the RNA transcripts were transcribed into
cDNAs and amplified. The duplex cDNAs
were digested with restriction enzymes Eco RI
and Hind IIT, and inserted jrito Eco RI-Hind
T fragment of plasmid pDP24 (19).
Sequencing of 17 clones of the cDNA
library revealed that 14 clones contained
stretches of homopyrimidine sequences that
are highly “complementary” to the homopu-
rine-homopyrimidine target DNA (T-AT
and C*-GC) (Fig. 1C). Clones 1 and 2 are
complementary to 16 and 15 base pairs of
the target, respectively, but contain one
interior loop each in the RNA strand. Clone
3 has a single C*(or C)-AT nonstandard
triplet, and clones 4, 7, and 8 have three or
four nonstandard triplets [C*(C)-AT,
U-GC, A-AT, and G-GC] each at various
positions. Clone 9 contains a single
C*(C)-AT triplet as well as deletions of one
or two nucleotides at both the 5’ and 3’
termini of the putative recognition motif of
the RNA, whereas clone 10 contains three
nonstandard triplets and a single nucleotide

A

T7 promoter

interior loop. Clones 5 and 6 contain 7- to
8-nt hairpin loops as well as one or two
nonstandard triplets and interior loops with-
in the pyrimidine tracts. Clones 11 to 14
contain a combination of interior loops,
nonstandard triplets, and truncations in the
recognition motifs. Examination of the re-
maining clones showed no obvious homol-
ogy to the target sequence based on known
triple-helix motifs. Careful analysis of a larg-
er set of sequences may reveal new bonding
schemes not yet evident in these clones.
Interestingly, all 17 clones sequenced con-
tain truncations in the random sequence
region between the PCR primers (which
rendered these transcripts 14 to 30'nt short-
er than the expected length) that occurred
during the process of repeated transcription,
selection, and reverse transcription. This
phenomenon has been observed by us in a
number of libraries (20) and by others (21)
and likely reflects an ehzyme-associated se-
lective pressure.

In order to determine whether these se-
quences do in fact specifically bind duplex

Priming site Priming site

5'- TAATACGACTCACTATAGGGAGGAATTCCCGAG
3'- ATTATGCTGAGTGATATOOCTOCTTAAGGGCTC (X) 5o TAARAAGAOGTCTTOGAROCGEG5"

Fig. 1. (A) The 106-nt
DNA template, 33-nt prim-
er containing the T7 pro-
moter, and 89-nt in vitro

5'-ATCC
Jo

Transcription

5"~ GGGAGGARUUCCOGAG (Y) 5oAUUUUUCUGCAGAAGCUUGEACC -3

-A-G-A-G-A-G-A-G-A-G-A-G-G-GA -3
~T-C-T-C-T-C-T-C-T-C-C-C 5!

RNA transcript. The 50-nt c 5 >

random sequence is denoted

by (X)sg and (Y)so in DNA 1 ACOGGOCARCGCUACCIC: —u—c—u—c—u—c-u-c—u’%‘:—c—c—umm
and RNA, respectively. (B) A

DNA affinity column with 2  CGOCACROGURGUCARFU-0-C-U-C-0-C-U C-U-C-U-C-C-C— 1 GICUGCAGAAGCY
the homopurine-homopyri- 3 GRUCGUUCUGAGHUU-C-U-C-U-C-U-C-U-C-C-CC-C-UL GTAGRAGCU
midine target  sequence 4 CUAGGGUOGCURACUUOCCHI-U-C-C-UHU-C-U-C-U-C-U-C-C-C-C-CUGCAGARGCU
boxed. (C) Sequences of 17 7%

clones of the selected RN As

transcribed from Hind TI- 4 mmscn—u—c-u—c—u—c}f—u—c—u—c—c—c—umm
linearized pDP24 contain- 0,

ing the cDNATnsert (19). Soud

The putative recognition

motifs (boxed) of clones 1 6 ammc—u—c—u—c—u—ée\u-c—u C-C-C-C-C-U{GCAGRAGT

to 14 are aligned with the

16-bp target DNA. The sec- 7 GUBECIIIICUGEG}G-U-C-U-C-U-C-U-C-U-C-U-U-U-H U CUGCAGAAGTU
ondary structures are depict- 8  GUAGCUCUCAGGGRUGOCUTA-B-C-U-C-U-C-U-C-U-C-G-C-C-C-Ur GCAGRAGCY

ed to show maximum se- 9 0BCH——C-U-C-U-C-U-C-U-C-C-C~C~C—1HGBOUUCUGO0C000CUGCAGARGCY
quence homology between A

the putative recognition 10 AGGEAACUGICGRAOIOGIU-U-C-U-C U-C-U-C-U-C-3-C-G-C-CrOUGCAGRAGY
motifs of RNAs and the tar- A

get DNA. Underlined bases 11 OoUGUXORCAG———C-0-C-0-C-0-C 0-C-0-C-CrO0GRAGAGD
indicate nonstandard base 12  COCAOCAGAGCAGCACICI —————C-B-C-U-C-0-C-C-O-C ORCUGCARANY
triplets. Clones 15 to 17 13  ACGGUGGACGUGGRUOCH————————U-C-U-C-C-C-UHUCUGCUCCUCORCUGCAGAAGCY

show no apparent homolo-
gy to the target DNA and
thus were not aligned with
the target. ’
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DNA, we examined their ability to direct
affinity cleavage of the target DNA. This
method involves conjugation of synthetic
DNA cleaving agents (22) or nonspecific
phosphodiesterases (23, 24) to the DNA
binding molecules of interest. Analysis of
the DNA cleavage patterns generated by the
conjugate provides information about the
sequence specificity, binding orientation,
and e preference of the associated
DNA binding molecules. A 17-nt oligoribo-
nucleotide corresponding to the sequence of
clone 1 (5’-UUCUCUCUCUCUGCCCU-
3’) was chemically synthesized (Applied
Biosystems) with a thiol-derivatized phos-
phoramidite coupled to the 5’ terminus
(25). After deprotection and purification
(26), the oligoribonucleotide (which con-
tains a sulfhydryl linked to the 5’ terminus
by a tether of six methylenes and a phos-
phate) was coupled to a Lys** — Cys
(K84C) mutant staphylococcal nuclease by a
disulfide exchange reaction (24). The result-
ing oligoribonuclcoddc—staphylococul nu-
clease conjugate was assayed for its ability to
cleave a 269-bp 3'-3P end-labeled restric-
tion fragment containing the 16-bp ho-
mopurine-homopyrimidine target sequence.
Examination of the cleavage pattern (Fig. 2,
lane 5) reveals that cleavage occurred over
dlrecATbascpan'satthCS’tcﬂmnusofdlc

homopurine target site (pH 5.7, 100 mM .

NaCl, 2 mM spermine, 20% cthylene gly-
col) [in accord with our earlier semisynthetic
nuclease work (24)]. This result confirms
that the pyrimidine oligoribonucleotide

Fig. 2. Autoradiogram of a denaturing 8% poly-

ide gel showing affinity cleavage of the
3'-32P end-labeled 269-bp Nhe I/Hinc II restric-
tion fragment of plasmid pDP26 (28). Lane 1,
Maxam-Gilbert G reaction; lane 2, cleavage of thc
269-bp DNA with free K84C staphylococcal nu-
clease (1 pM, room temperature, 10 s); lane 3,
DNA treated in the absence of nucleases; lanes 4
and 5, DNA treated with the ohgodeoxynbonu-
cleoudc—smphylococml nuclease conjugate 7 and
the oligoribonucleotide-nuclease conjugate, re-
spectively; lanes 6 to 11, DNA treated with
oligodeoxyribonucleotide-nuclease conjugates 1
to 6, respectively. The homopurine target site is in
bold face; arrows indicate cleavage sites. Cleavage
reactions were carried out in a reaction mixture
(total volume 10 pl) containing 25 mM tris
acetate (pH 5.7), 2 mM spermine, 20% cthylene
glycol (v/v), 100 mM NaCl, 10 pg of poly(A)
(6.6 mM in nucleotides), 3' end-labeled DNA (4
nM, ~10,000 cpm), and the nuclease conjugate
(50 nM). After incubation of the reaction mixture
for 15 min at room temperature, the reaction was
initiated by the addition of 1 pl of 100 mM CaCl,
solution and terminated after 5 min by the addi-
tion of 20 ul of 10 mM ethylene glycol bis(B-
aminoethyl ether)-N, N, N’, N'-tetraacetic acid
(pH 7.5). The cleavage products were precipitat-
ed with ethanol arid analyzed by gel electropho-
resis.
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Fig. 3. A 1% cthidium bromide-stai, u

showmg cleavage of plasmid pDP26 DNA. Lane 1, Sca

I-linearized pDP26 DNA; lane 2, DNA treated with the
ohgodeoxynbonuclcoudc—stnphylococcd nuclease con-
jugate 7; lanes 3 to 8, DNA treated with the oligodeox-
ynbonucleoudc-nuclase conjugates 1 to 6, respectively;

lane 9, DNA treated with the oligori
ase con

bonucleotide-nucle-
jugate; lane 10, Sca I-Sph I digest of pDP26
DNA (3.28 kb and 0. 92 kb). Circular DNA was first
lincarized with Sca I and then used in affinity cleavage

gl 123456788910

kb
a9
T~3.28

—0.92

reactions. The reaction conditions were similar to that »
described in Fig. 2, except that the reaction mixture, which contained higher concentrations of DNA
(1.4 pg, 50 nM) and nuclease conjugate (100 nM), was incubated for 20 min before and after the

addition of Ca?*.

forms a triple-helical structure with the tar-
get DNA sequence, parallel to the Watson-
Crick purine strand.

In order to determine whether the corre-
sponding . oligodeoxyribonucleotide also
binds the 16-bp target sequence, we synthe-
sized a nuclease conjugate (1) containing
the DNA analogue (5'-TTCTCTCTCTCT-
GCCCT-3") of the clone 1 RNA sequence.
For comparison, a nuclease conjugate (7)
containing the consensus 16-nt homopyri-
midine oligodeoxyribonucleotide (5’-TTC-
TCTCTCTCTCCCT-3') was also con-
structed. Both oligodeoxyribonucleotide-
nuclease conjugates cleaved the 269-bp
restriction fragment with efficiencies and
specificities similar to those of the oligoribo-
nucleotide analogue, suggesting that in this
clone the 2'-hydroxyl group of the third strand
does not interact significantly with the duplex
DNA (Fig. 2, lanes 4 and 6). Consequently, in
order to facilitate the affinity cleavage experi-
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ments, the cleavage properties of the oligode-
oxyribonucleotide-nuclease conjugates 2 to 6
(corresponding to the recognition motifs of
clones 2 to 6) were assayed.

Conjugate 2, which contains an interior T
loop at the center of the pyrimidine tract,

.cleaved the 269-bp fragment with the same

cleavage pattern and efficiency as conjugate
1 (a single interior G loop) and the consen-
sus conjugate 7 (Fig. 2, lane 7). Conjugates
3 and 4, which contain one and three non-
standard triplets [C*(or C)-AT and T-GC]
in the pyrimidine tracts, respectively, also
selectively cleaved the 269-bp fragment
(Fig. 2, lanes 8 and 9). The cleavage patterns
varied somewhat from those of conjugate 7
and the cleavage efficiencies were slightly
lower. Surprisingly, conjugates 5 and 6,
which contain a combination of hairpin
lobps, interior loops, and nonstandard trip-
lets (and which may differ in stability for
DNA versus RNA), also selectively cleaved
DNA (Fig. 2, lanes 10 and 11), although
the cleavage efficiencies were significantly
lower than that of 7 (27). In order to test the
ability of clones 1 to 6 to selectively recog-
nize the homopurine-homopyrimidine tar-
get in a larger plasmid DNA, the 4.20-kb
plasmid pDP26 (28) was treated with the
nuclease conjugates 1 to 6. All of the con-
jugates, with the exception of conjugate 5,
selectively cleaved both strands of the plas-
mid DNA at the target site (Fig. 3). These
results suggest that the third strand in a
triple-helix motif can accommodate a num-
ber of secondary structural elements includ-
ing interior loops and, to a lesser degree,
hatrpin loops. Such structures indicate con-
siderable conformational flexibility in the
third strand (which might facilitate recogni-
tion of mixed sequences). It also appears
that C*(or C) can bind AT base pairs and
U(T) can bind G-C base pairs without sig-
nificantly impairing triplex formation [a
U-GC triplet has been previously observed
in a group I intron (29)].

The combinatorial approach described here
could be extended to the screening of both
RNA and DNA libraries against duplex DNA
targets of mixed sequences. The effects of pH,
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salt, temperature, and cofactors on triplex
formation as well as differences in oligoribo-
nucleotide and oligodeoxyribonucleotide
triplex formation can also be investigated.
Sequence analysis of a large population of
ligands, coupled with detailed biophysical
characterization of the complexes, may pro-
vide insight into a general recognition motif
for duplex DNA. Similarly, peptide and
protein libraries may help define the nature
of protein-DNA recognition.
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Oligoclonal Expansion and CD1 Reco

gnition by

Human Intestinal Intraepithelial Lymphocytes

STEVEN P. BALK, ELLEN C. EBERT, ROBIN L. BLUMENTHAL,
Francis V. McDErMOTT, KA1 W. WUCHERPFENNIG,
STEVEN B. LANDAU, RICHARD S. BLUMBERG*

A human intestinal .intraepithelial lymphocyte (IEL) T cell line was established from
jejunum to characterize the structure and function of the o8 T cell antigen receptors (TCRs)
expressed by this population. Single-sided polymerase chain reaction (PCR) amplification
cloning and quantitative PCR amplification of the TCR chains from the cell line and from
fresh IELs demonstrated that IELs were oligoclonal. The IEL T cell line exhibited
CD]-specific cytotoxicity and a dominant IEL T cell clone was CD1c-specific. Thus, human
jejunal intraepithelial lymphocytes are oligoclonal and recognize members of the CD1 gene

family.
HE EPITHELIAL SURFACE OF THE
intestine contains a distinct popula-
“tion of IELs, the function of which is
unknown (7). Human and murine intestinal
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IELs are enriched for T lymphocytes that
express the y8 TCR (1). However, the
majority of human intestinal IELs express
the o TCR, and most of these human of§
IELs express the CD8 accessory molecule
(2). The predominant expression of CD8
by human intestinal af IELs distinguishes
them from T cells in the lamina propria and
peripheral blood and suggests that their
TCRs are directed at major histocompati-
bility complex (MHC) class I or class I-like
molecules. The TCRs expressed by murine
+& IELs have been shown to utilize a small
number of variable region genes but to
have extensive junctional diversity (3). No
comparable analysis, however, has been
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