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Summary

It has been hypothesized that selections for aptamers with high affinity for a given target molecule will of ne-
cessity identify aptamers that have high specificity for that target. We have attempted to assess this hypothesis
by selecting aptamers that can bind to MS2 coat protein or to single- or double-substitution variants of the coat
protein. Some aptamers selected to bind MS2 coat protein or its variants were mildly specific for their cognate
targets, discriminating by two- to fourfold against closely related proteins. Specificity determinants on both the
coat proteins and the aptamers could be identified. However, many aptamers could readily bind to each of the
different coat proteins. The identification of such aptamer ‘generalists’ belies the proposed relationship between
the affinities and specificities of selected RNA ligands. These results imply that, while aptamers may not finely
discriminate between closely related targets, neither will their binding be negated by mutations in targets. Aptamer
pharmaceuticals may therefore better resist the evolution of resistance.

Introduction ular recognition. For example, Eaton and co-workers
[1] have hypothesized that the natural or artificial se-
Biopolymer ligands that bind tightly and specifically lection of ligands that have high affinities for their
to target molecules can be selected from random se-targets will in general beget ligands with high speci-
quence populations. For example, peptide ligands ficities for their targets. In their words,
have been isolated from peptide libraries generated
synthetically or displayed on the surface of phage, We have come to the conclusion that a sufficiently
while nucleic acid ligands (aptamers) have been iso-  high-affinity ligand can be confidently expected
lated from large, random sequence nucleic acid popu-  to be highly specific for its target .... Selecting
lations. In vitro selection experiments have been used  for even tighter binding [should], we believe,
to map relationships between the sequence, structure, eventually give selective binding even when the

and function of natural biopolymers, and to identify competitor is closely related.
novel biopolymer ligands that can serve as research
reagents or drug leads. This hypothesis is based on the model that as ligands

Selection experiments may also serve to elucidate with progressively higher affinities for a target evolve,
general principles that govern the evolution of molec- they will form more or tighter bonds or steric inter-
- actions with a target and will therefore meld more
Sf Presen; a_lqdrﬁss:l Yoko():/ama ctytoLos:]g:TProj;ect,Trl?Flf«T?i Jtapa? precisely to the surface of the target. A schematized
S e e ecemn, "t o version of this hypothesis s shown in Figure 1a. I
Saitama 351-01, Japan. support of this hypothesis, Eaton et al. [1] have argued

T To whom correspondence should be addressed. that RNA molecules, selected to bind basic fibroblast
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growth factor, had much greater affinity for their cog- protein targets. Despite the fact that optimal bind-

nate target than for other, related fibroblast growth ing species were identified for each target, many of
factors. Similarly, DNA molecules selected to bind the aptamers could readily cross-recognize related,
thrombin did not bind other serine proteases [2], while non-cognate targets.

RNA molecules selected to bind one protein kinase C

isozyme bound with reduced affinity to highly related

isozymes [3]. Materials and methods

While the hypothesis presented by Eaton et al. [1]
is plausible and empirically supported, it is unclear Coat proteins
whether it will of necessity be true in all instances. Wild-type MS2 and @ bacteriophage coat proteins
Complementarity between a selected ligand and sur- and variants of the MS2 coat protein were prepared
face features on a cognate target could potentially as previously described [11,12]. In short, plasmid
extend to similar surface features on related but non- pCT1 contains an expression cassette consisting of
cognate targets (compare Figures 1a and 1b). Sincethe lac promoter and a coat protein gene. Plasmids
natural and unnatural evolutionary processes are blind,were transformed int&. coli strain CSH41 (lac,
there is no reason to assume that selected ligandspro—, galE, thi~ [13]) and single colonies were grown
will of necessity be drawn to similar surface fea- in LB medium (500 ml) to saturation. Cells were
tures on similar targets while eschewing dissimilar pelleted by centrifugation and resuspended in 50 ml
surface features. In addition, the monomer sets usedlysis buffer (100 mM NacCl, 50 mM Tri€l, pH 8.5,
in the construction of biopolymer ligands may not be 10 mM EDTA, 2 mg/ml lysozyme). After 60 min on
sufficiently ‘granular’ to distinguish between surface ice, sodium deoxycholate was added to a final con-
features or epitopes on closely related target mole- centration of 0.05%. The mixture was kept on ice
cules (compare Figures 1a and 1c). A simplistic but for another 60 min and then sonicated to reduce vis-
practical example of such a limitation would be the in- cosity. Polyethyleneimine was then added to a final
ability of a single-stranded nucleic acid to discriminate concentration of 0.2% and the lysate was incubated
between its complement and the same complementon ice for another 60 min. Following centrifugation
containing 2,6-diaminopurine in place of adenine: 2,6- to remove cellular debris and precipitants, ammonium
diaminopurine can pair with uracil as well as or better sulfate was added to the supernatant to 50% of satura-
than adenine can. Similar but equally inherent lim- tion. The ammonium sulfate precipitant was collected
itations on binding specificity may exist for nucleic by centrifugation, dissolved in 100 mM NacCl, 10 mM
acid:protein pairs. Tris-Cl, pH 7.5, 0.1 mM M@gSQ@, 0.01 mM EDTA,

In order to better test the generalization that selec- and applied to a Sepharose CL4B column as previ-
tion for binding affinity begets binding specificity, we  ously described by Peabody [12]. Fractions containing
have carried out multiple selection experiments that coat proteins were identified by SDS-PAGE, pooled,
targeted a series of related proteins. The coat proteinand concentrated in Centricon (Amicon, Beverly, MA)
of bacteriophage MS2 regulates production of the vi- centrifugal concentrators. Bacteriophage capsids were
ral replicase by binding to a short hairpin structure in disaggregated in 50% acetic acid and dialyzed against
the MS2 genome [4,5]. The MS2 coat protein binds 10 mM acetic acid. This procedure yields coat protein
specifically to its cognate RNA operator, and does at purities estimated by gel electrophoresis to exceed
not productively interact with RNA operators of re- 95%. Purified coat proteins were stored at@ in
lated bacteriophages, such as bacteriophag)§5(B]. 1 mM acetic acid and 10 mM DTT [14,15] and were
The crystal structure of the complex between the MS2 generally used within two weeks to ensure that activity
coat protein dimer and its cognate RNA hairpin has was not lost.
been solved [7]. Coat protein variants that contained
amino acid substitutions at positions known to contact Random sequence pools
the MS2 operator were found to have altered binding The N30 pool used for coat protein selection experi-
specificities, and could interact with theQdpera- ~ ments has previously been described [16]. The chem-
tor [8-11]. We selected RNA molecules that bound jcally synthesized, single-stranded N30 DNA pool
to these single- and double-substitution variants of (approximately 1ug ~ 2 x 10'3 sequences) was am-
the MS2 coat protein, and assayed the aptamers forplified in a polymerase chain reaction (PCR) with the
their ability to discriminate between closely related primers 24.30 and 41.30 [17]. The double-stranded
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Figure 1. Interactions between selected biopolymers and related targets. (a) Aptamers (or other biopolymers) selected to bind to a given target
may ‘fit’ that target so tightly that any perturbation of the interface in a related target will disrupt binding. This is essentially the model of Eaton

et al. [1]. (b) Aptamers selected to bind a given target may bind to related targets because at least some surface features are similar between the
targets. (c) Aptamers selected to bind a given target may ‘fit’ that target relatively loosely, forming multiple weak or non-directed interactions,

and thus may be relatively impervious to the presence of structural differences on the surfaces of related targets.

DNA pool was purified by ethanol precipitation in
the presence of 1 M ammonium acetate, pH 7.4. An
RNA pool was transcribed from the amplified DNA
pool using an Ampliscribe kit (Epicentre Technolo-
gies, Madison, WI). The kit was used according to
the manufacturer’s directions, except that 20 nmol of
a-32P UTP (3000 Ci/mmol) was included in the re-
action. Transcripts were purified on 10% denaturing
polyacrylamide gels.

In vitro selection

The purified RNA pool was further prepared for selec-
tion experiments. The pool was ethanol precipitated,
collected by centrifugation, and re-dissolved ix 1
binding buffer (100 mM TrieCl, pH 8.3, 80 mM KClI,

10 mM magnesium acetate). For selections involving
Qp coat protein the binding buffer was adjusted to
pH 6.0. To promote the thermal equilibration of RNA
conformers the pool was denatured at'@sfor 3 min
prior to each round of selection and allowed to re-
anneal at #C for 3 min. The thermally equilibrated
pool (200u1) was passed through a modified cellulose
filter (HAWP filters, Millipore, Bedford, MA) that had
been pre-wetted with binding buffer; this pre-filtration
step was repeated from one to three times. Whjl&5

of RNA was used in the 1st through 3rd, and 10th
through 12th rounds of selection, Q.8 of RNA was

used in other rounds. There were approximately eight
copies of each sequence in the first round of selec-
tion, and no binding species should have been lost in
subsequent rounds due to population bottlenecks.
The prepared pool was mixed with protein targets
in binding reactions. The RNA pool was mixed with
20 pmol of coat proteins in the 1st to 6th, and 10th
to 12th rounds of selection, and 5 pmol coat proteins
in the 7th to 9th rounds of selection. In summary, the
RNA:protein ratio varied from 10:1 in the 1st through
3rd rounds, to 1:1 in the 4th through 6th rounds to
40:1 in the 7th through 9th rounds. The binding re-
actions were then equilibrated af@ for 60 min. In
each round of selection binding species were separated
from unbound RNAs by passing the binding reaction
through a modified cellulose filter under pressued (
in Hg). Weakly or non-specifically bound species were
removed by washing the filter three times with 200
of binding buffer. Bound RNA molecules were eluted
by incubating the filter twice with 20Ql of 7 M
urea, 0.1 M sodium citrate, pH 5.0, and 3 mM EDTA
at 100°C for 5 min. The eluted RNAs (40@l to-
tal volume) were precipitated with isopropyl alcohol.
Selected RNA species were amplified by reverse tran-
scription, PCR, and in vitro transcription as previously
described [18]. In the 9th through 12th rounds of selec-
tion RNA populations were passed through a modified
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cellulose filter prior to amplification. This procedure Sequence analysis
was found to be extremely effective at eliminating Aptamers from the 12th round of selection were con-
a small subpopulation of nucleic acids that bound verted into double-stranded DNA and cloned into a

exclusively to the filter in the absence of protein. TA cloning vector (Invitrogen, San Diego, CA). Se-
guences were derived from individual plasmid DNAs
Binding assays using standard dideoxy sequencing protocols. Multi-

A filter binding assay was used to monitor the effi- ple sequences were aligned and compared using the
ciencies of RNA:coat protein interactions during the MEGALIGN package (DNA, Madison, WI), which
course of the selection. RNA samples (20 pmol) were is based in part on the CLUSTAL algorithm of Higgins
heat denatured and annealed &C4in binding buffer and Sharp [20]. Aptamer secondary structures were
(100 ul). Coat proteins (20 pmol) were added and the predicted using the program MULFOLD [21].
binding reaction was incubated at°€ for 60 min.
The binding reaction was filtered through a modified
cellulose filter and washed three times with 2000f Results and discussion
binding buffer (600ul total). Retained counts were
quantitated using a Phosphorimager (Molecular Dy- In vitro selection of RNA aptamers that bind MS2 and
namics, Sunnyvale, CA) and compared to applied QB coat proteins
counts. An initial series of selections with the wild type coat
A competition assay was used to measure the rel- proteins from bacteriophages MS2 ang @ere car-
ative affinities of aptamers for coat protein variants. ried out to establish a baseline for correlating the
Competitor RNAs were either a labeled, wild type affinities and specificities of RNA ligands. The MS2
MS2 hairpin containing a U to C substitution in the and (B coat proteins likely descend from a common
loop that was known to improve binding affinity ([19]; ancestor (Figure 2), but do not cross-recognize one
5-GGGGCAAACAUGAGGAUCACCCAUGU), a another’s RNA ligands. Previous in vitro selection ex-
wild type QB hairpin (B-GGGAAAUGCAUGUCUA- periments that targeted the coat protein from another,
AGACAGCAU), or an aptamer from Family 15 con- related bacteriophage, R17, returned aptamers whose
taining a nonamer adenylate tail {6GGAAUGGA- sequences and structures were similar to those of the
UCCACAUCUACGAAUUCUCAAGCUGGCAGUC-  wild type RNA ligand [14]. It was therefore expected
GCGAGCAUCAGCCGCAUUCACUGCAGACUUA-  that aptamers selected to bind the MS2 ¢ Gpat
AAAAAAAA). Competitor RNAs (400 nM final con- proteins would be similar in sequence to their respec-
centration) were thermally equilibrated and mixed tive wild type RNA ligands, and thus would be able
with labeled aptamers (400 nM) and limiting amounts to easily discriminate between the coat proteins. In
of coat proteins (200 nM) in binding buffer (1Qd). essence, these initial experiments were a positive con-
Binding reactions were incubated at@ for 60 min, trol for the question we eventually wished to answer:
passed through a modified cellulose filter, and washed does selection for binding affinity lead to binding
three times with 20Qul of binding buffer. Bound specificity?

RNAs were eluted with 10@l of loading dye (7 M A random sequence RNA pool that spanned 30 po-
urea, 0.1 M sodium citrate, pH 5.0, 3 mM EDTA, sitions (N30) was mixed with the coat protein targets
0.05% bromophenol blue) at 100C for 10 min. and binding species were iteratively selected by filtra-

Two-fifths (40ul) of the eluate was used for gel elec- tion. The binding buffers that were used for selection
trophoresis. Competitor RNAs and aptamers were sep- had previously been used to assay interactions be-
arated on either 10 or 15% denaturing polyacrylamide tween the MS2 or @ coat proteins and their cognate
gels. Relative band intensities were determined using RNAs [15]. The numbers of different RNA species
a Phosphorimager. The relative binding ratio was cal- (~2 x 10'%) that were present in the initial binding
culated based on the following formula: [(counts fil- reactions were sufficient to span all sequence motifs
tered, aptamer)/(counts unfiltered, aptamer)]/[(counts of length 22 or less, a length that was similar to the
filtered, competitor)/(counts unfiltered, competitor)]. known length of the wild type RNA operators. There-
The binding ratio should representthe equilibrium dis- fore, it was likely that aptamers returned from the
sociation constant of an aptamer relative to the equilib- selection experiments would contain optimal sequence
rium dissociation constant of a competitor RNA for a and structural motifs of similar complexity to the wild
given protein target. type ligands.
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MS2 A--SNFTQFVLVDNGGTGDVTVAP-SNFANGVAEWISSNS-RSQAYKVTCSVRQ

E89K Koo _kkkkkkhk ok hhkkh Ak khhkhkk ko kk ok ko kokkk ok ko _k k ok ok ok k ok ok ok ok Kk ok ok

Q101 ko _kkkkkkkkkk ok k ok ok k ko kkok ok _kk ok ok ok ko k ok ks ko _kk ok ok ok kok ok ok ok K

Q102 Ko _kkkkkkkkkkkkhhkkhkhhkhkk _hkhkkhkhhkkkhk kA _ XAk XAk kkhhh kh K

E89T K kkkkkokkkhhhhhkhhkhkk ok _khkhkkkkkhk ok ok ok _ ok ok ok k ok dkok ok ok ok &k &

op *KLETV*LGNIGKD*KQTL*LNPRGV*PT**** S, SQAGAVPALEKR* *V* *g*
50 70 80 90 100

MS2 SSAQNRKYTIKVEVPKVATQTVG---GVDLPVAAWRSYLNMELTIPIFATNSD

E89K R R N A2 2 R Y

Q101 R R S R R R - T e TR Y

Q102 R N R R R - E L R Y

E89T N AR A E ey T T

op P*R-*** _NY**Q*-*IQNP*ACTAN*SCD* SVTRQA*ADVTFSFTQYS*DEE
110 120

MS2 CELIVKA-MQGLLKDGNPIPSATIAANSGIY

E89K Kkkkhkkh _kkkkkhhhkkkkkkhokhkk &k

0101 Kkkkokkhk _kkkhhkkkhhhhkkkhokkkkokkk ok

Q102 deok ok ok ok ok Kk Kk ok ok ok ke k ok k ke k ok K ok ok ok Kk kK

E89T Akkhkkhh _khkkhhkhhhhhhkhkhhk k k&

o]5} RAF-*RTELAA**ASPL-LIDQ*DQLNPA*

*) same amino acid residue as the MS2 coat protein
-) deletion or alignment break

Figure 2. Amino acid sequences of protein targets. The sequences of the various coat proteins used in selection experiments. The names of the
coat proteins and variants follow standard conventions, except for: Q101 = N87S,E89K and Q102 = N87S, E89T.

Although protein-dependent RNA binding species the highest affinities for their targets. The program
predominated in the population after six rounds of se- MULFOLD was used to predict the secondary struc-
lection and amplification, the selection was continued tures of individual aptamers [21]. In general, all of
an additional six rounds to promote competition be- the sequences within a family were predicted to form
tween binding species and to ensure the selection of similar secondary structures.
the highest affinity species. At the conclusion of the As expected, several of the families (Families 1—
selection, 53% of aptamers selected to bind to MS2 7) showed a distinct resemblance to wild type ligands.
coat protein could be captured in a standard filtration For example, aptamers selected to bind the MS2 coat
assay, and 53% of aptamers selected to bigdcQat protein were predicted to fold into hairpins that con-
protein could be captured. While some filter-binding tained an AUCA tetraloop and a bulged A residue
species were present in earlier rounds of selection, (Figure 3). These structural features have previously
these species had been eliminated by the 12th round.been shown to be critical for recognition of the wild
All of the individual aptamers characterized in these type MS2 RNA [7,22,23]. The AUCA tetraloop dif-
studies showed little or no background binding to fered slightly from the wild type AUUA, but the U
modified cellulose filters€1% in a standard filtration ~ to C substitution had previously been shown to im-
assay). prove interactions with the MS2 coat protein [19].

At the conclusion of the selection experiments Two aptamer families were similar to the wild type
aptamers from each pool were cloned and their se- MS2 operator but also contained unique sequence or
guences determined (28 aptamers for the MS2 coat structural features. Aptamers that were members of
protein, 20 for the @ coat protein; Table 1). The Family 6 were predicted to form a trinucleotide rather
sequences were compared with one another usingthan a tetranucleotide loop, and contained a bulged
the program MEGALIGN (DNA) and most of the  adenosine that was displaced one base down the stem.
aptamers could be grouped into families based on se-Aptamers that were members of Family 7 contained
guence similarities. In some cases variants within a no bulged adenosine and sometimes had an AACA
family were clearly the result of mutagenesis during tetraloop.
amplification (e.g., Family 1), while in other cases Aptamers selected to bind thesQcoat protein
it was likely that variants were independently derived were predicted to form hairpins topped by an AAA
(e.g., Family 8). The repetition of sequences or motifs loop, similar to the UAA loop found in the wild type
within families indicated that the selection had likely (Figure 3). The 3most adenosine in the loop had pre-
winnowed the population to those few species that had viously been shown to be critical for recognition o8 Q
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Table 1.Selected sequences.

Famdly-1s
=1
=1e

Family-3Ia
=32
=2
~-ad

Family-3a
=3k
=3

Family-da
=4hb
-de

Family-%a
= 5B
=8
-84

Family-6a
-6k

Family-Ta
=Th

Family-Ga
-fb
=fe
-Bd
~flm
-Bf
-!ﬂ
=ih
-l

Family-5a
=8k
-fe
-84

Family=-10a
-108
-10a
=104

Family-1la
-11b
=110
=114
-11s

Family-13

Family-13a
=13k
=13g

Famd 1y-14

Family-15a
=15k
=150
=154
-1%5e
-15f
=15g

(93
{1l
(1]

{1}
i1l
{1l
{1}

(81
{1}
(1)
3]
(1)
{1}
1)
{1k
EY
(1)
4]
(i)
{aj)
{1k
{1l
(i)
(1h
(1h
BN
(1
(1h
(1h
(i
4l
(2p
(L)
(1p

LER
(i)
(1p
(Lh

LEY
(2
(Lp
(1h
(2

()

LR
(1)
[1F

(5}

(201

(1}
{1}
{1}

(1@

11l

{1]

RREAA TOOA TCTACATCTACGLLTTC - ATOCAAGCTEC AEADOC LBGEA TC MDOEEEA = TTCACTGC AGACTT
GEEALTGGATCTACATCTACGAL TTC - ATRCAMGCTECAGACCCAGGA TCACCOORG - TTCACTOCAGACTT
GOGAATCGATCCACATC TACGAATTC - GTGCAMGCTRCAGADCCAGGA TC ADDRRGEA - TTCACTGC AGACTT
GEEAAATHIA TCCACATCTACOALTTC ~ - AT COAC T CAGCTOOC ADIA T ADBOGCIT T AT AL T
A TOO PO AT A TCTACCALTTC - A A SO AT T TOT AT T OO CADCATCADRROD - TTCAC TGO AGRTTT
GEEAATHGA TCCACATC TACGAATTC - ~ TCGAGTCATCAGTTOCHADGATCACGGFT - TTCACTOCAGACTT
GEEAATEGEA TCCACATCTACGAATTCOOCOTET TOOMASTOAGCC ADIA TC ADEl - = TTCACTOC AT
CNROA A TOOA T ACATCTACGL LTTC

A TOOA TCCACKTCTACGALTTC TTCACTGCAGACTT
GEGAATGGATCCACATCTACGAATTC

GOGAATGGA TCCACATUTACGA - TTCTCAAGTTACGCAGOCARGCA TCAGCTEEAT - - TTCACTGCAGACTT
GAA TOOA TCCACATCTACGA - TTCTCAASTT ACGOAGOT AR GE ) THAGCTGEANT = TTCACTGC AGACTT
GGGAATGGATCCACATCTACGA ~CTCTCAAGTTACGCAGCCARMBCA TCAGCTEGAC -~ TTCACTOCAGACTT
GOOALTOOATCCACATCTACGALTTC - AASTCGOGACCOGEAREA T ADCADSEEET - TTCAC TG AGACTT
GGGAM THGATCCACATCTACGALTTC - AMFTORCGACCORGAREATC ACCACE@EA - - TTCACTOCAGACTT
GOEAATHIATCCACATCTACGARTTC ~ ARAFTOTOACT OIS T A O A OEET = T A O TOC AIACTT
GO TOOATOCACATCTACGALTTT - AAGTOG -GADDOREASEA T ADCACOEGET - TTCACTEOAGATTT
COOAATOOATOCACATCTACGALTTC = ARAGACAGE MOOGODCACAGTCACTORGEAG = TTC AC TGO AGACTT
GOEAATHIATCCACATCTACGAATTC - AAGRCAGCA GO A A A NI TTC AL TOC AIACTT
GOOAATOOATCCACATCTACGALTTC - AAGCTOTCASTATOOOC AR AOOCCOEL G - < TTCACTOCLOASTT
GOGAATGOATOCACATCTACGAATTT - RAGCTOTCAGTATOROTATT ARRCGGREAG - - TTCAC TECAGACTT
GOGAATGGATCCACATCTACGAATTC - GCAT TGAGTORGATECAGTETA TG AAAGE - TTCACTGCAGACTT
GOEAA TOGATCCACATCTACGAATTC ~ BCABITCAICTAT ROCALTTOTATOC LA A OC = TFC ACTOC MILCTT

GOOARTOAATCCACATCTACEALTTC - GO TCAGADAGTC T OO0 T T T TOOGCCTOT - TTCACTOCAGACTT
GO TR T AT A TCTACGAACTC - GO TCAGA AT CTORGC T T T T OREE - THT - TTCACTGCAGACTT
GEGAATEGEATCCACA TCTACGAATTC - ACTT TOOTCRUTC TGETT T TCACHE - T - TTCACTOCAACTT
GOGARTIATCCACATCTACIAATTC - AT T T T COOTC T OOCOT T TCACOCTST - TTCACTOCAGAETT
OGN TSR T AT A T TAC AL TTC = AT T TG TOGGTC TGE - GT T T TCADGOTGT - TTCACTGCAGACTT
GHAAATEIATCTACATOTA - GAATTC - RN~ = T O AL CTT
GRRAATIGATC CACATCTACGAATTC - STOTCGCAGT AACCACT TCTGEETAGCTAR - TTUACTLRCAGALTT
OGN TG T A A T T AL GA A TTC - BT OO T G AGT AL CACTTCTEGGTAGCTAATTCAC TGO AGACTT
GOOAR TGN TCCACA TCTACIAATTC - MG TCTOCAT AR CT T TOO000T RGNS - TAL - TTCACTOC AIACTT
GOEAA TOGA A CC A A T TACGAATTC - O A CGTC AR T T O TG I C TGO CARARGTT - TTCACTGCAGACTT
GOGAA TOGATCCACA TCTACGAATTC - CACAGGGEGEAT TGO TTCOCTC T AGACGETCT - TTCACTOC AACTT
GOOAN TOOATCCACATCTACIANTTC - CACHOOOOAR T THC TTCC T T AGA - SFTCT - TTCACTOCAGACTT
SR TOOA TCC AC A TCTACGAATTC - CACAGGOGGATTGCT TOC TC TAGACGETCD - TTCACTGCAGACTT
GOGAN TOGATCUACA TCTACGAATTC - CACAGGEGEEATTS - TTCCTCTATACGITCT - TTCACTOCAGACTT
GUGAATRGATCCACATCTACGARNTTC - CAC AN TT O T TCCTCTATACIOTCT - PTCACTOC MIACTT
GO TOOA TCC ACATCTADGAATTC - CACAGGGOGA TTGCTTCCTO TATACGGGTT - TTCACTGCAGACTT
GGGAATGGATCCACATCTACEARTTC - CACAGEE0EA TTRCTTCCTCTATAC OGO - TTCACTOC AMIACTT
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Table 1. Continued.

ramily-16a (6} GEGAATGRATCCACATCTACGAATTC-
-i6b {1} OOOARTOOATCCACATCTACOARTTC-
=162 (4] OCOSANTOANTCCACATCTACGAATTC -
=164 (1) GOGAATGGATOCACATCTADGARTTC - =TTCACTGCAGACTT
Family-1Ta (1} GEGEAATGIATCCACATCTACGAATTC-CTAMGTCTTGETGACTETATTTCTACGCAAD - TTCACTOCAGACTT
=176 (1] COEAATOIATCCACATCTACOALTTC - OTC IO T AT OACOIT T T P COCC OO AL ~ TTCACTOCAGATTT
Family-16a (2) OOGARTOGATCCACATCTAOGANTTC -
-18b (1} GEGAATGGATOCACATCTADGAATTC-
Family-19 (2] OOIAATOIATCCACATCTACIALTTC - FICOTCACTOREAOCTALTTCTOOGCOGAT - - TTCACTOC AMIACTT

Tnclassified
ME2=-323 GOGARTEGATCCACATCTACGALTTT - COAAGTCTROCREACC T AGC A TCARCASTG - TTCACTRCAGACTT
MEZ=31D REANTEEATCCACATCTAOIAATTC - CATTOCATT AR O TOTRCACCITT TOOSE - TTCACTRCASACTT
ESSE-§ R I TR T R T TR R T = 0 T A T REA TOEA AR RO - TR TG AGRTTT
EBSE-4E GEGALTOGATCTACATCTACGAL TTC - COTUTOGASCGAGACTCGAGACOFTTENAT - TICACTOCAGACTT
gLol=19 HHEGAN T A TCCACATC TACGRAATTE - GAGRRCGTTTARFTC AMC CGMITCCTC AG - TTCACTRCAGACTT
giol-33 (N TR TC T AT A TCTARCGAATTT - TCCAGITC TR AATEFTAAAM S EAGEATA - TTCACTRCAGATTT
gl01-38 RN T TOCAC AT TACGRCTTC = P AL T T TOT AR O TOCAOT - FRCACT AR RCTT
gLo2=33 GG TOOATCCACATCTACGAATTC - CAGOTNTTOCGC TAATOOTTCARAAAGCAG = = TTCACTGCAGAETT
gloz-38 IR TR0 TOCACATCTRACGALTTC = O 000 TR TR T RCA T AOORCTTIAGT - PRI T AGACTT
glo2-315 GO TOOA TCCACATCTACGALTTC = TOTTOADTC TSGR C A TEAATROCT AR D = =« PFRCRC TG ASRCTT
glo2-52 GGGAR TR TCCACATCTACGAATTT - TTAAACTAC TGO GATCACGAGTAGTAA GT - TTCACTGC AGACTT
EBST-31 (R & TR TC T AC A TU T ARCGAR TTE - T ARG G RAMCT MG GGEA T RCTTTEC - TTCAC TR AGRCTT
EAF-d0 IR T TCCACATCTACGALTTC =GO PC T A T AT T TR TTORIAL - TTCACTOCRIRCTT
ERFT-51 GOGAR TG TCCACATCTACGAR TTC - TOT TU T GAR OO T T T TOCACGTAACT TG = TTCACTGCAGACTT
oB-3 GHGAATEGATCCACATCTACGALTTE - TAGAGTGET AMBCACCTAGAGATAATATAL - TTCACTGEAGAETT
Ql=§ GOERATOOATCCACATCTACGARTTC - FIC AR RGC T AC OGRS T ACTCCRERAL - TTCACTRCAGACTT
gn-18 AN TIIATCCACATCTTORAATTC - ACTOAOA TOTIACTRAOCTAA TCTASACRC RS- TTCRCTORCASRCTT
gB-15 GO TOOA TCCACA TCTACGRAATTC = ROC R GG A OO, TOTOOOTC AT TCOTOEC = TICACTOCAARTTT

Families were grouped together based on sequence or structural similarities. Sequence comparisons were carried out using the program
MEGALIGN (DNA*), and secondary structures were predicted using the program MULFOLD [21]. The number of times a particular sequence
variant was isolated is shown in parentheses. Sequence similarities are highlighted by colored blocks. In the case of Family 8, sequence diversity
is extensive and only the terminal portion of a predicted stem-loop structure is highlighted. Predicted loop or bulge residues that are similar to
those seen in the wild-type MS2 operator (Families 1-7, 9, and some unclassified sequences) or in the wdpgratQr (Families 8-9 and

some unclassified sequences) are shown in red. ‘N’ denotes a residue whose identity is uncertain. The first sequence shown in a family was the
aptamer used for binding experiments.

RNA [5,15]. The predicted secondary structure was Aptamers chosen from the different families were
supported by sequence covariations. For example, ap-assayed for their ability to bind the wild type coat pro-
tamer 8(i) contained a predicted A:U pairing in place teins. Individual aptamers were transcribed and mixed
of a predicted G:C pairing. Interestingly, many of the with either wild type MS2 or @ operators in the pres-
Qp coat protein ligands also contained a new struc- ence of limiting amounts of either MS2 orgQcoat
tural feature, a U-U mismatch two base pairs down proteins. RNA:protein complexes were isolated by fil-
from the loop. This mismatch appeared to have been tration, bound aptamers and wild type RNAs were
independently fixed in a number of aptamers (see the separated from one another by denaturing polyacry-
diverse set of Family 8 sequences), and was thereforelamide gel electrophoresis, and the amounts of bound
likely important for binding function. Although the = RNAs were quantitated. The fraction of an RNA lig-
constant region played a role in establishing the U-U and (selected or natural) that was bound by a coat
mismatch in many of the Family 8 members, at least protein was determined by comparison to unbound
one aptamer, 8(f), was predicted to form this structure RNA samples. The ratio of the fraction of bound ap-
independent of the constant region. tamer to the fraction of bound wild type RNA was the
‘relative binding ratio’ (see also section Materials and
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Wiid type  Known high- Family-1  Family-2 Family-3 Family-4  Family-5 Family-6  Family-7

Ms2 affinity variant (11) () 9 (5) (10) (5) (2
UuU UC UC UC UC UC UC C AC
A A A A A A A A A A A A A A U A A A
G-C G-C G-C G-C C-G C-G G-C G-C Cc-G
G-C G-C G-C Cc-G G-C G-C G-C AU C-G
A A A a A A A A G-C
G-C G-C c-G c-G G-C A-U G-C A°C oG
U-A U-A C-G Cc-G C-G C-G G G c-G U e

A-U A-U c-G G-C G-C C-G Cc-G -G
Cc-G
Family-9a
. . 4
Wild type Family-8 Qp-2 Qp-6 4)
Qp 2 A C
A A A c ’ C-G AT G-C .
U A A A U A U A s AU
c-G C-G Cc-G G-C
A-U A-U
U-A G-C G-C A-U CU G G
G-C U U U-A G-C
U-A A-U G-C G-C Family-9b, 9¢
C-G G-C A-U A G
G-C U-A G A U-A U G
U-A G-C A G cC A U A U A
A-U A-U U-A G A G-C C-G
C-G C-G A-U G-C A-U
U-A A-U A-U A-U
GU G G-C

Figure 3. Operator-like aptamers. The wild type MS2 operator and a high-affinity variant that had previously been identified [17] are shown at

the top left; the @ operator is shown at the bottom left. Aptamers selected to bind MS28ara@t proteins could be folded into structures

that resembled their respective wild type operators and are shown alongside the wild type operators. The names of the aptamer families are
shown above the predicted structures; the numbers in parentheses indicate the number of times that sequence was found. In general, the number
of aptamers is equivalent to the size of a family, except for Family 8, which contains several related but divergent aptamers. For purposes
of comparison, the same numbers of base pairs are shown in the stems of operators and operator-like aptamers (five base pairs for MS2-like
operators, eight base pairs fopdike operators). The predicted aptamer structures may contain additional base pairs. The dual-specificity
aptamers (Family 9) are shown as side-by-side hairpins, but these hairpins could of course be oriented in a variety of ways relative to one
another.

methods) and should have reflected the relative disso-  Consistent with the hypothesis that selection for
ciation constants of the RNA ligands for a coat protein binding affinity begets binding specificity, the ap-
target. The relative binding ratio was independent of tamers in general bound from two- to fivefold better
the specific activities of the RNA and protein sam- than the wild type operators to their cognate coat
ples and the error observed between triplicate assaysproteins, but did not bind well to non-cognate coat
was + 5%. While this competitive binding assay did proteins (Figure 4). One caveat to these results is that
not yield individual rate or equilibrium constants for since the pH optima for the MS2 angs@oat proteins
RNA:coat protein interactions, it most closely resem- were different, the binding reactions for these coat
bled the competition for binding that occurred during proteins were carried out at different pHs. Nonethe-
the selection itself and thus was most germane to de-less, alteration of the pH in the competitive binding
termining whether selection for binding affinity led to assay did not appear to significantly alter the interac-
binding specificity. tions of selected ligands with their cognate proteins.
The amount of selected RNA captured in a standard
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Figure 4. Affinities of operator-like aptamers. (a) Data from competition experiments. Radiolabeled aptamers were incubated with wild
type coat proteins and wild type operators, complexes were captured by filtration, and the captured RNAs were eluted and separated by
electrophoresis on a denaturing polyacrylamide gel. A portion of the binding reaction prior to filtration was loaded in parallel. The number of
counts in each band was determined using a Phosphorimager. (b) Relative binding ratios, calculated as described in Materials and methods, for
the experiment shown in (a) and for other experiments.

filtration assay by the MS2 coat protein was the same ator binds to a coat protein dimer, it was possible that
at pH 6.0 as it was at pH 8.3, while the amount of the bi-lobal aptamer was symmetrically positioned to
selected RNA captured by thefQcoat protein was  bind both monomers simultaneously. Of the aptamers
similar (53% at pH 6.0, 38% at pH 8.3). These re- that were selected Family 9 had the highest affinity
sults were consistent with those previously observed for both the MS2 and ® coat proteins (Figure 4b),
by Witherell and Uhlenbeck [15]. consistent with the formation of additional contacts to
There was one exception to the empirical rule that coat protein dimers.
selection for affinity begets specificity. Aptamers from While it was possible that the dual-specificity ap-
one family (Family 9) could apparently bind to both tamer was a result of serial cross-contamination be-
the MS2 and @ coat proteins, and were in fact found tween the selections that targeted MS2 argl ¢@at
in both selections. Aptamers from Family 9 were pre- proteins, it appeared unlikely: first, since both se-
dicted to form two adjacent hairpin structures, one of lections returned multiple, different variants of the
which was similar to the native hairpin loop found in MS2 operator-like or @ operator-like aptamers, there
QB RNA, and one of which was similar to aptamers did not appear to have been any unforeseen popula-
from Family 6 that contained a variant of the hairpin tion bottlenecks, such as the amplification of small
loop found in the MS2 operator. Since the MS2 oper- amounts of nucleic acids in aerosols. Second, and
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more importantly, there were two, independently iso- and other aptamer families (e.g., Family 11) contained
lated aptamers in Family 9. While it was possible that ‘specialists’ that were selected by only one or two
low levels of one aptamer could have been passed backtargets. The distinction between generalists and spe-
and forth between selections, it was unlikely that two cialists can be most clearly seen by examining the
independent aptamers would have passed through thenumber of members of each RNA family that were
same population bottlenecks in the same ways. The found in each selection experiment (Figure 5). For ex-
independent isolates contained sequence covariationsample, aptamers that fit the Family 15 consensus were
(C:G to G:C, and G:C to C:G base pair changes) extracted from the random sequence pool 35 times,
that firmly established the proposed bi-lobal structure 14 times each from selections that targeted E89K and
(Figure 3). Q101, 6 times from the selection that targeted Q102,
and once from the selection that targeted E89T. Sim-
In vitro selection of RNA aptamers that bind variants ilarly, members of the MS2 operator-like Family 1
of the MS2 coat protein were isolated from one to four times in the selections
Having first demonstrated that RNA ligands selected that targeted the wild type MS2 coat protein and each
to bind distantly related protein targets were specific Of its substitution variants. In contrast, aptamers that fit
for those targets, we next chose to look at more closely the Family 11 consensus were isolated multiple times
related targets. Variants of the MS2 coat protein that only in the selection that targeted E89T, and Family 16
had either lost the ability to repress the MS2 oper- Was isolated only in the selection that targeted Q102.
ator or that had gained the ability to repress thge Q The most likely explanation for the identification
operator had previously been isolated using a genetic Of identical or related sequences in different selection
selection [8-11]. Two of the selected protein variants €xperiments was that family members were indepen-
were single amino acid substitutions, E89K and E89T, dently extracted from the same random sequence pool.
while two of the protein variants were double substi- For example, members of the MS2 operator-like Fam-
tutions that also included N87S (N87S,E89K = Q101, ily 2 were isolated three times in the selection that
N87S, E89T = Q102). These amino acid substitutions targeted Q102 and once in the selection that targeted
were known to lie either within or adjacent to the RNA  E89K. While the four individual aptamers resembled
binding domain of the MS2 coat protein [7,23]. The ©0ne another, it was also apparent that all four were
protein variants did not lose their ability to bind to independent of one another and could not have been

the MS2 RNA hairpin in vitro, but gained the ability ~derived by a process of cross-contamination and point
to bind to the @ RNA hairpin. The close sequence Mmutation. Further evidence for the independence of the
relationships and large specificity differences between selection experiments was found by examining the 10
these coat protein variants rendered them ideal targetssequences that comprised the MS2 operator-like Fam-
for determining whether selection experiments could ily 3. Only 1 of the 10 sequences was found in the
in general return RNA ligands with both high affinities ~ selection that targeted E89K, yet this sequence dif-
and specificities. fered from those that were found in selections that
Aptamers that bound to the variant coat proteins targeted the wild type MS2 coat protein or the coat
were again selected over 12 rounds from the same N30protein variants Q101 and Q102.
pool. The selection again appeared successful after six ~ The relative binding ratios for a number of the ap-
rounds, but was continued another six rounds to fix tamer families were determined for the entire range
the best aptamers in the population. From 20 to 40 of protein targets (Figure 6). In order to ensure that
aptamers from each pool were cloned and sequencedcompetitive binding assays with multiple, different
While some of the aptamers were similar to those de- aptamer families and multiple, different protein tar-
rived from the selection that targeted the MS2 coat 9ets could be readily compared with one another, a
protein, the majority of aptamers were different and binding ‘generalist’ from Family 3 was used as the
could be grouped into several new families based on competitor. The ‘generalist’ contained a nine-residue
sequence similarities and predicted secondary struc- tail’ that facilitated electrophoretic separation but did
tures. not affect binding (see also Figure 4). As a control,
Although all of the aptamers listed in Table 1 were Several competitive binding assays were also carried
selected in the presence of a single target, some of theout with the MS2 coat protein and the MS2 operator
aptamer families (e.g., Family 15) contained ‘gener- as the competitor. The relative values and rank order

alists’ that were selected by several different targets Of the relative binding ratios for different aptamer fam-
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Families ry2¢3t4|s5|e6f|7f(8]o|lojun]j2]13(14|15|16|17]181} 19
MS2 pool 41 -15]1316}2]|3 - 1 - - - - - - - - - 12
E89K pool 1 1 1 - - - - -1 41 - - - - 1140 - - - -
Q101 pool 3 - 1 1 - 1 - - - 1 - - - - 1141 - - - -
Q102 pool 2 1312)-12112]- - - - -1270 - -1 6 fj12f-13] -
E89T pool 1 - 1 1 - - - - -1 8121315 i - 1270 - -

QB pool - - - - - - - 9 |7 - - - - - - - - - -

Figure 5. Number of family members isolated in individual selections. The same or similar aptamers were sometimes isolated in the six
individual selections that were carried out against MS2 coat protein, E89K, Q101, Q102, E89T, angl ¢cbat@rotein. The number of
aptamers from a given family that were isolated in a given selection is shown. These values accord with those shown in Table 1, where the
numbers of times individual aptamer sequences were isolated are listed.

Families 1 6 7 8 9 10 11 12 13 14 15 16
MS?2 coat 096 | 1.1 I.1 1 028} 19| 026 ] 050 | 059 | 043 ] 057 0.75 | 0.22
protein
E89K 065]068 | 1.1 | 045 1.7 21 | 084 1071|079 074 | 23 3.2
Q101 056 061 | 064] 036 087 12 ;059|062 060] 053 1.5 1.3
Q102 068 1072|057 ] 032 076 | 067 | 1.8 24 2.5 22 1.4 29
E89T 0.61 | 0.62 [ 0.86 | 0.26 | 0.64 | 0.31 1.8 20 1.9 1.7 1.1 1.9

QB coat protein | 0.29 | 0.51 | 0.29 | 4.1 95 | 054 | 054 034 | 022 | 0.29 | 0.24 | 0.12

MS2 operator-ike Qp Dual EB9K- E89T-specific generalist | avoids E89
operator- | specificity |  specific
like

Figure 6. Relative binding ratios for aptamers. The values shown were derived via competition assays similar to those previously described in
Figure 4, except that more aptamer families were included in this analysis and a more stringent competitor (Family 3) was used. The values
shown for the @ coat protein were derived in competition with the wild typ@ Qperator. The classification of different aptamer families
(shown below the binding ratios) is based on affinity profiles for the different targets, and mirrors the descriptions provided in the text.

ilies were similar, irrespective of whether the Family type MS2 coat protein and against the E89K variants.
3 generalist or the MS2 operator was used as a com-Second, Family 10 aptamers were selected by coat
petitor. The correlation coefficient between the two proteins containing the E89K substitution, and dis-
independent data sets was 0.92. criminated by threefold or more against the wild type
Our results confirmed the finding that residue 89 MS2 coat protein and against the E89T variants. Third,
in the MS2 coat protein was a specificity determinant Families 7 and 9 bound best to proteins that contained
for RNA ligands. Substitutions at position 89 have either glutamate (wild type) or lysine at position 89,
previously been shown to impart the ability to bind and discriminated slightly against proteins with other
the @ operator [8,11], and we similarly found that or additional substitutions. Both Families 7 and 9 had
substitutions at position 89 appeared to control which MS2 operator-like loop sequences but lacked a bulged
targets recognized which aptamers. The aptamer fam-adenosine residue. Finally, Family 16 bound very well
ilies could be conveniently grouped into four different to all of the coat protein variants but discriminated
specificity classes, depending on how they interacted against the wild type MS2 coat protein. In contrast to
with different substitutions at position 89 (Figure 6). the above results, aptamers that could preferentially
First, aptamers from Families 11-14 were selected by recognize position 87 were not identified by selection:
coat proteins containing the E89T substitution, and none of the families recognized Q101 (E89K, N87S)
discriminated by roughly fourfold against the wild or Q102 (E89T, N87S) and discriminated against wild
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Figure 7. Graphical representation of specificity classes. Axes on
this triangular graph represent the relative contribution of a given
aptamer’s binding ratio to the total affinity profile of the aptamer.
The three values that place an aptamer on this graph were de-
rived from Figure 6 as follows: A given relative binding ratio (for
either wild type MS2, E89K, or E89T) was divided by the sum
of these three relative binding ratios, and the result was normal-
ized to 1. Amongst the operator-like aptamers, the outlier is the
dual-specificity aptamer.

type or singly substituted MS2 coat proteins. In this
regard, it is interesting to note that residue 87 di-
rectly contacts the MS2 operator, while residue 89 is
adjacent to the RNA binding site [7].

A more graphical representation of the relative
binding ratio data is shown in Figure 7. The axes on
this triangular graph correspond to relative binding ra-
tio data for individual protein variants. For example,
the largest relative binding ratio for Family 10 was
for the protein variant E89K, so Family 10 mapped
along a 60 diagonal to the E89K axis near to the 1
value. Conversely, the smallest relative binding ratio
for Family 10 was for the wild type MS2 coat pro-
tein, so Family 10 mapped along a°6@iagonal to
the E89 axis that was near to the 0 value. Family 10
also had a small relative binding ratio for E89T, and
this final value fixed the position of Family 10 on the
triangular graph. By representing the data in this fash-
ion it was immediately apparent which aptamers had
similar specificities. Several families that contained
MS2 operator-like sequences and structures (Fami-
lies 1, 6, 7, and 9) clustered together, while several
E89T-specific families (Families 11-14) also formed
a tight cluster. In this representation the preference of
the Family 15 ‘generalist’ for non-wild type variants
became more apparent. However, it should still be re-
called that the Family 15 ‘generalist’ bound the wild

type MS2 coat protein approximately threefold better
than did the wild type MS2 operator.

Our results suggested that the loop regions of RNA
hairpins might be specificity determinants for bacte-
riophage coat proteins. As noted above, the hairpins
selected to bind wild type MS2 and8perators con-
tained loop sequences already known to be critical
for recognition [14,15]. Thus, it might naively be ex-
pected that RNA ligands selected to bind coat protein
variants would also be predicted to form hairpin struc-
tures, and that the loop sequences of these hairpins
would be found to covary with the protein sequence.
A closer examination of the aptamer families provided
a potential example of such a covariation. Families
11-14 had a common preference for ES9T and were
predicted to form stable hairpin structures. These hair-
pins also had in common the loop sequence YUUC
(Figure 8). Following up on this insight, we examined
the sequences and structures of other aptamer families
that were not originally assayed for binding. Fam-
ily 17 was also predicted to form a hairpin structure
containing the loop sequence YUUC. Like Families
11-14, Family 17 was selected only by coat proteins
containing the E89T substitution.

Surprisingly, the results of the binding experiments
mimicked the selection results: Family 15 contained
generalists that could bind to MS2 coat protein and
all of its variants as well as or better than the Family
3 generalists; Family 15 was isolated in all selections
that targeted the MS2 coat protein or its variants. Fam-
ily 10 showed high affinity for variants that contained
the E89K substitution; Family 10 was isolated only
in selections that targeted variants that contained the
E89K substitution. Family 8 showed poor affinity for
the MS2 coat protein and all of its variants; Family 8
was not isolated in selections that targeted the MS2
coat protein or its variants, but was isolated only in se-
lections that targeted thegXoat protein. In fact, only
aptamer families originally isolated in selections that
targeted the @ coat protein were found to compete
effectively with the (@ operator. None of the newly
selected families showed better than wild type binding
to the B coat protein in our assay, despite the fact
that these MS2 coat protein variants had previously
been shown to display enhanced affinities for the Q
operator.

While the correspondence between affinity and
sequence data was striking, there were also several
exceptions to this rule. For example, while only the
coat protein variant E89T extracted Family 13 from
a random sequence pool, Family 13 in fact bound
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Family 11 Family 12 Family 13 Family 14 Family 17
Uuu Uuvu Uuvu Uuvu Uuu
U C U Cc C C U C
U-G G-C A-U U-A A-U
C-G U-A C-G G-C U-A
G-C C-G G C-G AA—U G-C
G—CUGUU A A G 2 C—GCA
A-U A-U C A
GUCR ¢ AG™U C-G Uc
G-C A-Upa JUaR G-C A-U
U-A u-aCu U-A U-A G-C
C-G G-C G-C Cc-G U-a
U-A G-U A-U U-A G-C
Preference
for
Q102 3.5 4.1 57 3.9
E8IT 3.6 34 4.4 3.1

Figure 8. E89T-specific aptamers. The predicted structures of aptamer families that are specific for E89T (as described in Figures 6 and 7)
are shown. All of the aptamers were predicted to form hairpins topped by a YUUC tetraloop. No additional sequence or structural similarities
could be discerned between these disparate aptamers. It is unknown whether the side bulges or adjacent stems that are shown also play a role
in E89T recognition. Family 17 is included because it resembles Families 11-14 and was also isolated in selections that targeted E89T. The
preferences for either the double substitution variant Q102 (N87S,E89T) or the single substitution variant EB9T are shown below the structures.
The preference value = {[relative binding ratio, MS2 coat protein variant]/[relative binding ratio, wild type MS2 coat protein]}.

slightly better to Q102. Most of the exceptions that evolution. Other aptamers that clearly arose indepen-
were noted were similar to this example: seeming dently of one another, such as different members of
omissions from the selection results. In some cases, Families 2 or 11, may have fixed 20 or more residues
this seeming omission may have been due to the smallduring their evolution. Even if the aptamers are not
number of family members that were cloned (there considered to be optimal binding sequences, the multi-
were only three Family 13 aptamers). In other cases, ple aptamer families can nonetheless serve as an ideal
though, it appeared as though an aptamer may havetest set of RNA ligands for assessing whether selection
enjoyed a selective advantage in one population rela- for high-affinity binding also leads to highly specific
tive to another: Family 11 (8 members) bound equally binding.

well to E89T and Q102, but was only recovered from While both natural and unnatural RNA ligands
selections that targeted E89T; Family 16 (12 members) could discriminate between distantly related proteins
bound equally well to E89K and Q102, but was only (MS2 and (B coat proteins), the selected RNA ligands
recovered from selections that targeted Q102. The factdid not always discriminate between closely related
that selection results did not precisely follow measured proteins (the MS2 coat protein and its variants). In-
affinities may have been the result of stochastic bind- stead, aptamers that had high (and perhaps optimal)
ing events (‘jackpots’) that occurred in early, stringent affinity for one target sometimes bound many of the
rounds of selection. closely related targets equally well (e.g., Family 15
had high but similar affinities for all the MS2 coat
protein variants). The aptamer generalists that were
recovered may have interacted with surface features
that were shared in common between the targets (as in

It can be argued that the selected aptamers are optimafFigure 1b). We have previously observed such gen-
binding sequences. The sizes of the selected motifs€ralists during the selection of aptamers that bound
and structures were consistent with a thorough searchto closely related protein kinase C isozymes [3,24].
of all sequences of length 22 or shorter (the calculated While aptamer specialists were found, they showed
complexity of the original pool). For example, if we Very modest specificity for their cognate target relative
assume that the dual-specificity aptamers of Family 9 t0 closely related targets (e.g., while Families 11—
(Figure 3) arose independenﬂy of one another, then at 14 favored prOteinS Containing the E89T SUbStitUtion,
least 19 residues must have become fixed during their they discriminated against the wild type MS2 coat pro-

Conclusions
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tein containing glutamate at position 89 by only four- major specificity determinants to retain the same ori-
to fivefold; Figure 8). Overall, these results emphasize entations relative to one another. These results are
that selections for affinity do not of necessity beget congruent with the hypothesis that binding interac-
specificity. tions between biopolymers are limited to a discrete
The finding that there is not always a correlation range of chemistries of structures. Thus, it should not
between selected binding affinity and binding speci- be surprising that the binding specificities that can
ficity extends and refines analysis originally carried be achieved by biopolymers may also be inherently
out by Eaton et al. [1]. Any correlations that may limited.
exist between binding affinity and binding specificity An interesting corollary to this analysis is that if
can best be observed when the distances between thall ‘fits’ of molecular interfaces are not possible, then
sequences and structures of related protein targets arghe best possible ‘fits’ for related interfaces may differ
large, as Eaton et al. [1] also point out. Thus, ligands significantly in sequence. In other words, if a target
selected to bind different fibroblast growth factors or molecule changes even slightly, its best cognate lig-
divergent coat proteins (MS2 andsdo not bind and may have to change drastically in order to realign
well to non-cognate targets. Conversely, correlations bonds and steric contacts and maintain the tightest
between binding affinity and binding specificity may possible interaction. In support of this hypothesis, we
be lost when the distances between related protein tar-have observed that small changes in the sequence of a
gets grow so small that few or no RNA ligands can protein target were compensated for by large changes
adequately make distinctions. Thus, ligands selectedin the sequences and predicted structures of cognate
to bind MS2 coat protein or its closely related variants RNA ligands. While aptamers that were mildly spe-
can bind well to non-cognate targets. cific for the E89T variant of the MS2 coat protein
Our results can best be understood in terms of could be selected, the sequence changes that were re-
structural hypotheses and models. Both nucleic acids quired to effect this recognition were relatively large.
and proteins are constructed from monomers that At the least, the single amino acid change in the pro-
have discrete chemistries and structures. There are naein elicited a three-base change (AUGA UUUC)
canonical nucleotides that are ‘intermediate’ between in the loop and the deletion of a bulged base in the
the purines adenosine and guanosine, nor canonicalMS2 operator, and perhaps required more involved
amino acids that fill the gap between the basic side sequence and structural changes as well (Figure 8).
chains of lysine and arginine. If nucleotides, amino The notion that searches through the vast sequence
acids, and ultimately their polymers are chemically and structural spaces available to biopolymers do not
and structurally quantized or granular (that is, capa- always yield specific ‘fits’ to targets has important
ble of displaying only a limited range of chemical consequences for drug discovery. If selected biopoly-
moieties on a limited range of shapes), rather than mers such as aptamers were perfectly specific and
chemically and structurally continuous (capable of could meld themselves precisely to a target, then
forming virtually any surface), then it should not be virtually any amino acid substitution at a molecular
surprising that complexes between these polymers areinterface might sterically inhibit binding. However, if
similarly quantized or granular, and that complemen- selected biopolymers such as aptamers are not per-
tarity between ligands and receptors may not always fectly specific, then at least some RNA binding species
be unique. may be robust to amino acid substitutions. For ex-
To bolster the hypothesis that the specificities of ample, the Family 15 generalists bound tightly to the
selected interactions may be limited by the range of original coat protein and were not deterred by substi-
chemistries and structures that biopolymers can as-tutions at either position 87 or 89. Counterintuitively,
sume, we have begun to examine the structures of because selected biopolymers such as aptamers bind
coat protein:aptamer complexes. As an initial effort, over a relatively large surface area and cannot always
MS2 operator-like aptamer with a trinucleotide rather achieve the tightest possible ‘fit’, they may in the end
than a tetranucleotide loop was soaked into MS2 crys- prove to be better drugs against targets that can mutate
tals and the co-crystal structure was solved [25]. The than small organic molecules that must rely on fewer,
aptamer bound almost identically to the wild type more precise, and sterically constrained interactions.
MS2 operator. In order to achieve this, interactions
between the stem of the aptamer and the protein bind-
ing site underwent a rearrangement that allowed the
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