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NA and RNA aptamers have been
D generated against a wide variety of

targets, from proteins' and small
molecules® to whole cells.® Refinements in
the aptamer binding of small molecules
have provided especially high affinities,**
unique specificities,® or the ability to recog-
nize specific functional groups on a ligand.”
We wish to combine the capabilities of small-
molecule-binding aptamers with modified
versions of their natural packaging and trans-
port vehicles, virus capsid proteins. As our
test case, we used virus-like particles (VLPs)
assembled from the recombinant expression
of the bacteriophage QB coat protein®®
These particles are stable to a variety of
chemical and genetic modifications, allow-
ing for decoration of the exterior with target-
ing, immunogenic, or labeling agents,
leaving the interior available for packaging
cargo molecules.® " The native virus uses a
hairpin sequence in its (+)-ssRNA genome
to bind to the coat protein interior,'*'?
an interaction also employed by the
closely related MS2 phage.'*'® As reported
elsewhere, we have used this interaction
to produce Qf VLPs with encapsidated enzy-
mes.!” Here we describe the selection of a
high-affinity aptamer for a generic small
molecule, the construction of Qf VLP-pack-
aged forms of that aptamer, analysis of the
RNA packaged by the VLPs, and the charac-
terization of the binding of these and related
RNA molecules to their ligands.

RESULTS AND DISCUSSION

Aptamer Evolution and Characterization. In or-
der to provide a general packaging method,
we wished to develop an RNA aptamer se-
quence to bind a single small-molecule “han-
dle” that we could append to any desired
cargo. The ligand has to be chemically com-
plex enough to provide high-affinity binding
interactions with oligonucleotides,'® but
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ABSTRACT A high-affinity RNA aptamer (K4 = 50 nM) was efficiently identified by SELEX against
a heteroaryldihydropyrimidine structure, chosen as a representative drug-like molecule with no cross

reactivity with mammalian or bacterial cells. This aptamer, its weaker-binding variants, and a

known aptamer against theophylline were each embedded in a longer RNA sequence that was

encapsidated inside a virus-like particle by a convenient expression technique. These nucleoprotein

particles were shown by backscattering interferometry to bind to the small-molecule ligands with

affinities similar to those of the free (nonencapsidated) aptamers. The system therefore comprises a

general approach to the production and sequestration of functional RNA molecules, characterized by

a convenient label-free analytical technique.

KEYWORDS: RNA packaging - virus-like particles - aptamers - backscattering

interferometry

otherwise without biological effect. We chose
the heteroaryldihydropyrimidine (HAP) struc-
ture 1 (Figure 1), a variant of a class of
agents that misdirect the assembly of hepa-
titis B virus.'” 2" Compound 1 is water-solu-
ble, nontoxic, and sufficiently dissimilar in
structure to native biological molecules to
minimize off-target binding. It features a 1,4-
triazole linkage installed with copper-cata-
lyzed azide—alkyne cycloaddition (CuAAC)
chemistry,zz_24 which enables convenient
connection of the ligand to other molecules
of interest.

The selection of aptamer binders began
with a naive starting pool of RNA containing
a 50-base random region flanked by primer
binding regions. In the elution step, a long
incubation time (30 min) with HAP 1b was
used to allow recovery of RNA sequences
with higher affinity. Once the pool was en-
riched in binding sequences, a brief “pre-
elution” rinse with 1b was employed to
remove lower-affinity (faster off-rate) mem-
bers from the RNA population, as has been
done previously to promote the isolation of
binders having especially high affinities.?>2°
The stringency of the selection was increased
by increasing the incubation time of the
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Figure 1. (Left) Structure of the racemic HAP compounds used for selections and analyses. (Right) Percent of radioactive
counts remaining on the HAP resin after buffer washes (solid bars) and the percent eluted, amplified, and carried into the
following round (hatched bars). The difference between the bars for each round corresponds to the RNA eliminated from the
pool with pre- or postelution procedures. PCR hypermutagenesis was carried out before the round denoted with a star. The
dotted line denotes redesign of the aptamer pool. After the fifth round, two pre-elution washes with solutions of 1b were
performed at the incubation times given below the graph. Elution of material for amplification was done with 5.0 mM 1b for
30 min. The number of elution fractions retained in each round is specified in the Experimental Section.

washes. Hypermutagenic PCR was carried out once,
after round 1.8, to generate diversity in the enriched
pool.?” After 11 rounds of selection, the fraction of the
input RNA retained by the column after extensive
washes with buffer had dramatically increased (to
28%), of which a substantial fraction was eluted after
two 10 min pre-elution steps (Figure 1).

Memobers of the enriched pool were sequenced, and
a common motif was found in the randomized regions
of many of the clones (Figure 2a). The predicted sec-
ondary structures®® suggested that this central motif
formed a bulge at the junction of two hairpins (Figure 2b
and Figure S3). Sequences generated by in vitro tran-
scription that contained this motif showed affinity for
ligand 1b in preliminary binding experiments.

We designed a second-generation pool of RNA se-
quences containing this putative binding motif in the
hope of generating smaller, higher-affinity sequences
(Figure 2c). The two predicted flanking hairpins were
shortened, a shorter set of primers was used to flank the
conserved motif, and several bases in the 3" hairpin were
randomized to test their participation in binding. After
five additional rounds of selection (2.1 through 2.5),
more than half of the input RNA remained bound to
the column after washing with buffer. Two 30 min pre-
elution washing steps followed by a single application of
5 mM 1b eluted 8% of the input RNA, presumably of high
affinity. Members of this enriched pool were sequenced
and found to have significant similarity to the starting
motif, suggesting that a local optimum in sequence
space had been identified (Figure 2d).

The predicted?® lowest-energy secondary structure
of one final sequence is shown in Figure 2d. The
selected clones contained consistent CAACU and
UAAAUYUC sequences (positions 16—20 and 32—39)
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that correspond to a bulge that likely binds the HAP
ligand. Two pairs of randomized bases were found to
be co-varying, suggesting a role in stapling the binding
region together. Bases in the 3’ hairpin varied ran-
domly and probably do not form contacts with the HAP
structure. One sequence, designated aptamer 21, was
chosen for further characterization.

Measurements of Binding of HAP Aptamers. To test bind-
ing specificity, we generated a random sequence of
similar length, flanked by the fixed primer regions of
aptamer 21, as a negative control (21-R) and a se-
quence containing three point mutations within the
conserved motif that were expected to diminish bind-
ing (21-E) (Table 1). The three HAP aptamers were
evaluated by surface plasmon resonance (SPR), per-
formed by flowing RNA over an SPR chip functionalized
with a mixture of HAP molecule 1b and a short PEG
molecule to inhibit nonspecific adsorption (Figure S6).
The aptamer 21 sequence showed a K,q4s of approxi-
mately 50 nM (Table 2), a binding constant that
compares favorably to other aptamer—small-molecule
systems (Table $5).'® As expected, sequence 21-E was
found to have a weaker K,4s of approximately 223 nM,
demonstrating the importance of the conserved motif
for binding, and the negative control RNA (21-R)
engaged in no discernible binding.

Encapsidation and Analysis of HAP Aptamers in Qf VLPs. Qf
VLPs encapsidating aptamers 21, 21-E, and 21-R were
produced in E. coli with “single-plasmid” and “dual-
plasmid” expression systems, differing in the organiza-
tion of the genomic information. The former, an ap-
proach similar to that used for the expression and
packaging of heterologous mRNA in MS2 VLPs,* in-
volves placing the Qf hairpin and aptamer 21 at
opposite ends of the Qf coat protein gene (plasmid

VOL.5 =

A X AN
NO.10 = 7722-7729 = 2011 A@L%{\)

WWwWW.acsnano.org

7723



a 5 __primer _ randomized region __ primer _ 3' b re
clone 97 bases A o
(copies) " G VaAnay
118(2) Tm——---- CCAACUC-ACACCCUAUGGUGUGUAAAUUUCUGCUCUCCCGUACCCGGAGU-——= u u
13(2) ---AUAGGCCAACUC----- GCCACCAGGCGUARAUUUCUGAACCCUGAUAAAUGGGU--—- -~ ¢ FUSUA gogAU
19 ---GUAGGCCAACUC-~-~~~ GCCACCAGGCGUARAUUUCUGAACCCUGAUARAUGGGU- -~~~ A GACAuddL o
17 - --CUGGGCCAACUCCAUCGGGCACUGAUGGUAAAUUUCUGUAUUCGUUUGGAU -~ - - - ==~ c-6 CyA
113 - --CUGGGCCAACUCCAUCGGGCACCGAUGGUARAUUUCUGUAUUCGUCUGGAU - -~ - ==~ 6-C  randomized
121 —memmeee CCAACUC----- GCACCCACGCGUAAAUCUCUGUAGGAAAGAUCACAAUCUCGAU GZ¢ regionend
124 ----AAGGCCAACUA----~ UCCAUAAGGAUUAAAUCUCUG--GGUGACACCACA-UGUCAU- v-r
125(2) --AGUAGGCCAACUA----- G-GGUAACCCUUARAAUCUCUGUAGCGAUCGAUCCGCUU--~~~- randomized _Ca-t®
T — GGCAAGGCGCGCUUGUGUGGAACGCCAAGCUAUAUAACACAGUUCGACU-—--—==~ Togion start = 6-c
16 ------ CAUCAUCCGGGCCCCGAAACAACACCCCGUUGGGUAGGAACGUUAACCGU--~~~-~ c-c,
18(3) ACUUGGUAUGACAAGCGUACACUGAUAAAGCUAUG-CGGCAAGUCACGCAU--——==--===~ S
119 —mmmmmm - UUCAAGCG-AGGUUGAUAACGUCAAGACGACAGGACCGGCACCAGGCUGCC--~ u-a®
123 -AGCGUUGCCCGUGGCAAACUACACUAAUAGUAAG-CGGCUA-UUCGACAUCG--~---==~~- c-o
110 CUGUUAAAUUUCUCCUCUCCGCCGAAAGGGGUGCACCACCAGUGCCAACY -~ ========== v y-a
112 ----- CUAAUACGCAAGCCGGUAAAGGGGUACAAGUAACGGCAAGCACUACCCCC——==—== % e
116  —--——-—- CACUGUUAAAUCUAUCUUGAGCCCGGAUUGUCGGUGAAAUCCGACCAACU--~~~ 53 o auiTA s
c 5 __primer__binding region rimer__3' d
79 bases A uAhAy
N %
starting SuciiArECCERGAEaG 2 | ¢
sequence _CAACUCECEAGAGGGUARAUUY ACEGUG v é:il.f? e,
clone Aac U TEEGGe, e
21 AAC AAAUCUCUGAGCCCGAGAGGCUUCAG binding 7 8=C *— kagion and
23 AAC! AAAUUUCUGAACCCGAGAGGGUGCAG region start A=U
25 AAC AAAUCUCUGAGCCCGAGAGGGUUCAG! c-6
27 AAC UAAAUUUCUUAACCCGAGAGGGUAUAG e,
29 AACUBGCGCGAGCEUAAAUUUCUGUCCCCGAGAGGGUACAG 6u7a [ fixed bases
A=ugVl
211 AAC UAAAUUUCUGAACCCGAGAGGGAUCAG aTue
212 AAC AAAUCUCUGCACCCGAGAGGGUGCAG e e = CONSErved
214 AAC UAAAUCUCUAACCCCGAGAGGGGAUAG S A bases
215 AAC AAAUUUCUGAUCCCGAGAGGGCUUAG! A 6
216 AACUBGCGAGAGCEUAAAUUUCUCAUCCCGAGAGGGAACAG! u-6 =]ggrsnepslementary
218 AACUBGC UAAAUUUCUGUACCCGAGAGGGUACAG o
221 AACI AAAUUUCUGAUCCCGAGAGGGUUCAG! §'=-6 u-=3' highly variable
223 : ‘AACUBGC 8UARAUUUCUCUACCCGAGAGGGUACAG ' bases

Figure 2. Sequences generated after round 1.11 (a, b) and after round 2.5 (c, d) of selection. (a) Layout of the starting pool and
sequences of the 50-base random region after round 1.11. The consensus sequence is indicated with red bars and red text; the
pyrimidine (either U or C) position is starred. The number of clones with the given sequence is indicated in parentheses. (b)
Predicted secondary structure of clone 125, a representative sequence containing the consensus motif. (c) Layout of the
starting pool (entering round 2.1) and sequence of the starting pool and clones. (d) Predicted secondary structure of clone 21.
The bases boxed in white were synthetically randomized at a 30% rate (10% for each base other than the one shown). Most of
the consensus motif (marked in red) remained intact among clones with the exception of the starred pyrimidine position.
Bases marked in gray in panel c were fixed; all other bases outside of the primer-binding regions were randomized. Bases
marked in green varied but retained complementarity. Bases marked in blue varied among clones and did not always form a

paired duplex.

TABLE 1. Sequences of the Theophylline-Binding
Aptamer ThA and HAP-Binding Aptamers 21, 21-E, and
21-R, with Bases That Differ from Aptamer 21 Marked in
Italics and Underlined

aptamer sequence

21 GGGUAGGCCAGGCAGCCAA CUAGCGAGAGCUUAAAUCUCUGAGCCCGA
GAGGGUUCAGUGCUG CUUAUGUGGACGGCUU

21-E GGGUAGGCCAGGCAGCCAA CUAGCGAGAGCUACAAGCUCUGAGCCCGA
GAGGGUUCAGUGCUG CUUAUGUGGACGGCUU

21-R GGGUAGGCCAGGCAGCCAA GCGAAGCUAAGCGAGACACGACAAAUUCUA
UGGCCCACUGCCAAC CUUAUGUGGACGGCUU

ThA GGCGAT ACCAGC CGAAAG GCCCTT GGCAGC GTC

PET28apt21CPH, Figure 3a), giving rise to a relatively
long (658 nt) mRNA sequence. In the latter approach, we
placed the coat protein and aptamer/hairpin sequences
on separate plasmids (pET11CP and pCDF1Hapt21,
respectively) with different origins of replication and
different antibiotic resistance markers; the aptamer of
interest was therefore encoded into a much smaller (228
nt) polynucleotide (Figure 3b). The dual-plasmid meth-
od is more modular, since coat protein and aptamer
variants possessing different structural or functional
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properties can be separately introduced. We also gen-
erated constructs containing aptamer 21 but lacking the
Qp hairpin (pET28apt21CP and pCDF1apt21).

The VLPs obtained from these systems were indis-
tinguishable in size and protein content from standard
Qp VLPs by size-exclusion chromatography, dynamic
light scattering, and gel electrophoresis analysis
(Figure S11). RT-PCR of RNA extracted from the VLPs
confirmed that the particles packaged their expected
RNA payloads (Figure S12), but other RNA was encap-
sidated as well. Treatment of the particles with RNase
produced no detectable change in the packaged RNA
nor in its binding properties (Figure S13), showing that
the capsid shell is impermeable to the enzyme.

RNA could be isolated from VLPs after chemical
denaturation of the protein, gel electrophoresis of which
showed discrete bands corresponding to the predicted
RNA transcript lengths (Figure 3c). However, a broad
distribution of other RNA molecules was also observed,
suggesting degradation of transcripts in the E. coli cytosol
and/or packaging of cellular mRNA3%*" The transcripts
lacking a hairpin were packaged less efficiently than the
transcripts containing a hairpin (lane 1 vs 2; lane 3 vs 4).
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TABLE 2. Surface Adsorption and Dissociation Constants for HAP Aptamers and the Theophylline Aptamer®

aptamer small molecule 1/K,q (SPR) K4 (BSI) notes
2 1b 49.9 £ 9.5nM 36.1 + 23.6 pM
21-E 1b 223 +92nM 350 £ 240 pM
21-R 1b no binding* no binding*
QB@n(s) 1b na. 30.0 + 3.5 pM
QB@(d)’ 1b na. 24.0 + 2.4 pM
03@21-E(s)’ 1b na. 344 130M
QB@n-E(d)’ 1b na. 264 1.10M
Qﬁ@ﬂ—R(s)b 1b na. no binding®
Qﬁ@Z1—R(d)b 1b na. no binding‘
ThA theophylline n.d. 132 £ 0.53 nM literature: 0.21 — 0.86 ,uM”
ThA caffeine nd. no binding® literature: ~3.5 mM®

“ Mutant 21-R gave no signal and was used as the reference sample in BSI experiments in free or packaged form as appropriate, so no Ky is given. *The @ symbol denotes an
aptamer packaged inside the Q3 virus-like particle shell; values of K, are calculated per particle. (s) indicates the use of the single-plasmid method, and (d) notes the use of a
dual-plasmid system. “ No signal was observed at the highest ligand concentration tested. 704 UM (eq. filtration);** 0.21 uM (eq. filtration);* 0.30 uM (UV—vis):*© 0.86 +
0.12 uM (ITQ); 4703 +0.1 uM (ﬂuorescence).40 ¢ Affinity determination was not performed for this aptamer sequence and caffeine, so the value listed is for a similar
theophylline aptamer with the same binding site sequence (TCT8-4). (n.a. = not applicable; n.d. = not determined).

a ) CP subunits QB VLP
P17 300 translation @ % _ (180 x CP) (o]
wansariot r == hp
ranscription assembly CcP
PET28aptCPHLS e e e b —
S 1000
ferszy —
RNA folding apt

apt "single plasmid"

b P17
transcription translation CP subunits
= -
fe73y hp

QB VLP
assemb[g 5, \z

(180 x CP)
abt hp (+) () (+) ()
system 1 1 2 2

hp

transcription RNA folding —
— Sm— —
apt

Figure 3. Generation of Qf-packaged aptamers. (a) Single-plasmid approach, which produces RNA sequences encoding a
fusion of the Qf hairpin, coat protein, and aptamer. (b) Dual-plasmid approach, in which the coat protein and hairpin-labeled
aptamer sequences are expressed from two separate plasmids. (c) Agarose gel electrophoresis of RNA extracted from the
indicated VLPs. The lanes were loaded with the following samples (expected length of packaged RNA in parentheses): (1)
pET28apt21CPH (658 nt), (2) pET28apt21CP (626 nt), (3) pET11CP + pCDF1Hapt21 (228 nt), (4) pET11CP + pCDF1apt21 (188
nt). On the left is a single-stranded RNA ladder. “hp” indicates the presence or absence of the Qf hairpin; “system” denotes
production by the single (1) or dual (2) plasmid methods. A band corresponding to the coat protein transcript (587 nt) is also

PCDF 1Hapt "dual plasmid"

visible in lanes 3 and 4.

The RNA isolated from pET28apt21CPH particles
was also subjected to next-generation sequencing.>%33
Briefly, the extracted RNA was fragmented and ligated
to adaptor sequences, then subjected to reverse tran-
scription and PCR to amplify the cDNA. DNA products
containing an insert of approximately 40 bases be-
tween the adaptors were separated by gel electro-
phoresis, loaded onto the flow cell, and subjected to
bridge amplification to generate clonal clusters for
sequencing. Making the assumption that no strong
amplification bias occurred to skew the results, ap-
proximately 14% of the fragments read in this analysis
were derived from the aptamer—CP—hairpin sequence
expressed under the T7 promotor, 35% of the frag-
ments were from the rest of the plasmid carrying that
sequence, and 31% were from sequences matching
portions of the E. coli genome. Since the transcription
terminator is not perfect, we expect the entire plasmid
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to be transcribed a fraction of the time under acceler-
ated T7 promotion, and its size should make it well-
represented among the fragments identified in the
sequencing experiment, even if it is packaged rela-
tively infrequently. These results are consistent with
directed packaging by the Qf hairpin, but also confirm
that other RNA molecules associate with the positively
charged interior surface of the capsid protein. They do
not allow us to estimate the number of aptamers
packaged per particle, because the RNA extraction
and processing steps produce extensive cleavage
(Figure 3C) and may well skew the populations of the
detected sequences. However, it is very likely that the
number of packaged aptamers is small, probably fewer
than 5 per particle.

Because capsid-packaged aptamers are seques-
tered from direct contact with their environment, it is
impossible to use SPR, and fluorophore labeling was
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judged to be likely to distort interactions with oligo-
nucleotide binding agents. We therefore turned to the
technique of backscattering interferometry (BSI),>*3*
as the label-free analytical technique most applicable
to the situation. While BSI has been successfully ap-
plied to antibody—antigen,®*3® protein—protein,>*3’
and protein—ligand interactions,>**%3° aptamer—
ligand binding has not previously been examined.
BSI detects changes in bulk refractive index caused
by binding interactions, presumably due to changes in
hydration and dipole moment of the binding partners.
Since the structure and conformational flexibility of
some aptamers vary significantly in the presence and
absence of ligand,”®~** we anticipated that BSI would
be well suited to this application.

BSI analyses of aptamer samples equilibrated with
increasing concentrations of ligand 1b generated single-
site binding curves that gave Ky values shown in Table 2
(data shown in Supporting Information). The absolute
magnitudes of the binding constants measured by this
technique were approximately 1000-fold stronger than
the values obtained by SPR: 40 pM versus 50 nM for
aptamer 21 and 350 pM versus 220 nM for 21-E.
Similarly, BSI analysis of the binding of the known
aptamer ThA to theophylline was also found to give
values more than 2 orders of magnitude stronger than
measurements obtained with other methods (Table 2).
Caffeine, known to interact far more weakly with ThA
than theophylline, did not show detectable binding in
the concentration range studied by BSI.

We do not yet understand why BSI reports tighter
binding, and experiments to probe the possible causes
are under way. This type of discrepancy has been
observed previously for other molecules, but to a much
lesser extent.® It should be noted that the BSI measure-
ment is done in solution, whereas SPRis performed on a
surface, one giving an equilibrium dissociation value
(Kq) and the other an adsorption isotherm (1/K,gs). 384
However, in all cases BSI accurately reports the relative
differences in affinities for comparisons of different
receptor molecules binding the same ligand or different
ligands binding the same receptor. Thus, the binding
affinities of aptamers 21, 21-E, and 21-R retain their
relative ordering when analyzed by both SPR and BSI,
and the difference in binding of caffeine versus theo-
phylline by ThA was correctly assessed by BSI.

Importantly, binding of ligands to the VLP-pack-
aged aptamers was clearly observed by BSI, with results

EXPERIMENTAL SECTION

HAP molecules were synthesized with procedures similar to
those described previously.'® Detailed synthetic schemes and
characterization data are provided in the Supporting Informa-
tion. All RNA samples were generated by runoff transcription

LAU ET AL.

summarized in Table 2. Assuming that the number of
packaged aptamers per particle is small, the affinities of
aptamers 21 and 21E for 1b were in the same approx-
imate range in their packaged versus free forms. In both
cases the randomized aptamer 21-R showed no bind-
ing by BSI. No differences were observed in any
comparison between the Qpf-packaged aptamers
using single- versus dual-plasmid methods, showing
that the length of the RNA in which the aptamer is
embedded has little effect on binding, both sequences
being substantially longer than the aptamer itself.
Calculated predictions of secondary structure for both
transcripts®® showed the proposed active structure
(Figure 2D) to be well represented among the lowest-
energy possible alignments.

CONCLUSIONS

A variation of the SELEX method developed by Davis
and Szostak, featuring stringent selection by prewash-
ing with the ligand of interest,*® produced a consensus
high-affinity sequence for a “generic” drug-like small
molecule after only two phases of selection. The
encapsidation of this aptamer, as well as a known
aptamer for theophylline, inside Qf capsids by assem-
bly during the production of the particle in E. coli
imbued the particles with the ability to bind the
cognate ligand tightly. The label-free solution phase
method of backscattering interferometry was also
shown for the first time to be suitable for the char-
acterization of RNA aptamers both outside and inside
the VLP shell. While the absolute values obtained
differed substantially from those determined by other
methods, BSI provided accurate relative binding affi-
nities in a convenient and rapid manner, requiring very
small amounts of RNA (10—100 pmol).

Combined with our previous use of a peptide-binding
aptamer to assist protein packaging,'” these results
show that RNA aptamer sequences are functional when
embedded in polynucleotides that are spontaneously
assembled with coat protein subunits and, therefore,
can be used as general genetically encoded binding
agents inside virus-like particles. The capsid protects the
aptamers from degradation by nucleases while allowing
small-molecule ligand entry and providing sufficient
room for the conformational changes in the aptamer
required for binding. It is therefore anticipated that the
full range of RNA function can be brought to engineered
protein nanoparticles in this manner.

and purified on TBE-urea polyacrylamide gels, extracted with a
crush-and-soak technique, desalted, and concentrated. A table
of DNA primers and detailed experimental procedures may also
be found in the Supporting Information.

Selection Procedure. Thiol-functionalized HAP 1a was immo-
bilized on epoxy-Sepharose (GE Healthcare) in water/DMF in the
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presence of sodium hydroxide. Unreacted epoxy groups were
capped with ethanolamine, and the resin was washed exten-
sively and stored at 4 °C in water containing 0.02% sodium
azide. A second batch of resin, capped only with ethanolamine,
was prepared for counterselection. The selection buffer con-
tained 150 mM NaCl, 5 mM MgCl,, and 50 mM HEPES, pH 7.4, at
20 °C. Tag DNA polymerase (Roche) was used for PCR amplifica-
tion, SuperScript Il reverse transcriptase (Invitrogen) was used
to generate cDNA. T7 RNA polymerase (USB Corporation) was
used in the presence of o->2P-CTP to generate radiolabeled
runoff transcripts.

At the start of each round of selection, the RNA in folding
buffer was heated to 80 °C for 3 min, then allowed to cool to
room temperature over 15 min. The RNA was first applied to the
counterselection resin, the flow-through of which was applied
to the HAP-labeled resin. The HAP-labeled resin was washed
with 15 column volumes of folding buffer and subjected to
successive 30 min incubations with a high-concentration
(5 mM) solution of HAP 1b. Aliquots of the wash and elution
fractions were subjected to scintillation counting. The elution
fractions were pooled and subjected to RT-PCR, followed by
runoff transcription, to generate the pool used for the subse-
quent round of selection.

In some rounds, two “pre-elution” rinses with HAP 1b were
performed before the elution step.’*° The length of the pre-
elution incubations was increased during the course of the
selection as indicated in Figure 1. A solution of 5 mM 1b was
used for the pre-elution rinses, except in round 1.6, in which
1.3 mM 1b was used. RNA molecules that preferentially bound
to soluble ligand 1b over resin-immobilized ligand were se-
lected by decreasing the number of fractions used to elute the
products, from four elution fractions in rounds 1.1 through 1.5,
to two elution fractions in rounds 1.6 though 2.4, to one fraction
in round 2.5. Before round 1.9, hypermutagenic PCR was
performed by the method of Wain-Hobson and co-workers,?”
with a target error rate of 10% per base.

Generation of Starting Pools. Approximately 3 x 10'* DNA
template molecules were used for transcription of the initial
pool, and ~6 x 10'* DNA template molecules were used for
transcription of the preorganized pool in the second phase of
selection. The DNA templates had the following sequences,
with the T7 promoter underlined. The initial, naive pool con-
tained a 50-base random region:*® TCTAACACGACTCACTATA
GGGCTGACTGATCTCATCTAGCG(Nso)-ACAGTGCCTAGTCGATCA
GATGAG. The antisense strand of this sequence was generated
with PCR. The preorganized pool for the second phase of
selection randomized at 30% per position was AAGCCGTCCA
CATAAGCAGCACTGTACCCTCTCGGG-TTCAGAAATTTACGCTCTC
GCGAGTTGGCTGCCTGGCCTACCCTATAGTGAGTCGTATTAGA. This
antisense strand was annealed with a primer (AGTAA
TACGACTCACTATAGGGTAGGCC) to perform transcription.

Production of RNA for SPR and BSI. RNA for SPR and BSI studies
was produced by transcription with T7 RNA polymerase, fol-
lowed by PAGE purification. The HAP aptamer sequences
(Table 1) were inserted into the pCDF-1b vector (Novagen)
using standard cloning techniques. The DNA templates were
amplified using Phusion polymerase (Finnzymes) with pri-
mers HAT (AAGCCGTCCACATAAGCAG) and HA2 (TCTAATACG
ACTCACTATAGGGTAGGCCAGGCAG), the latter of which adds
the T7 promoter sequence. The antisense strand ThAtemp-
comp (GACGCTGCCAAGGGCCTTTCGGCTGGTAT-CGCCTATAGT
GAGTCGTATTAGA) was annealed with ThAtrans-F (TCTAATA
CGACTCACTATAGGCQ) prior to transcription to generate the
theophylline aptamer.

Production of Qf VLPs. Two methods were employed for
generating packaged aptamers. In a “dual-plasmid” system,
E. coli BL21(DE3) was co-transformed with one plasmid
(PET11CP) encoding the Qf coat protein and another (pCDF-
1b) encoding the aptamer sequence of interest. These two
plasmids contain different antibiotic resistance genes and
origins of replication, so their copy numbers are stably main-
tained. In the “single-plasmid” system, expression was per-
formed with a single plasmid (pET28aptCPH) containing the
sequence for both the coat protein and aptamer. In each case,
the RNA sequence that the native Qf genome uses to associate
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with the interior coat protein surface was installed on the RNA
containing the aptamer, to promote its encapsidation. This
system is explained in detail elsewhere,” as well as in the
Supporting Information. Particles were expressed and purified
as previously described.’’ After purification on 10—40% con-
tinuous sucrose gradients and ultracentrifugation, VLPs were
characterized by size-exclusion chromatography (Superose 6)
and protein size analysis (Agilent Bioanalyzer Protein 80 chip).

Next-Generation Sequencing. A 1 «g amount of RNA was iso-
lated from the Qf VLPs as described in the Supporting Informa-
tion and was prepared for next-generation sequencing using a
slightly modified version of the lllumina protocol,*? in which 12
cycles of PCR were performed instead of 15 and standard Truseq
adapters and barcoded primers were used for sample identifi-
cation. The sample was then spiked into a phi X control lane of a
HiSeq v2 single-read flow cell at approximately 20%, and 40
base sequencing of the insert product and 7 base barcode
sequencing was carried out using an lllumina GAllx system and
standard HiSeq sequencing reagents. Reads belonging to the
RNA sample were identified based on the barcode sequence
located in the primer region using the standard lllumina Truseq
barcoding protocols. The separated barcoded reads (8.8 million)
were aligned in CLC Bio Workbench (www.clcbio.com) to the
pET28aptCPH plasmid sequence and to the E. coli genome. All
insert and vector reads were in the predicted direction of
transcription relative to the vector transcript start site.

Surface Plasmon Resonance. The gold surface of a SpotReady 25
chip (GWC Technologies) was coated with aminooctanethiol to
generate a monolayer. The bifunctional LC-SMCC linker
(Thermo Fisher) was used to functionalize the monolayer with
a 3:1 molar ratio of HAP-thiol 1a and a PEG-thiol. Chips were
stored in fresh PBS and used within 2 weeks. For data acquisi-
tion, a functionalized chip was mounted into an SPRImagerll
(GWC Technologies), and folding buffer was introduced into the
flow cell. The CCD camera alignment was adjusted to provide
recommended spot intensities (~80% of maximal signal). Var-
ious concentrations of RNA aptamers were flowed over the chip
at a constant flow rate (~0.2 mL/min), and the change in spot
intensity upon binding was recorded over the course of 15 min.
Bound RNA was removed from the chip surface between
measurements by extensive rinsing with 10x PBS and re-
equilibration in folding buffer. Complete removal was denoted
by full recovery of spot intensities. Spot intensity changes were
plotted against RNA concentrations, and the resulting curves fit
to a Langmuir adsorption isotherm to obtain surface adsorption
constants (K,qs) for each RNA aptamer-ligand pair.

Backscattering Interferometry. RNA aptamer—ligand binding
was examined by incubating a fixed amount of RNA with
varying concentrations of a ligand for 8 h in the dark at 4 °C.
This long incubation period was not necessary, but was used for
experimental convenience. Microfluidic channels were pre-
treated by incubation with a solution of concentrated sulfuric
acid for 5 min followed by extensive rinsing in 18.2 MQ-cm
water. For each sample, a solution of “negative control”
(nonbinding) aptamer and ligand was injected into the channel
and the BSI signal measured for 15 s. The channel was rinsed,
and an equilibrated solution of “unknown” aptamer and ligand
was injected into the channel. This procedure was then re-
peated iteratively for mixtures containing increasing concen-
trations of ligand. The binding signal was calculated as the
observed difference in phase between the nonbinding
aptamer—Iligand solution and the “unknown” (undetermined
ligand affinity) aptamer—ligand solution. This corrected binding
signal was plotted versus concentration to produce a saturation
binding curve and fitted to a square hyperbolic function
to calculate the solution equilibrium binding affinities (Ky).
Aptamer 21-R was used as the nonbinding aptamer for experi-
ments performed on aptamers 21 or 21-E; aptamer 21 was the
nonbinding control for the theophylline aptamer.
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