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Recombination, RNA evolution, and bifunctional
RNA molecules isolated through Chimeric SELEX
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ABSTRACT

Exchange of RNA structural domains through recombination can be used to engineer RNAs with novel functions and
may have played an important role in the early evolution of life. The degree of function an RNA element retains upon
recombination into a new sequence context is a measure of how deleterious or beneficial recombination will be. When
we fused pairs of aptamers previously selected to bind coenzyme A, chloramphenicol, or adenosine, the chimerae
retained some ability to bind both targets, but with reduced binding activity both in solution and on affinity resins,
probably due to misfolding. Complex populations of recombined RNAs gave similar results. Applying dual selection
pressure to recombined populations yielded the combinations that were best suited to binding both targets. Most
reselected RNAs folded into the active conformation more readily than chimerae built from arbitrarily chosen apta-
mers, as indicated both by solution
ments confirmed that the sequences required for binding are fully contained within the respective domains and not
derived from interaction between the domains, consistent with the modular architecture of their original design. The
combinatorial nature of the recombination methods presented here takes advantage of the full sequence diversity of
the starting populations and yields large numbers of bifunctional molecules (10
be easily generalized and should be applicable to engineering dual-function RNAs for a wide variety of applications,
including catalysis, novel therapeutics, and studies of long-range RNA structure.
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INTRODUCTION

Recombination has been a powerful evolutionary force
throughout biological evolution, as seen in the numer-
ous amino acid sequence motifs that have been shuf-
fled from one context into another to form natural mosaic
proteins (for review, see Doolittle, 1995). Protein seg-
ments are routinely recombined to engineer chimeric
proteins with novel functions. Evolutionary rates can
be greatly accelerated when recombination is allowed
in addition to point mutations (Holland, 1992; Stemmer,
1994a, 1994b; Crameri et al., 1998). Pre-mRNA pro-
cessing is thought by some to have played a role in the
natural evolution of these mosaic proteins through “exon
shuffling” (Gilbert & Glynias, 1993; de Souza et al.,
1996), and a similar process has been used to shuffle
coding domains in filamentous bacteria to produce com-
binatorial peptide libraries for phage display (Fisch
et al., 1996).

Reprint requests to Donald H. Burke at his present address: De-
partment of Chemistry, Indiana University, Bloomington, Indiana
47405, USA; e-mail: dhburke@indiana.edu.

Large functional RNAs, such as self splicing introns
and the RNA components of RNaseP, ribosomes, and
spliceosomes, also tend to be organized into second-
ary structural domains. These domains assemble
through base pairing, tetraloop—receptor interactions,
counterion condensation onto divalent metal ion cores,
adenosine platforms, H-bonding through the ribose 2’
hydroxyl, base triples, and other interactions (Pyle &
Green, 1995; Cate et al., 1996; Strobel & Doudna,
1997). Normal intramolecular interactions that assem-
ble the catalytic core of group | ribozymes also as-
semble these domains when they are present as
separated pieces (Doudna & Cech, 1995). Recogni-
tion of the pre-tRNA substrate by the catalytic RNA
subunit of RNaseP also involves tertiary RNA-RNA
contacts (Yuan & Altman, 1995; Harris et al., 1997,
Lee et al, 1997). However, there is little evidence
that multidomain RNAs evolved piecemeal through re-
combination among the individual structural domains.
Indeed, there are few examples of natural mosaic
RNAs that would indicate whether recombination has
been as powerful a force in RNA evolution as it has
been for proteins.
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On the other hand, there are compelling reasons to ex-
plore the potential for using recombination to engineer
new RNAs. In addition to the expanding catalogue of
functional RNAs found in nature, there are now hun-
dreds to thousands of small functional RNA modules
from in vitro selections (the SELEX protocol). The num-
ber of possible pairwise fusions among these elements
grows with the square of the number of elements avail-
able, and each combination carries with it the possibility
of additional functions arising from synergy between the
recombined elements. For example, fusing an mRNA-
cleaving ribozyme with signals that increase in vivo life-
time or direct the ribozyme to co-localize with its target
could stimulate in vivo cleavage efficiency and lead to
novel therapeutics (Westaway et al., 1995). RNAs that
bind two substrates (e.g., FMN and NADH) could cat-
alyze a reaction (e.qg., electron transfer) between them
(Ellington, 1993). “Molecular switches” have been gen-
erated by incorporating aptamer motifs into hammer-
head ribozymes such that cleavage activity is regulated
by addition of the appropriate binding partner for the ap-
tamer (Tang & Breaker, 1997). Finally, if there was ever
a time in which cellular or pre-cellular metabolism was
driven by RNA catalysis (RNA World), recombination can
be expected to have occurred with an appreciable rate.
Synergy between the recombined products could have
yielded RNAs with new functions, but only if each of the
recombined elements retained significant function in the
new sequence context.

We are interested in modeling random recombina-
tion among functional RNA elements as a means to
generate RNAs with novel functions. When two RNA
elements are thrown together, either through natural
recombination or intentional engineering, it is difficult to
know beforehand whether the joining will diminish the
activity of one or both of the recombining partners.
Each parental molecule can harbor “negative elements”
that disrupt the other’s activity by favoring alternative,
inactive structures. Furthermore, not all of the binding
modes represented in diverse aptamer populations will
be suitable for evolving molecules with more advanced
functions (Burke & Gold, 1997), particularly when the
reactive moiety in the bound target is located within a
good binding site for RNA. For example, an aptamer to
flavin mononucleotide (FMN) might bury the flavin moi-
ety, making it unavailable to participate in redox chem-
istry. Because there is no way of knowing a priori which
variant from a given population would provide the best
starting point for subsequent selections, there is a clear
need for methodologies that allow rapid screening to
identify the most fruitful combinations.

The “Chimeric SELEX” method described here sim-
ulates random recombination among functional RNAs
derived from RNA populations with 70 or 80 positions
of random sequence. Specifically, we make use of pre-
viously described RNA populations that bind chloram-
phenicol [Cam (Burke et al., 1997)], adenosine (Burke
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& Gold, 1997), or coenzyme A [CoA (Burke & Hoffman,
1998)]. These aptamers were selected from random
initial pools that contained either 70 (“70N”) or 80 (“80N")
positions of random sequence. Among the diverse se-
quences from the Cam-binding populations (“*70Cm”
and “80Cm"), there were some that contained the motif
in Figure 1A, which has a weak but suggestive similar-
ity to the portions of 23S rRNA involved in Cam binding
and peptide bond formation (Burke et al., 1997). All of
the isolates from the adenosine-binding population
(80S), which was selected to recognize S-adenosyl me-
thionine (SAM), conformed to the sequence motif shown
in Figure 1B. This element has also been isolated in
selections for RNAs that bind ATP (Sassanfar & Szostak,
1993) and NAD* (Burgstaller & Famulok, 1994), and it
recognizes many other adenosine derivatives. Of the
two CoA-binding populations, the “80CoA” sequences
were highly diverse, whereas the “70CoA” population
was dominated by a motif that recruited secondary struc-
tural elements and 12 specifically required unpaired
nucleotides from the primer binding sites (Fig. 1C). This
RNA element also binds many adenosine derivatives,
but its specificity differs significantly from that of apta-
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FIGURE 1. Schematic representation of some of the aptamer mod-
ules used in this study. A: One of the Cam-binding aptamer motifs
present in both population 70Cm and 80Cm (Burke et al., 1997). B:
Conserved adenosine-binding aptamer motif present in population
80S (Sassanfar & Szostak, 1993; Burgstaller & Famulok, 1994; Burke
& Gold, 1997). C: Conserved CoA-binding aptamer motif found in
population 70CoA (Burke & Hoffman, 1998). N, any nucleotide; n, its
base pairing complement; x, variable number of nucleotides of any
sequence. Nucleotides that were intolerant of mutations or were highly
conserved are in bold print.



Recombination modeled with chimeric SELEX

mers from the 80S population. The 70CoA and 80CoA
populations also contained low frequencies of RNAs
that required intact CoA for elution from the CoA resin
and were not eluted by AMP alone (Burke & Hoffman,
1998).

The recombination event that initiates chimeric SELEX
fuses every member of one population with function
“X” with every member of another population with func-
tion “Y.” In this paper, the binding activities of previously
described aptamers in their original sequence context
are compared with their activities in the context of larger,
recombined molecules. We show that most such com-
binations are mildly to severely deleterious, but that
additional cycles of selection/amplification enrich the
population for those that best retain both activities. The
deleterious effects of chimerae formation appear to be
due largely to misfolding of the active element, al-
though other factors are clearly involved in some in-
stances. The process can be readily generalized to
other systems and, because it is combinatorial, it gen-
erates vast numbers of bifunctional molecules. Similar
bifunctional populations should be amenable to evolv-
ing sophisticated RNAs built from nucleic acid modules
with two or more functions.

RESULTS

Effect of chimerae formation on pairs
of selected aptamers

To test the effect of arbitrarily recombining RNA apta-
mers, individual 70N and 80N isolates from the popu-
lations described above were joined using an overlap
extension reaction shown in Figure 2. RNAs in each
populations contain specific primer binding sequences
at their 5" and 3’ ends to facilitate pool amplification.
The sequence at the 3’ ends of the 70N populations is
identical to that at the 5’ ends of the 80N populations.
When 70N and 80N RNAs are reverse transcribed,
converted to double-stranded DNA, mixed, and dena-
tured, the 70N top strand can reanneal with the 80N
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FIGURE 2. Overlap extension strategy for generating chimeric RNAs.
Rectangles indicate primer binding sequences. Thick lines, RNA;
thin lines, DNA.

bottom strand. The recessed 3’ ends can then be ex-
tended with any DNA polymerase to yield 150N, chi-
meric molecules that contain the binding elements from
each parental sequence. The two domains have been,
in effect, recombined through their common sequence
elements.

Table 1 shows the 22 pairwise combinations gen-
erated through the overlap extension reaction. Apta-
mers from several different selections were fused in
order to minimize artifacts that could be introduced
from any particular set. Series “Q” combines 70Cm
and 80CoA individuals, series “R” reverses the order
(70CoA with 80Cm), and series “S” combines 70Cm
with 80S individuals. These particular aptamers were
chosen because they were among the most active in
binding to and eluting from their respective cognate
resins (Burke et al., 1997; Burke & Hoffman, 1998).
Each RNA was assayed for its ability to be retained

TABLE 1. Combinations of individual aptamers fused into chimerae.?

70N parental aptamer

80N parental aptamer 70Cm#6 70Cm#15 70Cm#45 70CoA#5 70CoA#16 70CoA#68
80C0A#18 Q#1 Q#3

80Co0A#32 Q#2 Q#4

80Cm#19 R#1 R#4 R#7
80Cm#30 R#2 R#5 R#8
80Cm#33 R#3 R#6 R#9
80S#7 S#1 S#4 S#H7

80S#20 S#2 S#5 S#8

80S#22 S#3 S#6 S#9

aSequences of parental aptamers are published (Burke & Gold, 1997; Burke et al., 1997; Burke & Hoffman, 1998).
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on the corresponding affinity resins and to be eluted
by free target molecules under conditions similar to
those used in the original selections. The total amount
of RNA that could be recovered in this way was gen-
erally reduced to between 10% (indistinguishable from
background) and 70% (equivalent to original activity
within experimental error) of that of the parental apta-
mer (Fig. 3). Not all combinations were affected to the
same degree. For instance, 80Cm#30 and 80Cm#33
gave similar yields when assayed alone, but when com-
bined with the same three 70CoA domains, the
80Cm#30-derived chimerae (R#2, R#5, and R#8) lost
considerably more activity than did the 80Cm#33-
derived chimerae (R#3, R#6, and R#9). The loss of
binding activity is most likely caused by the formation
of alternative base pairing patterns that preclude fold-
ing into the active conformation [“alternative conforma-
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tion Hell” (Uhlenbeck, 1995)], such that the active
conformation constitutes a smaller fraction of the pop-
ulation of chimeric molecules than it does in the paren-
tal 70N or 80N RNA. Alternatively, subtle conformational
changes may distort the binding site and directly re-
duce the binding affinity. Either way, loss of affinity resin-
binding activity directly reduces the selective fithess of
these RNAs.

To test whether misfolding is responsible for reduced
resin-binding activity, ATP-binding activities of several
RNAs were measured in solution using spin filtration
(Jenison et al., 1994). Various concentrations of refolded
RNAwere incubated with [a-3?P]ATP and filtered through
30-kDa molecular weight cutoff membranes. Free ATP
passes through the membrane, whereas RNA-bound
ATP does not. Dissociation constants (Kys) were de-
termined graphically by plotting the fraction of the ra-
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FIGURE 3. Effect of chimerae formation on binding activity, as measured by the fraction of all counts recovered from a
cognate affinity resin that eluted upon addition of free target. Affinity resins were derivatized with (A) coenzyme A, (B) 5’
AMP (C-8 linkage), or (C) chloramphenicol. Solid bars, the activity of the aptamer alone; hatched bars, activities of the

corresponding chimerae (compare Table 1).
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FIGURE 4. [a-%?P]ATP solution binding curves for 80N isolate
SAM#20 (circles) and three SAM#20-derived chimerae (triangles,
S#2; squares, S#5; diamonds, S#8). Theoretical curves were opti-
mized using the equation given in Materials and Methods.

dioactivity retained above the membrane as a function
of RNA in the assay and taking K, to be equal to the
ATP concentration at half the calculated plateau value
(Fig. 4) as described in Materials and Methods. The
80S isolate SAM#20 binds with a K, of 1.1 £ 0.3 uM,
similar to that reported for comparable RNAs contain-
ing essentially the same binding element (Sassanfar &
Szostak, 1993). Chimeric construct S#2, which contains
the SAM#20 sequence, gave a similar K, but a calcu-
lated saturation plateau that was reduced to around one-
third (36%) that of SAM#20. This is similar to the ratio
observed in the fractions eluted from the resins, and is
consistent with the notion that the differences are due
to increased misfolding within the larger RNA. In con-
trast, both S#5 and S#8 gave calculated plateau values
similar to that of SAM#20, but their K;s were shifted ap-
proximately five- to sixfold. Their decreased elution ac-
tivity may be due to some factors other than misfolding.

Combining populations of aptamer domains

The overlap extension strategy was used to generate
three populations of 150N chimeric molecules: 70Cm/
80C0A, 70C0A/80Cm, and 70Cm/80S (designated “I,”
“F,” and “P,” respectively). Within the parental popula-
tions, no individual sequence made up more than 15%
of the total number sampled, and 40-80% of the se-
guences were encountered only once within each set.
On this basis, we estimate that there are between 10°
and 10° different sequences in each parental popula-
tion and 105-10%? unique combinations that can be
formed between them. Primer extension analysis on
the products of the overlap extension reation was used
to determine the degree to which these combinations
had been saturated. End-labeled primers complemen-
tary to the 70N 5’ fixed region were extended to the 3’
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end of either the 70N or 80N domain, depending on
whether recombination had taken place. The products
were analyzed by gel electrophoresis, and the radio-
activity in the two bands was quantified (data not shown).
By this measure, 20—-50% of the input DNA had been
fused into chimerae of the appropriate size. Because
approximately 0.5 ug of gel-purified parental DNA went
into the reaction (6 X 10'* DNA strands), all of the
combinations of individuals from each aptamer popu-
lation are expected to be represented in the chimeric
populations.

Reselected bifunctional populations

The chimeric populations were assayed for their abili-
ties to be retained on both affinity resins and to be
eluted by the respective free target molecules as above.
Again, the amount of RNA that could be recovered in
this way was reduced significantly relative to the pa-
rental populations (Fig. 5). However, after a small num-
ber of SELEX cycles, nearly full activity returned to
both populations. Sequences of individual isolates from
the final selected populations were diverse and showed
no sign of having converged on a “winning” sequence
(24 sequences from population F, 11 from I, and 11
from P, Fig. 6). The adenosine-binding motifs that had
dominated the 70CoA and 80S populations are easily
recognized in some of the sequences from the final
selected chimeric populations, as are 23S rRNA-like
sequences in some of the 70Cm and 80Cm domains.
However, most isolates present novel sequence motifs
in one or both domains, as expected in chimerae de-
rived from diverse populations.

There were no duplicates of entire 150N molecules,
but some of the 70N or 80N domains matched those in
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gregate activities of the parental, monofunctional RNA pools are shown
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CATGGTGTCCAAGGGGAGATACAAAAGAGCGAGATGTTCTTAATGGTTACCTGAAGAGACACNCGOGAG
NGCACCAAAGCTGAAGTAGCGGGATAACTCAAATTACTTTAGGTGTATGAAGGTGAAACTAGCAATGAAG
TGACNCCACTCGAAAACAGGATCACGGACCTGGAAAAACTGAAACGAAGGCTGAGGATCTNNGAGAGTGT
CATGGTCACGTGAAGTCAAGGACCAACGAGGGAAACTCTTGTGGTATTGACAAAACGATGACGAGCGAA
CTNTGGTNCNCCGTGCATGATTTAATNAGAATACCAAGACATCGGAGAAGTACAACACCANCCATCTGAT
CATGACTGGACTTTAATTCAGTGGGACCACGAGATGTGCGTTTCAGAGGGTAAACAATCCAGTGGGCGAT
TATGGTTGGAGGCCAGTGCAAAGAAAATGCAAACTCTGCATAAGCTGTGCACAGTCTACCAGCGAGCGAA
AATCCGACCTTGTGTGGAGGAGTATATCTTNTCTTAAAAAATCGGAAAAAGAAATNCGATCGGGAGACT
TAGTGAAGTAAATTCTCCTGGAGGGAAGTATGATCTTGAACTGCCAGAATCCCAAGGAGCAAACTATCGC
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gCAAAGACTCAAGGATGAATTCGTGAAAGAAGTGAAAGTACCTGGATATCCGTACATGACATTGATGGT
AGGTTGAGTAGTCACAAAGAAGCGATTCTCGACTAGCTCTTCGGCCCTCCTGTATCGTCGCACCCCCT
TCAACGGAACAAGGAACGTTCTGAAGCACAGTGTAGATACGTAACCAGTAGGGAAAACCGAATGAACCAT
CGAATCCTGAAGGACCAGCAACGAGACTGGAAACGTGGCGATACGTCGNGACGGCAGCTCGACCCT
CCACGGACCAGACGAGTCGAGTGGCAAGTGACGGATTCAAGAAATGAACCTACGATGTCTGCACAC
CCATCGCAGCGTCCAGAAGCACACTGAAAAATTACAGTGCAAAAGCCAATACGGACACACCGCAT

CATGACACAAACCATATGACGGAAACAAGCAACAACGACATATGGCAGAGGAGGCGCGCGAT

TGAGTACTGAGGTAAACATAATTGGTAGTGAGTAGAACACCTCCGATCACCGTAATCTTGTGGTGCCGA

TTATGAATCAGTTGCCCACGTGGAAAAAGGTGCAAAATTNCAACGTATGCAACRCCGTAACCCATATCGE

gCCGCACAACGGACTCGAAGCGAAGACATACGAAGGGAATGATTCAACCGGATGCAACCTCAGCAAAAG
CACTGAAAAAGGACGTGGACAGAAACCGTCACAGTGCAAAACCGATGAGTGATAGCTGCCTAACAACGCN

CGAGCAGGAGTAAGCGTCGTAGATCGCNCNCACCTTCCGCCTCTCCCTGAGAAGATTGTACGTCAGTCGC
AGGAGTGTAAGAAGTTCGCAGGGCNTTCGGTGACNACGAAACCAAAACNCTGCAATNCCTTNCNCATGGT
CCGAACGTGAACGGATGTGTTGACCGTTGTGAGTCTACCCATCTCCGACCAACAGATCAGTTGTGTGT
TTATGAATNAGTTGCTCACGTGGAAAAAGG TGCAAAATTNCAACGTATGCAACACCGTAACCCATAGCNC
CACCAAAGGTTAATCCTATGCGGAGACTGTGAAAAACGAGTGTAAGATTCAGGATACCAGCCAGCACTAGG
CAATGGCAAAGAAGCGAAACGGTCTGTGATGATAGCGGACTAGCCCAGGAATGATACTGATGTGCATGGT
TAGCAAAANCCGAGGGTCAACTAGTGCTATTTGAAGTTNTNTGAGCAAGCACTGCCTNGTGTACCGAC
TGTTACGTGTCTAATTGAGTACGAANACCCCAGCGTGTGGCGATTTAAATNCCACGATCGAATT

gggcataaggtatitaaticcata  TTCCCAAGCGGAACTACTCGAGCAGGNGATGAACNCGTGAAAAAGCCCGGAATGAACTGAGACGCTGBAAATG

gggcataaggtatttaatiiTcata ACTGGCGCACAGGATAAGTTGCCGCCTTATCGTGGCTAAGCGTAAGAAGGTCAACCTGCAAATGTGCTTAATCAAGGAC
gggcataaggtatitaaticcata  ACCTAGGCCACTGGGACGTCCATAAGGACCACGATCGTACNGCGGAGGTCCAGNNAGCACTATACAAACTACCTTGAAC
gogcataaggtatttaaticeGlta  CTCTCGGATTCAGAGCACCGGTAATGTGGACTGGACTAATTGCTCCGCCGCAGTTCAAGTCGAACAATTCACACAA

gogcataaggtatitaaticcata  TTCGCTACCACAAACGAGCACAAACCCCTAGACTCGTAGCCTGTCCTAGTCGACNCGCTTGGAGNCTCAACATCAAC
gggeataaggtatitaaticcata  TCGGACCGTTCGCATCATCAGTTTAAAGATTAGCTCACAGGATNGAACAAAGCTTCGCTGGTGCTGAACTCTGCAAA

gogceataaggtatttaaticcata  CTCCAAGCGGAACTATGAGAGCGATGAACGAGTGAAAAAGCCGGAATGAATCTGAGACACTGGAAAATG
gggeataaggtatitaaticcata  ATCGATCAACNCNCGCCATGTCTGAAAAAGTTTCGCACGATGTGCACAAACACAAAGGTACTAGAAGATATTGCGAA

gggcataaggtatttaattccata 3'

gggcataaggtattiaaticTata gCTACTGTANGTCGACATCGAACAGTGCAAAATGACCTCCGCTTAGG ACCCTAAGTGAAAAGGAGTGCACACCACAAC
gggcataaggtatitaaticcata CACCTGCCACGAACCCCTATCCGGAATGGCTCTGAACCTAACGCTGTAAAATCCTGAATCGACAGCCCAACT
gggeataaggtatitaaticcata  TGGNGCAGACCCGAATCAACAAAGCANACACAGCCAAACTGACCTACCTCACGCTGCAAAAAGCTTGTTCTT, AC

gggcataaggtatitaaticcata GCCGACATCCGACGAGGATTTTAAACGAGGGCTCACGAAAAGACCCTCCGCTGCAGTCTATGTCACTCATCTTAGAA
gg-cataaggtatitaaticcata ACCGTCATCCGACGAGGA AAACGAGGGTTCACGAAAAGACCCTCCGCTACAGTCTATGTCACTCATCTTAGAT
gogeataaggtatttaattccata  CGGAATCTGAAGGAGGAATTTCAGAGGAACCTTAAATAACCGGACAGCTCGGCTCATTCCTGCGTCGAATCTTAAACTTT
gogTataaggtatitaattccata CGGAATCTGAAGGAGGAATTTCAGAGGGACCTTAAATAACCGGAGCAGCTCGCCTCATTCCTGCGTCGAATCTTAAACCTT
gggeatCaaggtatitaaticcata TCCCTGTGAGCCTTCAGGCCATCCCAAGCTGAGACACTGCCAAAATCGCTTCAAAAGAGTTGCGACAGTAAAAACCAAA

gagcataaggtatitaaticcata  TCCAGCTACATAGCATGGAGGACTCTCCACCGACGACCAATGATGCATAATGCTCTTTGAGGTCGGTACAACGTTGATT
gggeataaggtatttaaticcata  TCCTGGCACAGAGTGACGAGTCAAGATCAGACAGGACACGCTCATGCCGATTGAGTTGATT

gggeataaggtatttGaCiecata ACCACGAGTTCCTGATCACGAGGCAACTGCTCATCCAACAGCCTAAAGTTCGCGTGCTGAATGCTGTAAACTGATTGATT
gageataaggtatttGattccata  ACCCTGTGAGCCTCAGGCATCCCAAGCTGAGACCTGCAAATCGCTTCAAAGAGTTGCGAACAGTGAAAACCAATTGATT
gggeataagglatitaaticcata  CTCTCCTAGCTGATCAAATCCCGCACCCGAAAAACGACAACCCGAGCCTGCAAAGGCAGTACACTGTTGCAATGTTGATT
gggcataaggtatt-aattccGta  TCCCAGGCTACCGTTCAGCGATCCATCACAAGCAAGGTGCAAAAACTTTAGTCACAAGACACCCAAACTACTTGAAGTTGATT
gggcataaggtatttaaticcata CGGACGAGAGTAGTAAGCATAGCTCTCGACCGCAAGTCCGGAAACTGACCCGATCTGCAGCAAACAAAGTTGATT
gggcataaggtatitaaticcata  CTGGAGGTCGTCGAATCGTAAGNNCGACACCAATTAGTTAAGTTAGGGAGTGATTGTCGATTCTTTTCACCTTTTTAGCTTGATT

gg-calaaggtatitaaticcata ACCGTCATCCGACGAGGATTTTAAACGAGGGTTGACGAAAAGACCCTCCGCTACAGTCTATGTCACTCATCTTAGATTTGATT
ggyTataaggtattaattccata CGGAATCTGAAGGAGGAATTTCAGAGGGACCTTAAATAAGCCGGAGCAGCTCGCCTCATTCCTGCGTCGAATCTTAAACCTTTTGATT

gggeatGaggtatttaattceata  ACGTCCCAAGAGTACACGAGTACAGTCGAAACACGTTGAAACGAGCGGTAGGCAACGTCCCACTTCAGACACTCAATGA

gggTataaggtattta-ttccata  gACACGCTTGCCTATAGAAAGCCTGCTTTCGAAGTTGGAGGTAGATCGTCCAGCTAAATGATA ~-CACCGTACCCAAAATG
gogcataaggtatttaattccata  GACACGCTTGTCTATAGAA -GCCTGCTTTCGAAGTTGGAGGTAGATCGTCCAGCTAAATGATAACACCGTACCCAAAATG
gggcataaggtattitaattccata  TCCGCTACCACAAACGAGCACAAACCCCTAGACTCGTAGCCTGTCCTAATCGACGCGCTTGGAGGCTCAACATTCAAC
ggn-ataaggtatttaaticcata ATTGCCGATATCCGCAGTTAGCGAAGCTCGCGTGAGGACGCGATGGGATTGACACAACGGACCAGTCACTTCGA
gogcataaggtatttGattccata  gTGGTGCATGGACTCGAGTGATACGAGAGTTCCCAGGATAAAAGCGATAATCCAACGGCAACACCTCGATAGAGTAAATC
gggcataaggtatttaaticcata  GACGAACGAGACAGTGCGAAGCGGCCGTGACGTCCCTTTAAATGGCTATTGTCGGCTTAGACATGCGAGTGA

gggcataaggtatitaaticcata  gGCAGATGTTCACATGGAGAACTGTGCACACTGACCTTAAACCTGGCACCTGACGTTTAGCCGCCTGAGTTCCCCAAGA
gogcataaggtatitaaticcata CCGONGCAAATGGTATGCAACGAGCTACATTCACTGATTTAGCAGTACAACACCAAATGCCTCGAGCAAAACTTGAAC
gggcataaggtatttaaticcata  AACTCGACAGAGATAAGTTGCACATTTCGCGCGCATCAACTCTAGCGAGAAGCTTACAGCTTGACAATAATGTCTGTAA
gggcataaggtatitaaticcata  ATGCGACACACTACATCGTGCTAGCTACTTCACTAGCTAGCAGAGTCCGAAGAGGCGAGTAGTGTTAATGCTTTGTTA

gogcataaggtatttaaticcata  TCCCATCCGAGCTACCCAGCAGGCATGGAAGAAACTGCGAAATCAAGGGCTCGCCCGTTTAGAGACAGTCGAACGNGCCAA

gogcataaggtatttaaticcata  ACCACGAATTTGGATGTACCCTTCCAAGAAGGGTATACCATGTCGCTTCTTGGAGCATGGTAGACACTGCGAATCGACGA
gg-cataaggtatitaattccata CAAGACCTAGCTTCCGTGTGGCATGGTAGACACTGCGAATCCGGGCGACTTCTCCTCGATAAATGAATTCAGAAGACAC

gggeataaggtatitaaticcata AGGCACCGAGCATGGTAGAAACTGCCGAATCAATCAGACAGTTAGGCGTGGGCACCACACNACCTCACGCAATATCACGAY
gggeataaggtatitaaticcat  GCACGACNCTTGGTACCTGCACCAGAAATCATTAACGATTAGGACTCTGAAGACGGGTGEGAAGAACGTGCTACTCGA
gogcataaggtatttaaticcata  TGGCNCTACCAGATAATACTCGGTACGCGGGAAGAACTTGCATCATGGGACCAATACCTGATACGTTCCCTGAGTGACT
nggcataaggtatitaaticcata AGAGAGTTTAATAACCGTTATGCACTGAGTAGACCTTAGCATGGAAGAAAATGCGAGTCACCTGTTNGGTTACACACCTGGA
gggcataaggtatitaaticcata  CGGCAAACCGCCACATGCTTGAGAACTGGAGTCATGGAAGAAGATNGCGAAACATGACGTGAGATTCTAAAGGCACACAC
gggeataaggtatitaaticcata  CCAACCCATTGGCGTTAAGGATGTGTCGAGAGGCAAGAACGAGNNGCCGGGTTGCTTCGCTTNCTGGTTTTCAGGA
nggcataaggtattaattccata  ACGAGTGAACTGGTCTGGAATACGCAAACCTCGNNCCCACGAACACGCGTACCGAACATGGAAGAAGTGCGGATC
gggcGraaggtattiGaticcata  TGGTTCTGAATGAAGGTGATTACCATACAACGTTGCGTCTATCTGGGCATGGAAGATACTGCGAAGCTCGTTTAAAGAC

FIGURE 6. Sequences of the bifunctional aptamers from chimeric SELEX, divided into populations F (70CoA/80Cm), | (70Cm/80CoA), and P

(70Cm/80S). Sequences corresponding to the motifs shown in

Figure 1 are underlined. Three 70CoA (Burke & Hoffman, 1998) or 80Cm (Burke et al.,

1997) aptamers the_lt are homologous to the respective domains of particular chimeric isolates are shown for comparison. Nearly identical domains are
aligned with gaps indicated with dashes. Overlapping sequences used in fusing the two domains are shown in lowercase except where mutated
(uppercase for base changes, dashes for deletions). 5’ and 3’ primer binding sites are shown above. “n” refers to unreadable sequence positions.
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other isolates or in aptamer sequences identified in the
original CoA or Cam selections (Burke et al., 1997
Burke & Hoffman, 1998). The 70Cm domains of 1#103
and 1#130 are identical, and three point mutations dis-
tinguish the 70CoA domains of isolates F#218 and
F#230, both of which conform to the motif shown in
Figure 1C. The 70CoA domains of F#105, F#120, and
F#134 differ by four to five point mutations from each
other and from isolate 70CoA#68, which does not share
the canonical motif in Figure 1C. Similarly, the 80Cm
domain of F#115 differs from aptamer 80Cm#46 in five
positions, whereas the 80Cm domain of F#118 differs
from aptamer 80Cm#47 in three positions. Chimeric
isolate I#1 was the only one that appeared to have both
CoA- and Cam-binding sequences within one domain,
suggesting that the original 70Cm isolate may have
also contained the canonical CoA-binding element found
in the 70CoA population. The functional significance of
this apparent evolutionary convergence was not tested
directly. The presence of 21 point mutations (including
single-nucleotide insertions or deletions) within the over-
lapping primer binding sequences used to fuse the two
domains suggests a net background mutation rate of
approximately 1.9% per position subsequent to chime-
rae formation.

Binding activities of reselected aptamers

To determine whether the binding elements within the
reselected chimeric RNAs were sensitive to sequence
context in the same fashion as when individual apta-
mers are randomly recombined, the binding activities
of the 150N chimerae were compared with those of
separately amplified and transcribed 70N and 80N
domains (Fig. 7A). Each set of three RNAs from each
of six reselected chimerae was assayed for binding
and elution from both cognate affinity resins. As ex-
pected from the way in which they were constructed,
much more RNA from the 70N domain than from the
80N domain was specifically eluted from the CoA
affinity resin (Fig. 7B). In sharp contrast to the
arbitrarily recombined aptamer isolates, the fraction
of the reselected 150N chimeric RNA that eluted
specifically—and presumably folded properly—was ap-
proximately equal to or much greater than that of the
70N domain. Domain selectivity was reversed on the
AMP affinity resin, whereas the 70N domains showed
no binding activity and the 80N domains were readily
eluted from the resin, again, as expected. Although
the full-length P#42 RNA eluted (and presumably
folded) as well as its 80N domain, the fraction of the
full-length P#6 that could be eluted was much less
than for its 80N domain, similar to the behavior ob-
served for randomly recombined domains (Fig. 3).
Binding and elution activity patterns were less con-
sistent on the Cam affinity resin. Isolates F#7 and
F#134 eluted equivalently within either the 150N or
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FIGURE 7. Elution activities of reselected 150N chimeric RNAs and
their separately amplified and transcribed 70N and 80N domains (A).
The assay was performed on (B) CoA or AMP affinity resins, and (C)
Cam affinity resin.

80N sequence context (Fig. 7C), but F#11 was less
active than its 80N domain and P#6 and P#42 were
much less active than their 70N domains.

The solution binding affinity of chimeric isolate P#42
was indistinguishable from that of its adenosine-binding
80N domain within experimental error (K, = 1.1 = 0.2
and 1.5 £ 0.5 uM, respectively), as were those of chi-
meric isolate P#6 and its 80N domain (4 £ 2 and 2.1 +
0.6 uM) (Fig. 8). Plateau values were also indistinguish-
able within each pair. Thus, for isolate P#42, chimera
formation had no discernible effect on folding, as as-
sayed both in solution and on the affinity resin. For
isolate P#6, in contrast, chimera formation affected only
the resin-binding activity, perhaps by sterically hinder-
ing access of the resin-bound AMP to the aptamer bind-
ing pocket.
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FIGURE 8. [a-%?P]ATP solution binding curves for chimeric isolates
P6 (filled squares), P#42 (filled circles), and their respective 80N
domains (open squares and circles, respectively). Theoretical curves
were optimized using the equation given in Materials and Methods.

Binding activity arises from
non-overlapping sequences

The reselected chimerae were built from domains that
had been preselected to bind their respective targets.
The presence of well-characterized binding sequences
in several of the isolates, along with the binding data in
Figures 7 and 8, suggest that, for many reselected
RNAs, this modular architecture has been preserved.
However, it is possible that, during the course of the
original recombination or the subsequent reselection
steps, some RNAs mutated to form binding sites that
required elements from both domains.

To test this possibility, we determined the 5’ and 3’
boundaries of the essential binding elements using
deletion/selection experiments (Wallis et al., 1995; Burke
& Hoffman, 1998). End-labeled RNA was partially al-
kaline hydrolyzed and applied to the appropriate affin-
ity resins. Fractions collected during the wash or elution
portions were pooled, normalized for radioactivity, and
size-separated by gel electrophoresis. Typical data are
shown in Figure 9A and summarized in Figure 9B. In
every case, the binding elements are fully contained
within the expected parental 70N or 80N domain. Fur-
thermore, in those chimerae containing previously rec-
ognized binding sequences, the observed functional
boundaries correspond to the edges of the sequences
required to form the expected binding element (70CoA
domains of F#7 and F#11 for CoA-binding, 80S domain
of P#42 for AMP-binding).

The particular sequences that contribute to confor-
mational entropy and stable misfoldings are often re-
ferred to as “negative sequence elements.” Chimeric
isolate P#6 appears to contain negative sequence el-
ements near its 5’ end that inhibit activity in the full-
length isolate. Whereas the original alkaline hydrolysis
ladder was essentially uniform, RNA molecules trun-
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cated from the 5’ end to near position 65 were prefer-
entially lost during the wash steps. There is a dramatic
increase in signal for RNAs with larger 5’ deletions,
and another jump in signal for RNA with 5’ termini be-
tween positions 90 and the functional boundary at po-
sition 128. These data all point to the presence of
“negative elements” in the 70N domain 5’ to position
65 that inhibit AMP-binding activity derived from the
80N domain.

DISCUSSION

Chimeric SELEX in theory and practice

Sequence diversity following in vitro selection is greatly
reduced relative to that at the beginning of the selec-
tion. Recombination among preselected elements in a
two-stage selection restores nonrandom sequence di-
versity, increasing the available sequence space from
10*® molecules to 10%° molecules in the limit of non-
interacting recombined elements. Such recombined pop-
ulations may be able to access nucleic acid activities
that are much more rare than those typically found by
in vitro selections.

We have modeled the process of recombining RNA
modules in the presence and absence of subsequent
selective pressures. Most of the arbitrary combinations
retained reduced levels of activity from each parental
element, whereas additional cycles of selection quickly
returned aggregate activity levels to near normal in re-
combined populations. Vast numbers of bifunctional mol-
ecules are produced in this way, because 100%™ unique
combinations can be generated between two popula-
tions containing 10* and 10Y unique sequences, re-
spectively. Only a fraction of these 10**¥) combinations
retain full activity in both domains, reducing the number
of strongly bifunctional combinations to 10**¥~_The
value of “a” will be a function of the particular se-
guences and selection criteria involved. In the experi-
ments presented here, a appears to be between 1 and
3, given the rapidity with which binding activity returned
in the chimeric populations during their reselection. Thus,
chimeric aptamer populations built from two pools con-
taining 10° unique sequences each are expected to
contain on the order of 10° to 10** different highly ac-
tive bifunctional molecules. In the present case, such
bifunctional populations would be good starting points
for selecting catalytic RNAs that use both small mol-
ecules as substrates.

Hybrid RNAs are finding many uses, some of which
are noted in the Introduction. The considerations noted
above may be broadly applicable, because efforts to
engineer dual-function RNAs may generally suffer from
loss of activity in the recombined or assembled RNA
elements, and screening paired combinations individ-
ually is laborious. Most strategies that fuse RNA mod-
ules will benefit from including a broad spectrum of



Recombination modeled with chimeric SELEX 1173

A

P6 (AMP) P42 (AMP) F7 (Cam) F34 (Cam)
T AWWE T AWWE T AWWE T AWWE

FIGURE 9. Determining the functional boundaries of binding ele-
ments within five chimeric isolates. A: Autoradiography of gel show-
ing sample boundary data for four of these five RNAs using 3’
end-labeled RNA for the isolates and affinity resins indicated above,
grouped into sets of five lanes each (marked T, A, W, W, E above
each lane). Lane 1, size marker ladder generated by digesting the
RNA with ribonuclease T1; lane 2, input alkaline hydrolysis ladder;
lane 3, pooled first four wash fractions; lane 4, pooled last six
wash fractions; lane 5, pooled elution fractions. Arrows to the right
of each set indicate locations of 5’ boundaries. B: Summary of all
boundary data, showing segments required for binding Cam (shaded
boxes), CoA (cross-hatched boxes), or AMP (black boxes), with
error bars to indicate uncertainty. Filled boxes under each RNA
correspond to the primer binding sequences used in pool amplifi-
cation or in constructing chimerae.
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variants in the fusions and enriching for those that best
retain all of the corresponding activities.

The deleterious effects of adding arbitrary sequences
has also been observed for self-ligating ribozymes (Se-
bati et al., 1997). Aggregate catalytic rates for mixed
populations was disrupted about fivefold, although the
effect on particular isolates ranged from weak stimula-
tion to 1,000-fold disruption in self-ligation rates. Those
authors pointed out that a vigorous catalyst that occa-
sionally spent time in inactive conformations would still
perform well in activity assays and would be enriched
in selections for catalysis. In contrast, aptamers must
remain in the active conformation throughout the criti-
cal partition phase, when letting go of the target means
being discarded with the wash.

“Seeding” and other methods

The overlap extension reaction at the heart of the re-
combinational step described here treats each func-
tional RNA unit as a module by fusing the recombining
partners end-to-end. Nucleic acid molecules with spe-
cial or enhanced activities have been selected from
populations seeded with variants of one particular ap-
tamer motif, such as self-kinasing RNAs [derived from
a pool of ATP-binding RNAs (Lorsch & Szostak, 1994)],
self-alkylating RNAs [derived from a pool of biotin-
binding RNAs (Wilson & Szostak, 1995)], or HIV-1 RT
aptamers with exceptionally high affinity [from a pool of
RT aptamers (Tuerk et al., 1992; C. Tuerk, pers. comm.)].
In each of these cases, random sequences were ap-
pended to a particular aptamer isolated in the first stage
of the selection, usually with mutagenesis of the origi-
nal aptamer. This approach is fundamentally different
from the recombinational strategy we describe, be-
cause the “seeding” approach makes use of only one
aptamer variant, ignoring other binding modes that may
have yielded alternative solutions. Chimeric SELEX is
unique in that it takes advantage of the full sequence
diversity of preselected populations, rather than fo-
cusing on one or a small number of individual repre-
sentatives. This can be particularly important if the
predominant sequence element from the first stage of
the selection is incompatible with the ultimate goal (e.qg.,
an FMN aptamer that buries the flavin moiety and pre-
vents it from participating in electron transfer).
Related strategies have also been described, such
as PCR-mediated recombination (Judo et al., 1998)
and “DNA shuffling” (Stemmer, 1994a). Both of these
processes require that the exchanged elements share
significant stretches of identical sequence, making them
unsuitable for use with complex populations where
recombination partners are exceedingly rare. Most ap-
tamer populations could not be subjected to DNA shuf-
fling or PCR-mediated recombination without destroying
the motif and re-randomizing the population, because
even representatives of a particular motif class often
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share only short stretches of primary sequence, and
many selected populations contain diverse collec-
tions of motifs. Furthermore, in both PCR-mediated
recombination and DNA shuffling, the recombina-
tional end-points are unrelated to functional bound-
aries. Two or more populations can also be fused
end-to-end at the DNA level through restriction sites,
or at the RNA level by enzymatic ligation or through
chemical linkers (T. Tarasow & B. Eaton, pers. comm.),
given an appropriate means of recovering active fu-
sions.

CONCLUSIONS

Joyce and colleagues have pioneered the use of point
mutations introduced through error-prone amplification
to optimize a sequence for a particular function or to
evolve it to a closely related one (Beaudry & Joyce,
1992; Lehman & Joyce, 1993; Tsang & Joyce, 1994;
Dai et al., 1995; Wright & Joyce, 1997). It should be
similarly possible to employ recombinatorial methods
to develop altogether new functions. Nature has made
extensive use of genetic recombination to diversify pro-
tein function. Combining and recombining functional
RNAs through Chimeric SELEX opens the door to gen-
erating numerous bispecific molecules whose overall
functions are greater than the sum of their parts. As we
shuffle functional domains from one context into an-
other, we may be recapitulating in vitro a major form of
evolution used by ribo-organisms during the early evo-
lution of life.

MATERIALS AND METHODS

Starting pools and overlap extension reactions

Isolation and initial characterization of the aptamer popula-
tions used here and conditions for in vitro transcriptions, RNA
purification and folding, and selection for column binding and
retention have all been described in detail (Burke & Gold
1997; Burke et al., 1997; Burke & Hoffman, 1998). Templates
for overlap extensions were double-stranded, gel-purified PCR
products amplified from the same plasmid preparations used
for sequencing. 70N and 80N DNAs were mixed and sub-
jected to 10 cycles of heating and cooling in the absence of
PCR primers (30 s at 94°C, 3 min at 55°C, 1 min at 68 or
72°C). An aliquot of the overlap extension reaction was re-
moved for primer extension analysis as described in the text
and the rest was amplified by PCR. For fusions of individual
aptamer domains, the overlap extension was performed in
the presence of PCR primers, because quantifying reaction
efficiency was not an issue.

Affinity resin binding and reselections

Surveys of affinity resin binding activities were performed by
passing refolded, radiolabeled RNA over the appropriate af-
finity resins (bed volume = 125 pl), washing with 10 X
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125 plL binding buffer (50 mM Bis-Tris, pH 6.4, 200 mM NacCl,
10 mM MgCl, for AMP and CoA; concentrations doubled for
Cam), and eluting with 6 X 125 ulL binding buffer that con-
tained free target (5 MM 5’AMP, 5 mM CoA, or 10 mM Cam).
Radioactivity in each 125-uL fraction was determined by Cher-
enkov counting. For reselections, RNAwas recovered by pool-
ing the eluted fractions and precipitating with ethanol after
adding 40 ug glycogen. Resuspended RNA was reverse tran-
scribed, PCR amplified, and retranscribed for the next selec-
tion cycle. Bispecific aptamer populations from the chimeric
SELEX were cloned into pUC18 or pERLAC (gift of Dr. D.
Hoffman) for dideoxy sequencing.

Solution binding assays and boundary
determinations

Solution binding assays and boundary determinations were
performed as described previously (Burke & Hoffman, 1997),
with minor modifications. For the solution binding assays using
Microcon 30 molecular weight cutoff filters (Amicon), spin
time was 30-40 s, such that approximately one-third of the
reaction mix passed through the membrane. Total [«-3?P]ATP
was kept constant at 5 nM as before, and K;s were deter-
mined graphically from plots of the fraction of the radioactivity
(6) retained above the size fractionation membrane as a func-
tion of added RNA concentration ([RNA]), using the equation
(6) = P X {[RNA]/([RNA] + K,) + Bk}, where P is the opti-
mized plateau value and Bk is the background retention in
the absence of RNA (usually around 5%). For boundary de-
terminations using the deletion/selection method, approxi-
mately equal counts were loaded onto each lane.
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