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ABSTRACT. We have explored the use of short (10-mer), fully sequence-randomized oligonucleotide libraries
for affinity-based screening in solution for energetically preferred sites of hybridization of a model 47-
nucleotide (nt) mutant Heas MRNA stent-loop fragment. In characterizing the model, binding studies
using either a gel mobility-shift assay or an RNase ONE footprinting assay indicated the presence of a
greatly preferred hybridization site for individual antisense RNA oligonucleotides on-ine& side of
theras RNA 19-nt loop. However, initial attempts to affinity-titrate combinatorial uniforr@2methyl-
substituted oligonucleotide libraries for selective binding to tHido8p site using an RNase ONE
footprinting assay that can discriminate between binding to different sitessd®NA were unsuccessful.

By reducing the complexity of the library to a mix of seven RNA oligonucleotides complementary to a
range of sites onas RNA and with no self-complements, footprinting evidence for binding was obtained
but was characterized as RNA site-specific binding constants differing dramatically from binding
constants for individual oligonucleotides. The library complexity was reduced further to three different
cases of two RNA oligonucleotides, one of which for all cases was the highest affitdiybcomplement.
Detailed kinetic and thermodynamic binding analyses revealed a good fit of the data to indeperdent (5
loop and ascending stem sites), competitive (overlappidgdp sites), or mutually allosteric ‘@oop

and 3-loop sites) formalisms and an energetics description showedabat-loop site-specific binding

could be achieved by affinity titration only for the independent case. Reconstruction of events with the
full complexity library suggested that there was the emergence of multiple, linked binding interactions
and implied that successful hybridization affinity screening would be achieved only if all possible
bimolecular binding interactions of individual library oligonucleotides with target RNA could be made
mutually independent. Accordingly, by holding the calculated concentration of unique oligonucleotide
sequences of a full complexity DNA library well below the value for the dissociation constant for binding
of individual complement to the'Soop site and then titrating the concentratiorra$ RNA through this

value, hybridization specific to thé-Side of therasloop was demonstrated as assayed either by sequential
gel mobility-shift resolution of bimolecular complexes and RNase ONE footprintirgitu in gel slices

or by RNase H cleavage of complexes in solution. Because this strategy uses an unbiased oligonucleotide
library it should combinatorially identify energetically preferred hybridization sites on folded RNA targets
of any sequence and of undetermined structure. This should enable a facused optimization of
antisense oligonucleotide length, sequence, and chemical composition for preferred site binding affinity
and specificity which, in turn, may be expected to provide for enhanced biological potency and specificity
(Lima et al., 1996). Finally, the complexity constraints encountered and the fundamental requirement to
control them presented here also should be applicable to interactions with any biomolecule target of any
chemical class of combinatorial library when screened in solution in pooled mixes.

Both the kinetics and the thermodynamics of antisense andpositions along the primary sequence. In addition, examina-
ribozyme oligonucleotide hybridization may be profoundly tion of known RNA secondary structure reveals the improb-
attenuated when an energetic cost is incurred to disruptability of identifying structurally ideal RNA hybridization
secondary and tertiary structures of folded transcript RNA sites for oligonucleotides as long as 20-mendhich has been
that block the hybridization (Lima et al., 1992; Chastain & a theoretically (Cohen & Hogan, 1994; Wu-Pong, 1994) and
Tinoco, 1993; Freier, 1993; Nellen & Lichtenstein, 1993). operationally (Chiang et al., 1991; Dean et al., 1994) favored
The complexity of folded RNA suggests that there should length. Therefore, it should be expected that typical
be great variability of RNA structure-dependent hybridization piecemeal sampling (“walks”) at chosen intervals along linear
parameters for oligonuclotides complementary to different RNA transcript sequences with a manageable ct10—

50) of complementary 20-mer oligonucleotides (Chiang et
al., 1991; Dean et al., 1994) generally will identify perhaps
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a few that give sufficient net binding affinity, after disruption u % a

of RNA structure, to support adequate activity in biological g G

screens. Oligonucleotides chosen in this manner may further v c

be expected to bind with near to, equivalent, or even higher G A

affinity at alternative RNA sites on the same or other G A

transcript(s) that are closely sequence-related but more c G

favorably structured. At effective antisense oligonucleotide UG oGl*\su

concentrations, this will result in diminished hybridization c*

site and transcript specificity (Woolf et al., 1992; Stein & c-G

Krieg, 1994; Wagner, 1994; Weidner & Busch, 1994; Jones mg:g

et al., 1996). G-C
Efforts to advance design of antisense oligonucleotides g’g

beyond the “linear thinking” of sequence complementarity U-A

have included computer RNA folding algorithms as well as G-C

enzymatic and chemical reagent mapping approaches used G-c*

to determine RNA secondary structure. These procedures g:ﬁ

are tedious to perform, do not predict tertiary interactions, +20UG.-cc N

and may be unreliable (Jaeger et al., 1993; Jaroszewski et G
al., 1993; Sczakiel et al., 1993). When single-stranded 5-G
regions of RNA are accurately located, there may be errors pigyre 1: Consensus secondary structure of the 47-nt fragment
of many orders of magnitude in subsequent indirect predic- corresponding to residues 484 of mutant Haas mRNA. The
tions for the kinetics and thermodynamics of complementary det%iCtiorllt_WIaS COﬂStrUCt?d f{o_m lcodmbinsﬂl data OOLDS\?EUS matlpp:ing
i i idi i i i with multpie enzymes (not incluaing ase Ima et al.,
e g, e 1655 i i R ONE 1 e oo of a1y adi
o . oligonucleotides (this study). Solid dashes between the one-letter
structure determinations (Lima et al., 1992). There has beengesignations of nucleotides indicate canonical Watgdrick base
some early-stage success in enhancing hybridization ofpairing, solid dots indicate alternative base pairs, and no symbol
antisense oligonucleotides to transcripts by rational design,indicates mismatched bases. The open and broken dash between
including the use of tethered oligonucleotide probes (Cload €(33) and G(50) is meant to indicate evidence for the presence of
& Schepartz. 1991° Richardson & Schepartz. 1991 Cload partial double-strand and single-strand secondary structure at these
P ’ ' P ’ ’ nucleotides. The numbering system is as for the full-length mutant
et al., 1993), pseudo-half-knots (Ecker et al., 1992; Ecker, mrNA.
1993), symmetric secondary structures (Chang & Tinoco,
1994; Frauendorf & Engels, 1994), and stem-bridging nucleotides would maximize rates of hybridization (or
(Francois et al., 1994). However, these approaches all“kinetic accessibility”) and hence, as previously shown, also
require identification of particular RNA structural elements would maximize affinity per unit length (Lima et al., 1992)
and are limited in scope when viewed against the potential and effectiveness ah vivo antisense inhibition (Rittner et
structural diversity of available RNA targets in cells. Most al., 1993) at the intended site of hybridization. Optimized
recently, potentially powerful combinatorial or semicom- RNA structure recognition should also provide enhanced
binatorial strategies that do not depend on predeterminedspecificity by reducing the probability of finding other close
knowledge of RNA structure have been applied to the sequence-related RNA sites with structures as comparably
problem of oligonucleotide recognition of folded RNA. favorable for oligonucleotide hybridization. Oligonucleotides
Although (partial) randomization of the RNA substrate with these properties most likely would be restricted by RNA
recognition nucleotides dfans-cleaving ribozymes (Camp-  structure to no more than 35 nt in length. These should
bell & Cech, 1995; Lieber & Strauss, 1995) is promising, demonstrate biological potency at least equivalent to that of
the methodology is not directly applicable to smaller anti- 20-mer oligonucleotides of similar chemical design, because
sense oligonucleotides. Probing hybridization to structured of the fullest possible realization of hybridization affinity
RNA with multiple-length fragments of a given antisense (Wagner et al., 1996). The potential problem of formation
nucleic acid generated by semicombinatorial solid-phase of internal oligonucleotide structure, which would lessen the
synthesis (Southern et al., 1994) or by solution-based alkalinenet hybridization affinity with RNA (Chastain & Tinoco,
fragmentation of end-labeled RNA (Rittner et al., 1993) 1993), would also be minimized with shorter oligonucleo-
represent innovative screening approaches. However, solidtides. There are other potential advantages of shorter
phase screening may bias the former, conserved end frag-oligonucleotides, including enhancement of primary sequence
ments of the latter do not mimic therapeutic antisense mismatch specificity (Herschlag, 1991; Monia et al., 1992;
oligonucleotides, and both methods require unique synthesisHertel et al., 1994) and product release after RNase-,
of (the equivalent of) full-length antisense nucleic acid for ribozyme-, or artificial agent-mediated RNA cleavage (Hertel
a complete search of a given RNA metabolite. All methods et al., 1994), improved cellular uptake (Loke et al., 1989),
currently are subject to restrictions on the length of target reduced nonspecific protein binding (Stein & Krieg, 1994),
RNA that can be accommodated, which may or may not be and less expensive synthesis and purification.
easily surmounted to eventually provide more efficient  Here we report initial studies that explore the use of short
searches of long transcript RNAs. (20-mer), fully sequence-randomized oligonucleotide libraries
There remains a need for general methods to directly to combinatorially search all of sequence and structure space
identify oligonucleotides that hybridize to folded RNA of of any given RNA in order to identify energetically preferred
undetermined structure with minimal energetic cost (Ladbury sites of hybridization. A 47-nt mutant Has mRNA
& Peters, 1994) of disrupting RNA structure. Such oligo- fragment (Figure 1) was used as a model target since it is a
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previously studied (Lima et al., 1992) example of a ubig- randomized by mixing the four base CPGs, removing the

uitous RNA secondary structural element, the stéoop, 5'-DMT on the synthesizer, cleaving and deprotecting the
that is attractive for oligonucleotide hybridizatione(, at product, and analyzing by RP-HPLC. The proportion of each
the loop) (Ecker et al., 1992). CPG was adjusted until equal amounts of each base were
obtained. Each oligonucleotide library synthesis usai¥il
MATERIALS AND METHODS mixed-base CPG. After cleavage and deprotection with

ammonium hydroxide at 58C for 16 h, the DMT-off
oligonucleotide libraries were purified by RP-HPLC. The
libraries were analyzed by denaturing PAGE and were diluted
to a final library concentration of 1L6M. Limit hydrolyses

by snake venom phosphodiesterase | (U.S. Biochemical
Corp.) and examination of products by UV absorption on
RP-HPLC confirmed the equimolar representation of bases.
A few sequences may be underrepresented, without affecting
this result, due to relatively poor aqueous solubilitg;, of

long strings of G nucleotides.

Preparation of ras Transcript Fragment The DNA
template for T7 RNA polymerase transcription was prepared
using a standard method for PCR copying of a segment of
the activated Haas sequence of the plasmid pT24-C3 as
described previously (Lima et al., 1992). The sense oligo-
nucleotide PCR primer contained the 17-mer T7 RNA
polymerase promoter followed by a 15-mer sequence ho-
mologous to nt+18 to +32 of Haras mRNA and the
antisense oligonucleotide primer was complementary to Ha-

ras nt +50 to +64. The 47-nt transcript fragment from 2P Labeling of RNA Transcript and Oligonucleotides

sequence positiont18 to +64 of Haras mRNA was : .
prepared from the PCR-synthesized duplex DNA template The RNIAI;rTnscr|£ts \;]vere d(g)hohsphoryllz\a/lted r‘}’V'.th C_?E
using the Ambion MegaScript kit according to instructions intestinal alkaline phosphatase (Boehringer-Mannheim). The

. . transcripts and oligonucleotides wereghd-labeled witi?P
gﬁ;na (raécai“.i’t;t% %Z)V\%phd \(,avt%zgc))(lt rzc;tgd t\rlmvgrr: pTJ?T]ﬁ]@elgCstin using [r-32P]JATP (ICN Biochemicals) and T4 polynucleotide
Boehﬁn ef—Mannheim G-50 quick spin coﬁumns as ing-] kinase (Promega) according to standard procedures (Lima

9 q P et al., 1992). Labeled transcripts were purified byl2%
structed. ; .
. . . . . denaturing PAGE and were extracted with pher©@HCl;

Synthesis of Oligonucleotides and Randomized Oligo-

. . . ) . . and precipitated with ethanol. Labeled oligonucleotides were
nucleotide Libraries DNA antisense oligonucleotides and

. . X . purified using a C18 Sep-Pak. Specific activities were
PCR oligonucleotide primers were synthesized by standardtypica“y 2000-6000 cpm/fmol.

phosphoramidite ch_e_mistry on "’!”_AE_" synt_hesizer (Model Determination of Binding Constants by Gel Mobility-Shift
380B) and were purified by precipitation 2 times out of 0.5 Agqqay Equilibrium constants for hybridization of individual
M NaCl with 2.5 volumes of ethanol (Lima et al,, 1992).  4ptisense oligonucleotides to thias RNA hairpin were
Antisense 20Me oligonucleotides were synthesized by measured using a gel mobility-shift assay (Lima et al., 1992,
automated synthesis and were purified as described previ-1997). Hybridizations were done in 2L containing
ously (Guinosso et al., 1991; Lesnik et al., 1993) using nypridization buffer (1 mM Tris-HCI, pH 7.4, 50 mM NaCl,
commercially available (Glenn Research})@Me phos-  and 5 mM MgC; use of 10 mM sodium phosphate, and 100

phoramidites and a modified DNA synthesis cycle. mM NacCl, pH 7.0, gave similar results) and 1000 cpm of
Oligoribonucleotides were synthesized using an ABI 5-32P-|abeled RNA {8 pM; 1-10 pM range). Mixes were
synthesizer (380B). Briefly, '®©DMT 2'-(t-butyldimethyl- heated at 9C°C for 5 min and cooled slowly to 37C,

silyl)nucleoside 30-phosphoramidites with phenoxyacetyl antisense oligonucleotide ranging from 1 pM to A was
protecting groups on the exocyclic amines of A, C, and G added, and final mixes were incubated for 20 h at’G7
were used. The wait step after pulse delivery of tetrazole some incubations proceeded for as long as 40 h with identical
was 900 s. Base deprotection was achieved by overnightresults. Loading buffer (15% Ficoll, 0.25% bromphenol
incubation at room temperature in methanolic ammonia and plue, and 0.25% xylene cyanol) was addedgLpand mixes
the 2-silyl group was removed at room temperature in 1 M were resolved at 16C on native 20% PAGE using 44 mM
tetrabutylammonium fluoride in tetrahydrofuran. RNA oli- Tris—borate and 1 mM MgGlrunning buffer, for~4 h at
gonucleotides were purified using a C18 Sep-Pak cartridge 122 W. Gels were quantitatively imaged using a Molecular
followed by ethanol precipitation (Lima et al., 1992). Dynamics Phosphorimager. The dissociation constég)t (
Fully randomized sequence DNA and-@QMe 10-mer was determined simply as the antisense oligonucleotide
combinatorial libraries were made using the same respectiveconcentration at which 50% of the target is mobility-shifted,
automated chemistries as described for individual oligo- which is most accurate foKy values greater than the
nucleotides, but with the following modifications (Davis & concentration of RNA target. Limitations on the specific
Ecker, 1996) to ensure equimolar representation of all radioactivity of the target restricted valueskafto an upper
possible sequence oligonucleotides (calculated ‘ds=4 limit of ~5 x 10'* M~1. The log linear range of the assay
1 048 576 sequences). Equimolar incorporation of all four was determined (not shown) to cover from 50 pM to 10 mM
bases at each sequence position of the synthesis was obtaindd Ky values for antisense oligonucleotides. All binding
by mixing the phosphoramidites in a single vial on the fifth constants were derived from the average of at least three
port of the ABI 394 synthesizer and increasing the coupling independent determinations differing by at most32fold.
wait step to 5 min. The ratio of phosphoramidites in the  Determination of Binding Constants by RNase ONE
mixture was tested by making a single coupling to dT-CPG, Footprinting Assay Equilibrium constants for hybridization
cleaving and deprotecting the product, and analyzing the also were determined using a footprinting assay with RNase
crude dinucleotide material on RP-HPLC. Proportions of ONE (Promega), a sequence-independent and single-strand-
the individual phosphoramidites were adjusted accordingly dependent endoribonuclease. Hybridization reactions were
and the procedure was repeated until equal amounts of theperformed similarly as above in 1 containing hybridiza-
four dimers were obtained. Thé-Bosition was sequence- tion buffer and 5000 cpm of §2P-labeled transcript{1—5
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pM), which was heated and slow-cooled as above. Individual transcript were individually heat-denatured and slow-cooled
antisense oligonucleotides ranging from 1 pM tqMwere and the hybridization reactions were incubated as described
then added to the solutions. Hybridization reactions contain- previously. The large excess of unhybridized transcript was
ing oligonucleotide mixtures were prepared by adding resolved from hybridized transcript by gel mobility shift
equimolar amounts of each sequence and titrating the(Lima et al., 1992). The gel was exposed brieftyl(min)
individual sequence concentration in the mixes from 1 pM to autoradiography film (Kodak X-OMAT AR) to locate the

to 10 uM, with the exception of experiments in which one band corresponding to unhybridized (free) transcript, which
oligonucleotide sequence was titrated over an indicated rangevas excised and discarded. The gel was reexposed for a
while another sequence was held at an indicated constantonger period {30 min) to locate the marginally resolved
concentration. Hybridization reactions were incubated at 37 (Lima et al., 1992) band containing the hybridized (bound)
°C for 20 h (some for as long as 40 h). Hybridization transcript, which was excised and crushed. Theryl20f
reactions were digested with RNase ONE by addipg &f hybridization buffer containing 5 units of RNase ONE was
tRNA and enzyme at a concentration (81L0 unit) empiri- added to the crushed gel and the immersed gel pieces were
cally determined to result in less than 10% digestion over 5 incubated for 10 min at 24C. The digestion reactions were
min at 37°C. Digestions were stopped by snap freezing on quenched by snap-freezing. Urea was adde®& ™M and

dry ice followed by addition of SL of gel loading buffer the supernatant was removed from the gel pieces on sterile
[9 M urea (6 M final), 0.25% bromphenol blue, and 0.25% spin-filter columns and digestion products were resolved on
xylene cyanol) and products were resolved on denaturing denaturing 12% PAGE as described previously.

12% PAGE and were quantified by phosphorimaging.  RNase H Cleaage Assay for Combinatorial Hybridization
Binding curves were generated by plotting the percent affinity Screening: Transcript in Excess of Library Se-
protection from cleavage of the mean band intensity of all quences Hybridization reactions were prepared and incu-
cleavable sequence positions within the footprintable hy- pated as described above with the transcript concentration
bridization site. The dissociation constants were determinedin excess of the concentration of individual oligonucleotide
from at least three experiments as the average oligonucleotidesequences in the DNA library. Hybridization reactions were
concentration giving 50% protection on binding curves; digested by adding 1.0 unit of RNase H and 1 mM DTT
variance of values between experiments was withif82  and incubating for 10 min at 3. The digestion reactions

fold. o S S were quenched and products were resolved by denaturing
Determination of Hybridization Rates Hybridization PAGE as described above.

association and dissociation rate constants were determined

using the gel mobility-shift assay (Lima et al., 1992). For RESULTS

bimolecular association rateg,), hybridization reactions

were prepared as described above except that a single Binding of Indvidual Oligonucleotides to ras Transcript
antisense oligonucleotide concentration 10-fold overithe =~ RNA  The gel mobility-shift assay was used to determine

was used. Reactions were then incubated &€3and quick- the individual oligonucleotide equilibrium binding constants
quenched by Snap_freezing on dry ice at chosen time inter\/a|50f six different decaribonucleotides with thas stem-loop
and then run on native PAGE as above. RNA. The results are summarized in Figure 2A. The

For dissociation ratesk(,) the same concentration of affinities of all decaribonucleotides are markedly dependent

antisense oligonucleotides as for association rate determinaOn theras target site, which must reflect the effects of
tions was incubated with theé-Bnd-labeled target RNA for  different target site structure much more than differences in
20 h at 37°C. Following this equilibrium annealing, sequence (Lima et al., 1992). Oligonucleotides targeting
unlabeled target RNA was added in 10-fold excess over the @nywhere on the stem or on the extremeige of the loop
antisense oligonucleotide and exchange reactions were al€xhibited 16—10°-fold lower affinity than oligonucleotide
lowed to proceed for prescribed intervals after which they 3291 targeting the far'Side of the loop. Oligonucleotide
were quenched and ana|yzed as described above. 3283 targeting the middle of the |00p binds only 10-fold
RNase ONE Footprinting Assay for Combinatorial Hy- less well than 3291. The observed blndlng constant for 3291
bridization Affinity Screening: Library Sequences in Excess May be stoichiometrically limited and the true value may
of Transcript Labeled transcript was prepared in hybridiza- therefore be of higher affinity.
tion buffer and heat-denatured and cooled as above for RNase Binding of individual decaribonucleotides to trees stem—
ONE footprinting of single, or mixes of small numbers of, loop also was investigated using a transcript target site-
oligonucleotides. Randomized sequence oligonucleotide specific RNase ONE footprinting assay. Figure 2B shows
libraries were diluted in water, heat-denatured and cooled, the results of binding titrations assayed by RNase ONE
and added to the hybridization reaction to a final library footprinting of the decaribonucleotides 3291 and 3284, which
concentration of 50uM to 5 mM. The hybridization target the far left (5) and right (3-) sides of theras loop,
incubations, RNase ONE digestions, and PAGE analysesrespectively. For both oligonucleotides, footprints are clearly
were as described above for assays of single oligonucleotidesdiscernible. The footprint for the 3284 site is about the same
RNase ONE Footprinting Assay, Post Gel Mobility-Shift size as the oligonucleotide-( nt) and is 2-3 nt longer than
Resolution, for Combinatorial Hybridization Affinity Screen- the oligonucleotide at the 3291 site. There are no products
ing: Transcript in Excess of Library Sequencddybridiza- of cleavage of either the ascending or descending strands of
tion reactions were prepared as described above with thethe stem for titrations of either oligonucleotide up to the
exception that 10@M oligonucleotide library and unlabeled  highest concentrations employed, indicating that full comple-
transcript ranging in concentration from 100 pM to 500 nM mentary sequence binding for either is not accompanied by
were added; labeled transcript was added at the sameany disruption of the stem structure. This is consistent with
concentration as above for all assays. The library and multienzyme (not including RNase ONE) structure mapping
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FiIGure 2: (A) Affinities of individual decaribonuclectides for thras stem-loop RNA determined by gel mobility-shift assay. The5

3 sequences of the decaribonucleotides are as follows: 3270, CACCACCACC; 3271, GCGCCCACCA,; 3292, CGACGGCGCC; 3291,
CACACCGACG; 3283, UUGCCCACAC; 3284, CACUCUUGCC. (B) Quantitative RNase ONE footprinting assay of binding of
decaribonucleotides to the left (for 3291) and the right (for 3284) sides ab#BNA loop. Primary denaturing PAGE results using 0.5

units of RNase ONE for 5.0 min at ambient temperature are shown. RNA is transcript fragment at the beginning of experiments. No oligo
is RNA that has been footprinted in the absence of added antisense oligonucleotide. T1 designates RNA digested with RNase T1. (C)
Secondary plot of the primary data in panel B obtained by summing and averaging the band intensities in a given lane at the sequence
positions defined by the footprints of panel B as denoted on the left. Squares show data points for 3291 and diamonds show data points
for 3284.

of the hybrids (Lima et al., 1992). Footprints of both [Individual Sequence] (M)
oligonucleotide titrations do, however, indicate that binding
of either one influences the single-strand conformation at
adjacent nucleotides of the hybridization site of the other,
as evidenced by enhanced intensity nucleolytic cleavage at
several nucleotide positions at higher oligonucleotide con- Descending
centrations. Finally, Figure 2C shows the binding curves Stem
generated from the primary data of Figure 2B. The
determined values df, for both oligonucleotides 3291 and
3284 agree well£2—3-fold) with the values determined
independently by gel mobility-shift assays. The value for
3284 determined by RNase ONE footprinting is probably . - Loop
more accurate, because of the short (minutes) time scale of .
digestion, than that determined on an hours time scale using
gel mobility shift, which results in divergence to artificially
lower affinities of kinetically unstable weaker binding
interactions (less than or equal to micromolar) (Weeks & i )
Crothers, 1992). Ascending

RNase ONE Footprinting of Combinatorial Hybridization
Affinity Screening: Library Sequences in Excess of Transcipt ggyre 3: RNase ONE footprinting of interaction of a fully
Figure 3 shows the results of RNase ONE footprinting of sequence-randomized, uniforrii@Me substituted decanucleotide
the interaction of a 10-mer fully sequence-randomized library with theras stem-loop. [Individual Sequence] refers to
uniform 2-OMe oligonucleotide library with the 'snd- the calculated concentration of each equimolar unique sequence in
labeledras transcript fragment. The'2DMe modification the library.
was used because it facilitates high-quality automated 3 x 1071* M (Lima et al., 1992). The concentration &fs
synthesis of the library and the product obtained is consider- transcript used likely is close to the true value for Kador
ably more resistant to chemical and enzymatic degradationthis oligonucleotide and less than or equakKipvalues for
than is RNA. Oligonucleotides uniformly substituted with all other oligonucleotides in the library. For the experiment
the 2-OMe modification form hybrids with RNA having  shown in Figure 3, the calculated concentrations of individual
helical structure very similar to RNA duplexes (Griffey et sequences in the library in all three lanes are greater, by up
al., 1994). Since the hybrids are modestly more stable to minimally 160-fold, than the estimated highest affinity
(Griffey et al., 1994), preferred hybridization of the 3291 K4 value and the concentration of transcript. These are the
sequence as a uniformly substitutéd3Me oligonucleotide conditions expected to support a footprint for successful
is probably stoichiometrically limited with a value f& < hybridization affinity screening by titration of the library
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A Individual ] B site hybridization affinities from 10-10° M to only 10—
Oligonucleotide @ 1 M. Thus, in practice, it is difficult to demonstrate
Gy specificity of binding at different sites on thias stem-loop
R TR G /3283, G\ B by binding affinity screens based on titrations of the seven-

| ”[ ¢ oligonucleotide mix under footprinting conditions.
Descending «‘32 ﬁ g RNase ONE Footprinting Analysis of Hybridization of Two
Stem —( c G Oligonucleotide Mixes to ras RNAThe complexity of the

4 il i2 3\ A library was reduced further to three different component cases
if "__,.j AN\E " G of two decaribonucleotides complementary rims RNA
s i cG (Figure 5). One member of each oligonucleotide pair was
Cple S Eeuy Loop os 3291, the highest affinity sequence, and the other member
= = ZT: - gc was a different sequence complementary to one of three other
:':' g-_i-‘;,i 3 ﬁﬁ representative sites with a unique relationship torfssite
P smeet’? P for 3291. Table 2 shows a summary of the results of RNase
. ] JJEC ONE footprinting analyses (primary data not shown) of
. ’ i o binding titrations of individual and equimolar paired oligo-
. ] Arcoang G-C nucleotides for each case. The last column of the table shows
i d the direction and the magnitude of the effect of binding of

each paired oligonucleotide on binding of 3291 arnce
Ficure 4: (A) RNase ONE footprinting analyzed on denaturing versa Oligonucleotides that bind to_ the left side Of, the Iopp
PAGE of the interaction of a mix of seven equimolar decaribo- (3291 and 4272) always lose affinity when paired with
nucleotides withras RNA. Notations are as described in previous another oligonucleotide binding to another discontinuous site
figures. (B) Sequence-complementary binding sites of the seven(3271 or 3284). In contrast, oligonucleotides that bind to
decaribonucleotides with respect to the startrag stem-loop the right side of the loop (3284) or the stem (3271) gain
structure. affinity when paired with oligonucleotides that bind the left
concentration. However, no footprint was observed at any side of the loop. Further, the magnitude of the gain in
library concentration and there was no apparent melting of affinity of one of these oligonucleotides is always matched
theras stem. Attempts to select with even higher concentra- by an equivalent-magnitude loss of affinity of the paired
tions of library than the highest showr% mM) resulted oligonucleotide. The magnitude of these changes is very
(not shown) in incomplete library solubility, enhanced minimal for the 32913271 pair binding the left side of the
distortion and smearing of cleavage product bands onloop and the stem and10-fold larger for the 32913284
denaturing PAGE, and melting of thas stem, without pair binding to the left and right sides of the loop. However,
indication of a specific footprint in the loop. the largest magnitude change in affinity is seen for highly
RNase ONE Footprinting of Hybridization of a @@ overlapping, or site-degenerate, oligonucleotide pairs binding
Oligonucleotide Mix: Sequences in Excess of TranscTipe to the left side of the loop (32914272). When each
complexity of the library was reduced to an equimolar oligonucleotide of the pair has the same individual associa-
mixture of seven representative decaribonucleotides with tion constant, the change for each when paired at equimolar
sequence complementarity to a range of hybridization sitesconcentration is to equivalent loss of affinity.
on the ras stem-loop (Figure 4B). Unlike the fully For the three paired oligonuclectide cases, the dependence
randomized library, the oligonucleotide mixture did not of the binding isotherm of each decaribonucleotide of the
contain self-complements of any of the decaribonucleotides. pair on the concentration of the other decaribonucleotide also
As shown in Figure 4A, at the lower concentrations of was determined by RNase ONE footprinting (not shown).
individual sequences there is no evidence of footprinting and Association constants were determined from the midpoints
the stem is intact since both ascending and descending leg®f the binding curves of these experiments. The dependence
are protected from cleavage. By TOM, which is about of these association constants of each oligonucleotide on the
50-fold lower than the value for th&y for the 3271 concentration of the other oligonucleotide of its pair for each
decaribonucleotide, there is partial melting of the stem by of the three paired cases was then plotted as shown in Figure
strand invasion of 3271, giving protection of the ascending 6. For case A (Figure 6A), the value fdt, for either
strand of the stem to which it is hybridized and deprotection oligonucleotide changes only a few-fold as the concentration
of the melted and unhybridized descending strand of the of the paired oligonucleotide is increased over 5 log units.
stem. However, the footprint that is expectec 01! M At 10°® M of either competing oligonucleotide, which is
for 3291 is not observed until much higher concentrations, close to the value foKq for binding of 3271 that disrupts
~10"8 M. This is within ~10-fold of the concentration of  the stem structure, the slightly shifted values Karrevert
sequences~10~7 M) giving both stem melting and a back to the values in the absence of the competing oligo-
footprint of the right side of the loop by 3284. From Kg nucleotide. Thus, the binding affinity of each oligonucleotide
value, 3284 is not expected to footprint until0® M. Thus, of the pair is virtually independent of the binding of the other
there is a shift in apparent binding association constants ofoligonucleotide over a large range of concentration. For case
ras site-specific decaribonucleotides in this seven-sequenceB (Figure 6B) the values fdf, for each oligonucleotide are
mix to substantially lower (for the left side of the loop) or not affected by the presence of the other until it reaches
higher (for the right side of the loop and the stem) values ~107° M, or =10-fold higher than the individud, for either
than when binding is determined for individual sequences. oligonucleotide. Thus, at concentrations that are subsatu-
These results are summarized in Table 1. The net result israting for either oligonucleotide alone, 4272 and 3291
an accompanying overall compression of the rangeasf together should additively contribute to thees site-specific
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Table 1: ras RNA Site-Specific Association Constants for Hybridization of Individual and an Equimolar Mix of Seven Decaribonucteotides

oligo binding site orras RNA individual oligoK? (M~%) seven-oligo mix apparett (M~2) K, ratic® (mix/individual)
left side of loop (3291, 4272) % 109 1x 108 —-100
right side of loop (3284, 4273) 3 10° 1x 10 +33
ascending strand of stem (3271) x21 P 2 x 10 +100

a Association constants were determined using the RNase ONE footprinting assay as described in Materials and Methods. Errors in values are
estimatedt a factor of 2. Values determined for individual oligoribonucleotides hybridizing to the indicated sitaaoRNA. ¢ ApparentK,
implies the value observed at the indicatad RNA site by RNase ONE footprinting and may not be the tuéor any individual oligonucleotide
that hybridizes to that sité.Values <1.0 or >1.0 are represented as negative or positive whole numbers, respectively, to indicate the magnitude
by which they aralecreasedr increasedrespectively, in the seven-oligonucleotide mix compared to values for individual oligonucleotides binding
to the same sites.

u c u c u c
§ G A § G A ,&, G A §
G A G A G A®
c G c G c G
u A u A u A
G G G G G G
c u c u c u
Y C-G C-G C-G
G-C G-C G-C
C-G C-G Cc-G
A G-C B G-C C G-C
~ GeU GeU GeU
S GG GG GG
U-A U-A U-A
G-C G-C G-C
G-C G-C G-C
1 ua U-A U-A
GeU GeU GeU
G-C G-C G-C

Ficure 5: RasRNA binding site relationships of three different cases-@) of paired antisense oligonucleotides. Each pair includes the
highest affinity oligonucleotide, 3291, and one of three other oligonucleotides binding to sigesRINA with distinctly different relationships
to the site for 3291.

Table 2: ras RNA Site-Specific Association Constants for Hybridization of Individual and Equimolar Paired Decaribonuckeotides

first oligo binding individual first first oligo apparent paired K ratio?
case site onras RNA oligo K (M) K (M~1) with paired oligo oligo (paired/individual)
A 3291 1x 10 3x 10 3271 -3
A 3271 2x 10° 5x 10° 3291 +3
B 3291 1x 10 1x 10 4272 —100
B 4272 1x 10t 1x 10 3291 —100
C 3291 1x 10 3x10° 3284 —30
C 3284 3x 10° 1x 10 3291 +33

a Association constants were determined using the RNase ONE footprinting assay as described in Materials and Methods. Errors in values are
estimatedt a factor of 2.° Values determined for individual oligoribonucleotides hybridizinga®RNA. ¢ ApparentK, implies the value observed
at the indicatedas RNA site for binding of the first oligonucleotide by RNase ONE footprintitiyalues<1.0 or>1.0 are represented as negative
or positive whole numbers, respectively, to indicate the magnitude by which thdgemasedr increasedrespectively, in the paired oligonucleotide
mix compared to values for individual oligonucleotides binding to the same sites.

RNase ONE footprint, which is incapable of distinguishing apparent affinity gained by 3284 is exactly matched by
between these two ligands. At higher concentrations, from affinity lost by 3291. The slopesH or —) of these changes
10 °to 10°® M of the second oligonucleotides, the apparent in K, become shallower at T0M. The final values foK,
affinities of the first oligonucleotides both decrease by 2 for each oligonucleotide are identical and midway between
orders of magnitude. Thus, at higher fractional saturation the two starting high and low values. Together with the
of the left-hand side of theas loop this oligonucleotide pair  appearance, from 10to 10 M of competing ligand, of
must become competitive, presumably due to equivalent RNase ONE cleavage of both the ascending and descending
affinity competition of partially hybridized and unstable strands of theas stem (primary gel data not shown), this
intermediates, such that neither oligonucleotide hybridizes indicates affinities for either oligonucleotide for the unfolded
completely in preference over the other, thus allowing RNase ras sequence are indistinguishable by footprinting. This
ONE to more effectively compete for binding. For case C confirms that the-10°-fold difference in association constant
(Figure 6C) there is no change in the appatentalues of values measured for individual oligonucleotides is entirely
either oligonucleotide from the individual values until the due to the structure of thes stem-loop.

second oligonucleotide reaches about®l®l. Thereafter, RNase ONE Footprinting, Post Gel Mobility-Shift Resolu-
at every concentration of the second oligonucleotide, the tion, of Combinatorial Hybridization Affinity Screening:
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108 Vv Ficure 7: (A) Denaturing PAGE analysis of RNase ONE foot-
o printing in crushed gel slices, post gel mobility-shift resolution, of
o v 1:1 stoichiometryras RNA-2'-OMe decanucleotide complexes
o formed in hybridization affinity screens using transcript in excess
F P over individual library sequences. Fully sequence-randomized
[V PR MR AR SO uniform 2-OMe-substituted library was held constant for a
[Competing Oligonucleotide] (M) calculated concentration of individual library sequences of 100 pM.

(B) Schematic representation of the sequence positions of the

Ficure 6: Dependence of equilibrium binding association constants footprint onras RNA

of each decaribonucleotide on the concentration of the other
competing oligonucleotide for each of the three paired oligonucleo- inside lanes covering RNA concentrations fromx510-10

tide cases. Data are replotted from primary binding isotherm plots 45 5 ., 109 M, bound complexes were observed on mobility-

\(/g?ite%hg\\//vgr) -lgﬁrtg""fgé’ T\l,tf g?uengdt_r;gbtuetlreaéfgsogazm\ﬂzoﬂg% W8S shift gels and the recove.red material is Iimit_ing and rela_tively
constant at 5 pM, the second (competing) oligonucleotide was underloaded on denaturing PAGE. There is a clearly titrated
held constant at the indicated concentration, and binding constantsRNase ONE footprint within the loop of these complexes
were determined from the midpoints of the primary binding curves. that must be accounted for by preferential binding of the

ApparentK, denotes theas RNA site-specific values determined  |; ; ;
by RNase ONE footprinting, which may not be the tkievalues library oligonucleotides to nondegraded loop sequences and

for the individual oligonucieotides. Open circles are data points SUbPSequent RNase ONE cleavage flanking the oligonucleo-
for 3291 and solid squares are data points for the other oligonucleo-tide(s) binding site(s). The cleavage of &nd 3-most loop
tide of each pair. Competing oligonucleotide here applies in the sequences must be due to RNase ONE because formation

operational sense in experimental design and does not mean to implypf products is in excess of background cleavage outside of
kinetically formal relationships of paired oligonucleotides. A the loop

presumed systematic error for experiments titrating 3291 in case N . -
A resulted in values for appareKt that are< 10-fold lower than The span of the footprint is shifted 3 nt & the binding

for most other determinations, but this does not affect the changesite for 3291 (Figure 7B). There are several contributing
in values with varied concentration of 3284. explanations consistent with this result. First, the footprint
for 3291 is longer than the binding site by-2 nt on the
Transcipt in Excess of Library Sequencéxperiments were  3'-side as described earlier (Figure 2). Second, the first three
performed as described in Materials and Methods and single-nucleotide '3shifted 10-mer oligonucleotides binding
representative results are shown in Figure 7. The outsidethe 3-most side of the loop3291, 4272, and one other (data
lanes, especially the far right lane, are greatly overloaded not showny-have equivalent affinity and this defines a single
compared to the three inside lanes (Figure 7A). The far right 12-nt, not a 10-nt, highest affinity'Soop site. Third,
lane is for free labeled transcript only, which can be oligonucleotide 3283 binds to the top of the loop only 10-
recovered in abundance from mobility-shift gels. Similarly, fold less tightly than these three isoenergetic oligonucleotides
for the far left lane there was little or no bound transcript and discrimination would require a demanding screen.
detected on gel mobility shift and it is evident that primarily Fourth, the binding affinity screening conditions, in fact, are
excess free transcript was recovered from native gel slicesnonideal, with the concentration of individual library se-
and loaded on denaturing PAGE. For these two overloadedquences only 550-fold less than that of labeleds RNA,
lanes, nonenzymatic and nonspecific background degradatiordue to limitations on detection of 1:1 stoichiometry bound
of the labeledras RNA, after the many manipulations of complexes. However, the highasts RNA concentration
the experimental procedure, is readily evident. Since theof 5 x 107° M is >=10-fold greater than th&y for 3291
major portion of material is still full-length transcript, (2'-OMe and RNA oligonucleotides have roughly similar
degradation must be primarily by single hit kinetics with a affinities (Griffey et al., 1994)) and a footprint reflective of
bias toward larger fragments at the top of the gel. For the the expected90% bound transcript is observed. This result
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A [ras] (M) B The most reactive sequence positions are also the most
% . ° \ l reactive in the presence of added specific base (far right lane).
: % % B 6o 7 The complete absence of cleavage products of the descending
O N UG Gc strand of theras RNA stem for all experiments indicates
_' e e ' e A that RNase H cleavage has been restricted to sequences of
Descending ' —> g A sites of formation of RNADNA heteroduplexes with theas
Stem i : ¢ f loop only. Low molecular weight cleavage products of lower
[ * ! 0 UG e yield than for products of primary cleavage of loop hetero-
. ! 2 | atiniy c v duplexes must then be due to overdigestion with RNase H
Loop s 8 = - Cleavage C-G .
t & & Sites ec and some secondary cleavage events, not due to primary
| * : 8 @ GC cleavage of the ascending strand of thestem. The results
E GG of these experiments are also superior because it was possible
: : o to achieve more preferred screening conditions. Since DNA
Ascendi o GC oligonucleotides required for RNase H activity have signifi-
scending s a - U-A .. .
Stem 7 GU cantly lower affinity for target RNA than either RNA of-2
¢ 5 - . o€ OMe oligonucleotides (Griffey et al., 1994), detection limit
-t j s constraints can be met for complexes at concentrations that

are 50-500-fold below the lowestKy for DNA-RNA

i . . heteroduplexes with the left side of thes loop. This is a
Ficure 8: (A) Denaturing PAGE analysis of RNase H cleavage in . .
solution of 1:1 stoichiometryras RNA-DNA decanucleotide 10-fold |mprovement over the difference between qomplex
complexes formed in hybridization affinity screens using transcript concentration and the lowég, for RNA or 2-OMe oligo-
in large excess over individual library sequences. Fully sequence nucleotides (Figure 7).

randomized DNA library was held constant for a calculated Fg ; ;
concentration of individual library sequences of 100 pM. (B) As for the RNase ONE footprinting experiments of Figure

Schematic representation of the sequence positions of RNase H/» e seéquence positions of RNase H cleavage of the loop
cleavage. Although affinity cleavage is indicated over the entire are 3-shifted (Figure 8B). Some of the reasons are probably
left side of theras loop (panel A), only sequence positions of the same: the highest affinity isoenergetiddop site is 12
cleavage significantly above background degradation are indicatednt gnd the top of the loop site binds only 10-fold less well.

in panel B. However, in addition, it has been shown (Crooke et al., 1995)
is also important because it demonstrates that the predictedhat sequence positions of RNase H cleavage ‘ashified
presence of equimolar self-complements for eves-RNA with respect to the RNA target. Finally, although RNase H
binding oligonucleotide in the fully randomized library does does not show base specificity it does have some ill-defined
not greatly inhibit selection for binding to excesas helix conformational specificity and is subject to steric
transcript. ~ Self-complements may, however, lower the constraints imposed by the target structure and so does not
concentration of oligonucleoticias complexes and make  cleave equally well at all heteroduplex sequence positions
detection more difficult. Fifth, it was reported previously (Figure 8A). Therefore, it probably would be misleading to
(Lima et al., 1992) that highest affinity oligonucleotides cause assume a strict correspondence of greatest yield of products
the smallest change iras RNA conformation with the  for RNase H cleavage at the top of the loop with highest

resultant smallest difference in migrational retardation on concentration of oligonucleotide complexes with the top of
mobility-shift gels compared to fraas. only 2 mm for 3291 the loop.

and 5 mm for 3283)s 12 mm for 3284. Thus, in initially

removing the large excess of frees RNA from mobility- DISCUSSION
shift gels it is difficult not to also remove some of the closely ) ] S o o
adjacent left side of the loop binding oligonucleotides Combinatorial Hybridization Affinity Screening in Solu-

complexes and in attempting to subsequently specifically tion. Our overall goal has been to explore strategies for
recover the latter it is difficult to not recover some of the equilibrium binding affinity-based screening, perforniad
top of the loop binding oligonucleotides complexes.  itro, in solution, under quasiphysiologic conditiong( pH,
When all these factors are considered, the RNase ONEtemperature, salt species, and concentration), of combinatorial
footprinting results are in accord with the best that should Oligonucleotide libraries against defined RNA targets. We
be expected for a successful combinatorial bmdmg affinity view this as an accessible approach for the identification of
screen and this mode of analysis. preferred hybridization sites, which is the first step toward
RNase H C|emge Assay of Combinatorial Hybridization in vitro Optimization of antisense Oligonucleotitﬁ!ﬂded
Affinity Screening: Transcript in Excess of Library Se- RNA recognition (Lima et al., 1996). For reasons we have
guences Experiments were performed as described in discussed earlier and have developed more fU”y elsewhere
Materials and Methods and typical results are shown in (Lima et al., 1996), this may have value for predicting and
Figure 8. In general, the results are superior to those shownimproving biological potency and specificity of antisense
in Figure 7. With fewer manipulations, due to RNase H inhibition. We wanted to avoid screening on solid supports
treatment in the combinatorial hybridization affinity screening Of €mploying physical separation, because of the potential
solution following equilibration, the level of spontaneous for the introduction of bias and in order to minimize the
background degradation is greatly reduced (far left lane of Number of manipulations required.
Figure 8A). Further, it is limited to the loop nucleotides, Library Design We chose to use short (10-mer) oligo-
consistent with access of single-strand, but not double-strandnucleotide libraries in order to restrict the library complexity
sequence positions to an in-line stereochemistry of RNA 2 (calculated as*# = 1 048 576 sequences) so that all possible
OH and 3-OR groups at sites of phosphodiester hydrolysis. sequences could be synthesized with equimolar base repre-
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sentation at each sequence position and in equivalent andase-independent endoribonuclease that cleaves at all se-
adequate amounts (Davis & Ecker, 1996). Thus, a single quence positions, including to within-B nt from the end(s)
10-mer oligonucleotide synthesis yields sufficient fully of heteroduplexes formed with oligonucleotides of diverse
randomized library for many searches for preferred sites of backbone substitution chemistries, which are completely
10-mer hybridization on RNAs of any sequence. Short immune to cleavage. Therefore, very high contrast and
oligonucleotide libraries also avoid a bias for suboptimal tightly demarcated footprints s site-specific binding of
recognition of RNA structure that generally is the case for oligonucleotides are obtained (Figure 2B). This assay is
screens using long (20-mer) oligonucleotides, as was dis-additionally useful for providing information about changes
cussed earlier (Woolf et al., 1992; Stein & Krieg, 1994; in ras RNA secondary structure and loop conformation upon
Wagner, 1994). Further, the heteroduplex affinity at the oligonucleotide binding, from the appearance or disappear-
identified, preferred sites falls within the operational range ance of cleavable nucleotides and from enhanced or dimin-
of measurement of readily accessible binding assays, in ordefished relative yield of products at cleaved nucleotides (Figure
to facilitate subsequent quantitative characterization and 2B). Further, values for thermodynamic equilibrium binding
eventual oligonucleotide optimization of affinity and speci- constants for oligonucleotide hybridization ras RNA are
ficity (Lima et al., 1996). Importantly, the stability of essentially identical when determined by either the gel
intramolecular interactions$.€., stem-loops) of short library mobility-shift or RNase ONE footprinting assays (Figure 2C),
sequences is attenuated. Those short library oligonucleotidesyith the latter considered to be more accurate for weak
that do have stable internal structure will have diminished binding oligonucleotides (for reasons discussed earlier).
affinity of hybridization with RNA (Chastain & Tinoco,  Finally, detection of an RNase ONE footprint requires that
1993; Freier, 1993) and should not be chosen in affinity- the concentration of the hybridizing oligonucleotide should
based screens. Unlike libraries of some other nucleic acid ¢ |east approach both the for its interaction witrras RNA,
screening strategies, the libraries used in this strategy havgp order to obtain binding, and the concentration of the
no internal fixed sequence positions (Ecker et al., 1993) or RNA, in order to protect a sizeable fraction of total RNA
external conserved flanking sequences (Ellington &Szos_tak, from digestion. These requirements are consistent with a
1990; Robertson & Joyce, 1990; Tuerk & Gold, 1990), which g minent stated goal of screening in solution of pooled
would be expected to limit and/or bias screens for binding ¢ompinatorial libraries of any composition (Pinilla et al.,
to fo'd‘?d RNA_- . L 1995): each unique compound of the library should be
Individual Oligonucleotide Hybridization to ras RNAThe -~ gereened at a concentration that will allow a single active
data presented in Figure 2A for the binding affinities one 1o register a response in vitro binding assays or
determined by gel mobility-shift assays of six different pi,aqqays generally requiring significant fractional saturation
decaribonucleotides with sequences complementary 10 auf the pinding site of the molecular target. This suggested
range of possible hybridization sites on the mutantréka- that the footprinting assay format may be appropriate for

MRNA 47-nt frz_igment (Figure_ 1) confirm that this RNA hybridization affinity screening of combinatorial oligonucleo-
should be particularly well-suited as a model target for tide libraries

exploring combinatorial oligonucleotide hybridization affinity ) . . e
screening. It is a representative member of the ubiquitous Unsuccessful Combinatorial Screening for Hybridization

stem-loop structures found in folded RNA and it is small Using a fully sequence-randomized 10-mer oligonucleotide
enough to be readily synthesized and for oligonucleotide library, at concentrations that were below those leading to
binding to be easily characterized. Further, there is a grtn‘acts attnbutgble to |nsolub|llty and high ionic strength,
relatively large loop of 19 single-strand nucleotides devoid it was not possible to accrue evidence for an RNase ONE
of other complicating secondary structure elements, such as‘footpr_mt indicative of_ selective ohgo_nucleonde b|nd|_ng to
divergent stems or involvement in pseudoknots, which is any site oras RNA (Figure 3). One likely factor contribut-
attractive as an element for antisense oligonucleotide hy-ing to this failure is the theoretical presence of equimolar
bridization. In fact, it is observed that 10-mer oligonucleo- Self-complements of every oligonucleotide having sequence
tides bind the 5most side of the loop exceptionally well complementarity with a site oras RNA. Hybridization of
(Figure 2A) (Lima et al., 1992). Perhaps of most importance as RNA binding oligonucleotides to self-complements will
for a paradigm model study, the very largé-3Q® M range lower their effective concentration and may be expected to
of dissociation constants for decaribonucleotides hybridizing drive the observed concentration of library which gives
to different sites omas RNA is a result that would seem to ~ sufficient oligonucleotide binding toas RNA in order to
favor binding that is specific for the'foop in preference  detect a footprint to a higher concentration than would be
over binding to otheras RNA sites in affinity-based screens  expected in the absence of self-complement(s). However,
of carefully titrated concentrations of combinatorial oligo- this explanation may not be sufficient to account for the
nucleotide libraries. complete absence of a footprint. Therbost side of the

RNase ONE Footprinting AssayThe gel mobility-shift ras loop binds complementary oligonucleotides with stoi-
assay is not suitable for combinatorial hybridization affinity chiometrically limited observed association affinity constants
screening, because it is not possible to readily discriminate severalfold higher than for length-matched complement
between binding of different length-matched oligonucleotides binding of those oligonucleotides (Lima et al., 1992).
of a pool to different sites oras RNA (Lima et al., 1992).  Further, the calculated concentration of library oligonucleo-
An appropriate enzymatic footprinting assay should not be tides was greater than 2 orders of magnitude above the
subject to this constraint. Therefore, we have demonstratedobserved dissociation binding constant for binding of indi-
that RNase ONE (Promega) is exceptionally useful for the vidual oligonucleotides to this preferred site @s RNA. If
footprinting analysis of oligonucleotide hybridizationrs no other processes were involved, these factors would tend
RNA. RNase ONE is a single-strand specific and nucleotide to favor binding of oligonucleotide(s) to thé-bop.
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Reduced Complexity Component Systerirs order to as they would be in the fully randomized oligonucleotide
better ascertain the importance of oligonucleotide library self- library. We assume that the binary complexes shown for
complements and to begin to understand what, if any, othercases A and C lie on productive pathways to ternary
phenomena may emerge with pooled oligonucleotides, complexes, as depicted. Attempts to prove this, and to
experiments were performed using a mixture of seven independently obtain values for rate and equilibrium con-
equimolar decaribonucleotides complementary to a range ofstants, by using pulsechase isotope trapping technology
sites onras RNA, wherein none were complements of any (Rose, 1980), were not successful, because the requirements
of the others (Figure 4B). The results of titration experiments for these experiments were not compatible with formation
using the RNase ONE footprinting assay are shown in Figure of discrete complexes but resulted in the formation of
4A and the determinedas RNA site-specific binding aggregates (results not shown).
constants are summarized in Table 1. Reducing the com- For all three paired oligonucleotide cases the data for
plexity of the oligonucleotide mixture in this way provides binding events along the edges of the schemes shown in
for a footprint of loop nucleotides, suggesting that removing Figure 9 fit well to established kinetic mechanism formalisms
the possibility of self-complement hybridization of oligo- (Klotz, 1986). Thus, for case A, where the two oligonucleo-
nucleotides complementary tas RNA is at least a partial ~ tide binding sites are nonoverlappin§; = K, (£3-fold)
solution to the problem. However, all of thas RNA site- for the same oligonucleotide and, therefore, the site affinities
specific apparent association constants for the mix areare essentially independent and fixed. There is an allowed
significantly different than for binding of individual oligo- ~ random, sequential binding order, but inspectioia@ndk
nucleotides. Cumulatively, these are observed to result in avalues for both oligonucleotides indicates that when they are
leveling effect orras RNA binding site discrimination, with ~ equimolar the upper pathway is preferred and binding is
the highest and lowest affinity sites for individual oligo- ordered, sequential. For case B, the binding sites are
nucleotides moving in the mix to lower and higher affinity, mutually exclusive and values ftt andk are the same for
respectively, and loop binding occuring almost concomitantly €ach oligonucleotide, so that when they are equimolar
with stem melting. These results strongly suggest that binding is competitive and neither pathway is preferred over

processes other than self-complement hybridization also musthe other. Since the values fér for each oligonucleotide
be at work. in the presence of the other are less than for the individual

oligonucleotides, the sites may be characterized as dependent
and changing. For case C, the sites are not competitive, but
for either oligonucleotideK; = K, in the absence and
presence, respectively, of the other and so the sites are
dependent and changing; in fact, they are mutually allosteric.
Formally, binding of 3291 gives positive heterotropic
cooperative facilitation of binding of 3284, and binding of
3284 shows negative heterotropic cooperative inhibition of
binding of 3291. Although there is an allowed random,
sequential binding order, inspection Kfand k values for

The complexity was reduced further to a minimal multi-
plicity of two oligonucleotides from the fully randomized
library in order to dissect out and understand the simplest
processes resulting from the interplay of multiple oligo-
nucleotides wittras RNA, which must operate together in
higher complexity mixes. Since the goal of hybridization
affinity screens withras RNA is to demonstrate selective
binding at the 5loop site, oligonucleotide 3291 was included
as one member of each of three oligonucleotide pairs (Figure

5), Witg. thetsecgn?tr?ligct)nucleotidi compllemgntaryt:]og?gelboth oligonucleotides reveals that when they are equimolar
ascending strand of the stem (case A), overlapping wi the upper pathway is preferred and binding is approximately

at the 5-loop site (case B), or complementary to tHddp ordered, sequential

site (case C). These binding interactions were characterized Even ’though clos.e inspection of the kinetic mechanisms
by equimolar binding titrations of the paired oligonucleotides of Figure 9 can allow discrimination between allowed and
(Table 2), binding titrations of one oligonucleotide in the preferred pathways (as above), this is not the best way to
presence of different fixed concentrations of the other for appreciate concentration-depe’ndent binding to different
determinations of the dependence of values for associationfunctional classes afs RNA sites of individual compared
binding constants of one oligonucleotide on the concentrationto paired oligonucleotides. Accordingly, as a preferred
of the other (Figure 6), and determinations of association formalism, Figure 10 showsas RNA sité-specific free

and dissociation rate constants. energies of binding at three concentrations for each of the
The accumulated thermodynamic, kinetic, and structural individual and equimolar paired oligonucleotide combina-
data obtained by RNase ONE footprinting and gel mobility- tions. Although transition-state free energy levels in going
shift experiments for the three paired oligonucleotide casesfrom individual to paired oligonucleotides were not deter-
was used to construct the binding schemes depicted in Figuremined, the kinetic barriers should be of the same magnitude
9. These mechanisms pertain to the relatively large oligo- as for individual oligonucleotide binding, because there is
nucleotide concentration range fron10°to ~10°6 M. The no problem reaching equilibrium binding under the same
former value is the lowest for which deviations from conditions. Further, in this study it is the relationships of
individual K.s are seen for paired oligonucleotides and the ground-state free energies of oligonucleotide binding at
latter value is at the upper limit for retention of (at least equilibrium that determine the success or failure of binding
partial)ras RNA secondary structure (Figure 6). Above and affinity titration screens.
below these concentrations the binding behaviors may deviate Viewed in this perspective, it is seen that for all three cases
from the constructs of Figure 9 (especially for cases B and the largest changes in free energies of ground states over
C). Since the thermodynamic and kinetic constants are the range of concentrations shown is observed for the starting
dependent on the relative concentrations of the pairedstates. For cases A and C the binding of 3291 is always of
oligonucleotides (Figure 6), all three schemes were deter-lowest energy for the individual oligonucleotide or when
mined for when the paired oligonucleotides are equimolar, equimolar with the other over the range fronT1tto 1077
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Ficure 9: RasRNA site-specific kinetic schemes for binding of the three different two-decaribonucleotide combinations. Edge pathways
(solid arrows) denote individual and sequential equilibrium binding events involving only fully hybridized complexes, for which site-
specific and ligand-specific parameters are the same (Klotz, 1986). (A) Binding at nonoverlapping sites with an allowed random, sequential
binding order and independent and fixed site affinities: independent sites. (B) Mutually exclusive binding at overlapping sites with dependent
and changing site affinities: competitive sites. (C) Binding at nonoverlapping sites with an allowed random, sequential binding order and
mutually dependent and changing site affinities: allosteric sites. Internal, shaded surfaces represent alternative binding pathways involving
partially hybridized intermediates and dashed arrows represent concerted binding pathways. Oligonucleotides binding to the left or right
sides of thaasloop are shown to the left or right ofs in notation for complexes. Noncovalent complexes are designated by solid circles
betweerras and ligands, andas species with different secondary and/or conformational structure thamasgao notation) are denoted

using superscript carets or subscript inverted carets or biithand K, are site-specific association constants for first oligonucleotide
binding in the absence and second oligonucleotide binding in the presence of the other oligonucleotide, respgeciivalky.are association

rate constants of first and second bound oligonucleotides,kan@nd k_, are dissociation rate constants for first and second bound
oligonucleotides. Ky are induced association constants for the oligonucleotide at the first bound site caused by binding of the other
oligonucleotide at the second bound site, &mpdand k-, are induced association and dissociation rate constants at the first bound site
caused by binding of the other oligonucleotide at the second bound site. Values for all constants were determined for the equimolar
oligonucleotide pairs. All thermodynamic association constant values shown are from RNase ONE footprinting, but most also were determined
by gel mobility-shift assays with good agreemesi2(-3-fold) except for the lowest affinity oligonucleotides, for which the footprinting

values are considered more accurate (see Materials and Methods). Dissociation rate constants were determined by gel mobility-shift assays
and bimolecular association rate constants were calculated from the measured dissociation rates and equilibrium iKprstariks,).

Some association rates also were measured directly by the gel mobility-shift assay and were in close agreement with calculated values
(+£2-fold). Rate constant values for second oligonucleotide binding of either pathway for cases A and C were not determined.

M. For case C the energy difference between the 3291 sitestate {.e., by titration) above that for the 3291 site while
and the 3284 site in the paired situation is always signifi- maintaining it far enough below the energy for the 3271 site
cantly less than the difference for the individual oligo- to achieve preferential’8oop site binding discrimination.
nucleotides at all concentrations. The energies at the 3291For cases B and C the energies of both sites when the
site and the 3284 site are equivalent when both oligo- oligonucleotides are paired are either the same (case B) or
nucleotides are present at” M. In contrast, for case A so close (case C) that there is no way to situate the starting
the change in the energy difference between the 3291 andstate energy by changing oligonucleotide concentration to
3271 sites when the oligonucleotides are paired or alone isfavor binding at the 3291 site over the other.

minimal and it is nearly constant over the full range of  Reconstruction of Eents with Full-Complexity Libraries
oligonucleotide concentration. For case B the 3291 and 4272From the above reductionistic analyses it becomes possible
site are highly degenerate and have the same energies at atb attempt to account for the failure of hybridization affinity
concentrations for individual and paired situations, but the screening of full-complexity oligonucleotide libraries under
energies for the paired oligonucleotides are always signifi- enzymatic footprinting conditions when all of the indpend-
cantly higher than for oligonucleotides measured inde- ently identified different binding interactions operate simul-
pendently. Clearly, case A represents the only site relation-taneously. Competition of binding of oligonucleotides to
ship where it is possible to move the energy of the starting self-complementssto ras RNA will tend to drive titrations
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Ficure 10: Site-specific energetics of binding interactiongas
RNA with the three combinations of two equimolar decaribo-
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upward so that it will not be possible to obtain complete
protection of the 5side without also some binding to the
3'-side. Further, since complete hybridization of oligo-
nucleotides to both the’3and 3-sides of the loop is
topologically impossible with retention of the sterloop
secondary structure, at a high enough library concentration
the stem will melt before there can be saturation binding of
the B-loop site. When this happens all oligonucleotides
complementary toas RNA sequences bind with only minor
sequence-dependent differences in affinity and all possibility
of discrimination based on target RNA structure is lost.
Finally, all these processes are expected to be greatly
exacerbated by the much larger number of oligonucleotides
that are sequence-degenerate with the selected ones studied
above, with the result that all of the described effects
probably happen at the same library concentration.

Control of Complexity ConstraintsThe present study
acutely illustrates the limitations of current formal under-
standing and treatment of both theory and experiment dealing
with binding of pooled combinatorial libraries with defined
molecular targets in solution. Construction of formal kinetic
binding schemes (analogous to Figure 9) and derivation of
accompanying mathematical descriptions are only possible
when the identities of all interacting species and the kinetic
and thermodynamic parameters describing all complexes
formed are known. For very complex systems, it is
impractical to independently determine all of these experi-
mentally, and whereas attempts have been made in special

nucleotides. The edge mechanisms of Figure 9 are assumed. Gcases to calculate binding affinities of all complexes using
is the biochemical free energy under our experimental conditions. computers (Freier et al., 1995), as we have shown here, ideal

Ground-state values of'Gvere calculated from both equilibrium
and rate constants and transition state values fove®e calculated

from association and dissociation rate constants according to
standard equations (Klotz, 1986; Stenesh, 1993). The values of

1011 and 107 M delimit the concentration range giving the largest
perturbations irkK, values for paired oligonucleotides compared to
for individual oligonucleotides, with the imposed constraint of

retention ofras RNA secondary structure. The free energy diagram
for any other concentration falling between these two values would
simply be an interpolation of the diagrams for these limit values.

The high value of 18 M is included in order to show the change
in energetics upon melting of thas RNA secondary structuré.¢.,

as in cases A and C). For all three cases, the solid line represent

the energetics of binding of 3291 to the left side of ths loop

and the broken line represents the energetics of binding of the other

oligonucleotide in each pair with its respective siteras RNA.

binding behavior cannot be assumed when all components
are present together. Mathematical descriptions of numerous
component systems can be corrected to a degree for nonideal
bulk effects {.e., solvent, salt, etc.) by the use of activity
coefficients (Wyman & Gill, 1990), but this treatment does
not begin to address the kinds of ligand interdependencies
we have identified.
As a consequence of both the goals and methods of

syntheses, solution-based screening of pooled and unbiased
combinatorial libraries is faced with the unique situation of

Selecting from large to enormous numbers of compounds of

equivalent representation composed of groupings of many
closely related molecules of shared functionality, or quasi-

The starting ground-state free energy for each diagram is the samespecies (Eigen, 1992). Every quasispecies is related to others

value, by convention, for freas RNA and 3291 or freeas RNA
and the other oligonucleotide.

are for binary complexes afs RNA and 3291 oras RNA and

Bound species represent fully
hybridized complexes; no attempt is made to show partially
hybridized intermediates. The first bound intermediate energies

and together they comprise a seamless continuum (quasi-
species of quasispecies) covering the total chemical diversity
of the pool. It may be especially challenging to identify

single active structures because any given one should have

the other oligonucleotide alone (i). The second bound complex many close relatives at the same molarity; the more chemi-

energies are for the interaction s RNA and 3291 only or for

ras RNA and the other oligonucleotide only when both 3291 and

the other oligonucleotide are paired (pg, they araas RNA site-

specific binding energies and do not represent total energies of

ternary complexes.

cally diverse the mix the more different molecules with close
relatives will be present, and the larger the number of distinct
structures the more seamless will be the relations between
any given group and others. This certainly is true in the
present work for the randomized oligonucleotide libraries.

to higher library concentrations in order to detect the latter. The relations of different oligonucleotide hybridization sites
Competitive binding of sequence-degenerate oligonucleotideson ras RNA also are not discontinuous. Thus, it would

for the B-side of theras loop will depress higher fractional

appear that structurally degenerate complexity and multiple

saturation binding needed for a good footprint and require linked interactions (Wyman & Gill, 1990) are the defining
even higher concentrations of library. At the same time, issues for binding affinity-based screening of unbiased
allosteric interaction of oligonucleotides complementary to combinatorial pools of molecules.

the B- and 3-sides of the loop will drive the affinity for the

In applications, such as the present study, requiring full-

5'-side down and necessitate yet higher library concentrationscomplexity, unbiased libraries, the only solution is the

for binding. The affinity for the 3side will be pushed

elimination of all potential linked binding interactions in a
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way that preserves massive coparallel screening only of everyindividual bimolecular complexes, including those that are
possible independent bimoleculai.e(, library oligo- sequence-overlapping, this assay can identify preferred
nucleotideRNA) binding event This requires that the hybridization sites on RNA that are longer than the (10-mer)
concentration of oligonucleotide library be held such that library oligonucleotides (as in Figure 8).
the calculated concentration of individual library sequence Toward Rational Optimization of Antisense Oligonucleo-
is limiting and significantly less than th€, for the highest tides By adhering to the optimal screening requirements
affinity bimolecular complex(es) with the target RNA. established in this study and using the RNase H cleavage
Complex formation will then be controlled solely by the assay, we recently have been able to use combinatorial 10-
concentration of the RNA, which can be titrated around this mer DNA oligonucleotide hybridization affinity screening
K4 value in order to preferentially select for tightest interac- in solution to correctly identify sites of preferred hybridiza-
tions. Intermolecular interactions among self-complementary tion of antisense oligonucleotides in thel0 nt of hepatitis
library sequences will be strongly disfavored and the only C virus RNA. Subsequent optimization of exact sequence,
statistically significant population of bound complexes will length, and backbone chemical composition of oligonucleo-
have 1:1 stoichiometry and so all library oligonucleotide tides complementary to these identified sites for enhanced
RNA interactions should behave as if measured independ-in vitro binding affinity and specificity resulted in antisense
ently and there should be no “melting-out” of individual that was more biologically potent and selectivennwitro
RNA molecules. translation and cell-based expression assays than were
Successful Combinatorial Screening for Hybridization identical chemical composition 20-mer oligonucleotides
The above requirements were approximated in the experi-chosen by traditional transcript sequence walks (Lima et al.,
ments of Figure 7 and were met for the experiments of Figure 1997). Thus, it is likely that thign vitro approach may be
8 utilizing fully randomized 10-mer oligonucleotide libraries. applied to other RNAs to successfully predict antisense
As discussed in the Results section, both experimentsoligonucleotide inhibitory activities in biological assays.
demonstrated preferential hybridization to tHentost and Significance and Implications for Combinatorial Biology
top nucleotides of theas RNA loop. The better results and Chemistry First, it is likely that nature employs limited
observed for experiments of Figure 8 can be attributed to diversity combinatorial intra- and intermolecular hybridiza-
better adherence to the screening requirements, the use of #on interactions, replete with the features of competitive and
simpler assay requiring fewer manipulations, and a surprising allosteric binding, secondary structure and conformational
signal amplification effect (Lima et al., 1997). The purpose changes, and fine tuning of energetics, for the functional
for performing the experiments of Figure 7 was to show that regulation of numerous nucleic acids (Emerick & Woodson,
the RNase ONE footprinting assay can accurately report on1994; LaGrandeur et al., 1994; Lingner et al., 1994). It
preferred site binding twas RNA of oligonucleotides of  should even be possible to mimic these regulatory elements
complex combinatorial libraries when binding is achieved for practical applications (Porta & Lizardi, 1995).
under the correct screening conditions. However, itis clear Second, a question with broader impact is, do any of the
that the requirements for footprinting (reviewed earlier) are behaviors observed for interactions of nucleic acid libraries
mutually exclusive with the screening requirements without with RNA have any relevance to the much larger world of
the intervention of a cumbersome physical separation stepsmall molecule combinatorial library interactions with bio-
to resolve the small amount of oligonucleotidess RNA molecules, especially proteins? In comparison to study of
heteroduplexes from the much larger amount of frag the latter, the kinds of reductionistic binding analyses
RNA. Therefore, selective cleavage of heteroduplexed DNA performed here were greatly facilitated by the experimentally
oligonucleotideRNA sites onras RNA by RNase H in accessible nature of nucleic acid hybridization and charac-
solution, immediately following library hybridization equi- terization by gel mobility-shift, enzymatic footprinting, and
librium, is the simpler and preferred assay. Since affinity enzymatic affinity cleavage methods. However, ligand-
cleavage patterns on gels are the sum of all patterns forinduced structural changes, linkage effects, kinetic formal-
isms, and energetics treatments of this study were all
2|n principle, this constraint can be satisfied as described in observed or utilized first from decades of work on protein
rilf\gionship lZQ[ULS*]f t; ﬂ;q* hi [th]%f}/r\]/_Y:GYEEQ[UH_Sb’;] irS thtf Sltm: small molecule interactions (Levitzki, 1984; Klotz, 1986;
?ULS%‘)qzjoell%zgﬁgllgthige s:qulegn((:eizsg.,Itr:eytlﬁr(le%uii,olenaer{;tig(;iﬁgelz Wyman & Gill, 1990; Weber, 19925 K_yte’ 1995). Even If_
nt 3-shifted 10-mer oligonucleotides hybridizing to therBost 12 nt they have not been demonstrated similarly for combinatorial
of therasloop) at the (equimolar) concentration in the screen ([ULS*]), chemistry library interactions with proteins, they should be

Kq¢* is the average dissociation constant for those quasispecies in gy t wickreme et al.. 1994) and mav im t dr
bimolecular complexes with{Rand [R] is the concentration of target expected (Jayawickreme et al., 1994) and may impact drug

receptor (as RNA). The value of will always be less than unity and discovery_ (Palf_reym_an etal, 1994) A_S noted garl_ier, bOth
it places an upper limit oZq[ULS*], and by doing so it determines  the combinatorial oligonucleotide libraries and binding sites
the fractional saturation of (Rvhich may be allowed before there is  on ras RNA are exceptionally structurally degenerate and

undesirable linkage of binding events (perh&pgs as high as 0.1 for ; ;
the system of this study: see Figure 7 and the following section). An this must exacerbate the Ilnkage effects. However, enormous

implicit assumption is that the values for the dissociation constants for QomF)_'eXitY_pept_ide'based and small organic molecule-based
interactions of library structures with each other will be less than or libraries with high structural degeneracy have been con-

equal to the value foKg*, which may be reasonable for libraries  strycted as pools (Dooley et al., 1994; Pinilla et al., 1995)

containing ULS with good molecular recognition for the intended target o . - . .
site. Since, in practice, it generally will not be possible to know the @nd it is possible to think about combinatorial molecular

value of eitherf or g, then operationally the constraints of relationship recognition of protein surfaces as degenerate mapping of
2, [ULS*] < K¢* = [Ry, can be satisfied. WheK4* is not known, overlapping recognition fragments (Combs et al., 1996).

then [ULS*] can be held fixed at a (number of) value(s) below the From these considerations it appears that the goal of
best expectations fd{s* and [R] can then be titrated over a range of . .
values known or expected to cover the valueKgrin order to achieve equimolar representation of structurally degenerate members

preferential selection for ULS* in binding affinity-based screens. of pooled complex libraries at concentrations high enough
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for presumed single actives to provide sufficient fractional

Bruice and Lima

Davis, P., & Ecker, D. J. (1996) iMethods in Molecular and

saturation of receptor molecules to be detected in bulk Cellular Biology 6(Pinilla, C., & Houghton, R. A., Eds.) pp

binding or functional assays in solution (Pinilla et al., 1995) De
can be problematic due to linkage effects, regardless of

library composition or receptor type. In this study we have
provided a conceptual solution which was experimentally
verified for combinatorial oligonucleotide library screening

againstas RNA and subsequently has been confirmed using
a much longer hepatitis C virus transcript fragment (Lima

23—33, John Wiley and Sons, New York.

an, N. M., McKay, R., Condon, T. P., & Bennett, C. F. (1994)
J. Biol. Chem 269, 16416-16424.

Dooley, C. T., Chung, N. N., Wilkes, B. C., Schiller, P. W., Bidlack,
J. M., Pasternak, G. W., & Houghton, R. A. (198ience 266
2019-2022.

Ecker, D. J. (1993) il\ntisense Research and Applicatig@sooke,

S. T., & Lebleu, B., Eds.) pp 387400, CRC Press, Inc., Boca
Raton, FL.

etal., 1997). However, satisfaction of the constraints of this Ecker, D. J., Vickers, T. A., Bruice, T. W., Freier, S. M., Jenison,
solution places severe limitations on assay formats required R. D., Manoharan, M., & Zounes, M. (1993 ience 257958~

to detect small amounts of bimolecular complexes in the
presence of largely unbound receptor.
unacceptable for many applications. Greater flexibility of
assay utilization with higher probability of success should

These may be

961.

Ecker, D. J., Vickers, T. A., Hanecak, R., Driver, V., & Anderson,
K. (1993) Nucleic Acids Re21, 1853-1856.

Eigen, M. (1992)Steps Towards LifeA Perspectie on Bolution,
Oxford University Press, New York.

be achieved using any surrogate strategy that effectively Ellington, A. D., & Szostak, J. W. (1990)ature 346 818-822.
restricts linkage effects by inserting seams in the structural Emerick, V. L., & Woodson, S. A. (1994proc. Natl. Acad Sci
continuum of library pools. Several approaches devised Y-SA 91, 9675-9679.

primarily to deal with practical synthetic and screening
capacity limitations are already in use (Baum, 1996) and
(may) have this additional benefit (but other possible
limitations). These include screening library compounds
singly, in very small mixtures (3 to< 30), or on solid

supports, screening of multiple larger complexity pools
wherein each pool has limited chemical diversity that is
maximally different from that of other pools either as a result

of multiple disparate syntheses or of postsynthesis fraction-

ation, constructing pools and screening of a library in more

than one way, and the use of biased, focused, or directed

diversity library pools.
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