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ABSTRACT: A system was devised that enables quantitative, ligand-
dependent exponential amplification for various ligands that can be
recognized by an RNA aptamer. The aptamer is linked to an RNA

enzyme that catalyzes the joining of two oligonucleotide substrates. — _'T
The product of this reaction is another RNA enzyme that undergoes } | &

self-sustained replication at constant temperature, increasing in copy _ﬂ gJ_ ﬂ
number exponentially. The concentration of the ligand determines the — — — =il
amount of time required for the replication products to reach a —H_ T \ . ’1_[_
threshold concentration. A standardized plot of time to threshold o “U_

versus ligand concentration can be used to determine the concentra-
tion of ligand in an unknown sample. This system is analogous to quantitative polymerase chain reaction (PCR), linking rare
recognition events to subsequent exponential amplification, but unlike PCR can be applied to the quantitative detection of non-

nucleic acid ligands.

B INTRODUCTION

The exponential amplification of nucleic acids has become a
core technology in medical diagnostics and many routine labora-
tory procedures. The most widely used amplification technique is
the polymerase chain reaction (PCR), together with its variants,
such as reverse transcription PCR, immuno-PCR, and proximity
ligation, which can be used to detect and quantify target nucleic
acids and proteins.' * A less commonly practiced amplification
technique is the ligase chain reaction (LCR), which utilizes a
thermostable DNA ligase and two pairs of DNA substrates.>*
The first pair of substrates bind to the target nucleic acid and are
ligated to form a complementary product, and the second pair of
substrates then bind to the complementary product and are
ligated to form a new copy of the target nucleic acid. Both PCR
and LCR require temperature cycling to bring about successive
rounds of amplification. There also are RNA amplification
procedures that operate at constant temperature, combining
reverse and forward transcription to achieve exponential
amplification.”

Recently a new method for isothermal, exponential amplifica-
tion of RNA was described that is analogous to LCR but does not
require any protein enzymes.® Instead, the replicating molecules
bring about their own amplification through their catalytic
activity as template-dependent RNA ligases. Two RNA enzymes
operate as a cross-replicating pair, each ligating two RNA
substrates to form new copies of its partner. Cross-replication
can be made dependent on recognition of a target ligand by
linking the catalytic domain of the ligase to an aptamer domain
that binds the ligand.” This results in an “autocatalytic aptazyme”
that is active only when the ligand is bound. The exponential
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growth rate of these molecules reflects the concentration of
the ligand relative to the Ky of the aptamer—ligand interac-
tion. The ligand can be any small molecule or macromolecule
that is recognized by a corresponding RNA aptamer, thus
providing a general method for the quantitative detection of
target ligands.

One of the chief limitations of the autocatalytic aptazymes is
that the ligand-sensing molecule must also function as a substrate
for the ligase enzyme. The K, of the enzyme—substrate inter-
action is in the micromolar range, which may exceed the desired
Ky of the aptamer—ligand interaction, the latter being deter-
mined by the concentration of ligand in the relevant analytical
context. If the concentration of the ligand-sensing molecule is
reduced below the K, in order to sense low concentrations of
ligand, then the efficiency of amplification will be compromised.
This problem is surmounted in quantitative PCR (qPCR),
which employs target-sensing molecules (oligodeoxynucleotide
primers) at concentrations in the micromolar range, yet can
determine concentrations of a target nucleic acid in the sub-
picomolar range.”'® When carrying out qPCR, one determines
the number of temperature cycles needed to reach some thresh-
old yield of amplification products. A similar approach can be
applied to the autocatalytic aptazymes, except that amplification
is continuous, and therefore one must determine the amount of
time required to reach the threshold.

A nonreplicating, ligand-dependent ligase enzyme is em-
ployed to generate a seed concentration of replicating ligase
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Figure 1. Scheme for ligand-dependent exponential amplification, coupling ligand-dependent catalysis (left) to ligand-independent autocatalysis
(right). The ligand is recognized by an aptamer domain that is linked to an RNA ligase enzyme (Eg,,). In the presence of the cognate ligand 1, but not
closely related compounds 2—4, Ey,, catalyzes the joining of two oligonucleotide substrates (A; and A,-B) to form ligase enzymes (E,) that can seed
exponential amplification. Exponential amplification involves two ligase enzymes (E and E’) that catalyze each other’s synthesis from a total of four

component substrates (A and B and A’ and B/, respectively).

enzymes, which subsequently initiate ligand-independent
exponential amplification (Figure 1). Generation of the seed
is analogous to the first round of qPCR, which involves
primer extension on a target nucleic acid template. Subsequent
rounds of gPCR proceed in a target-independent manner, with
primer extension occurring on templates that were produced
during the previous rounds. With both methods, the concentra-
tion of target molecules in the reaction mixture determines the
concentration of seed that is generated, which in turn determines
the number of rounds of amplification needed to reach the
threshold.

The approach described here for the quantitative exponential
amplification of nucleic acids can be extended to a broad range
of targets for which a suitable aptamer can be developed. Over
the past 20 years the technology for developing RNA aptamers
has become increasingly routine,'' now comparing favorably
with methods for generating target-specific antibodies. The
present study employed the previously described theophylline
aptamer,'” which was installed adﬂ'acent to the catalytic domain of
the R3C RNA ligase enzyme."”’ This construct enables the
quantitative detection of theophylline (1) in the concentration
range of 2—500 uM. The lowest concentration of theophylline
that can reliably be detected is 80-fold lower than the K of the
aptamer—ligand interaction.

B RESULTS

The R3C RNA ligase was converted to an aptazyme (Ey,.,) by
replacing the central stem—loop of the enzyme by an aptamer
that is specific for theophylline (Figure 2a). In the presence but
not the absence of theophylline, the aptamer domain assumes
a well-defined structure that supports the catalytic domain of
the enzyme. The enzyme catalyzes the joining of two RNA
substrates, one bearing a 3'-hydroxyl (A;) and the other bearing a
S'-triphosphate (A,-B), resulting in formation of a 3/,5'-phos-
phodiester and the release of inorganic pyrophosphate. The
ligated product contains both portions (A, ; and B) of an RNA
enzyme (E,) that can initiate cross-replication. The site of liga-
tion occurs within the central stem—loop of the A portion of E,
and covalent joining at this position is required for the catalytic
activity of Eq.

The theophylline-dependent ligation reaction employed S uM
Etheor 0.5 uM each of A; and A,-B, and 25 mM MgCl, and was
incubated at pH 8.5 and 42 °C. Under these conditions, the Ky
for binding of Ey,., and theophylline is 160 #M (Supplementary
Figure 1, Supporting Information). Various concentrations of
theophylline were tested, focusing especially on the range of
2—500 uM. The yield of E was determined after 20 min incuba-
tion, which in the presence of saturating theophylline resulted in
consumption of ~20% of the substrates. The yield as a function
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Figure 2. Sequence and secondary structure of RNA enzymes and substrates used in this study. (a) Eg,e, contains an aptamer domain that binds
theophylline, thereby triggering ligation of A; and A,-B to form E,. Curved arrow indicates the site of ligation; open arrowhead indicates the junction
between A, and B. Ey, in turn, catalyzes ligation of A’ and B’ to form E'. (b) E’ catalyzes ligation of A and B to form E, which behaves similarly as Eo. The
aptamer domain within Eg,., (green) is replaced by simple hairpins in E, (purple), E (red), and E’ (blue). Open arrowhead indicates the junction

between A; and A,.

of theophylline concentration fit well to a saturation plot (r=0.993),
with an apparent Ky of 130 #M and maximum extent of 0.092 uM
(Figure 3). The yield of E, after 20 min was normalized to the
maximum extent to obtain the fractional saturation.

The products of theophylline-dependent RNA ligation then
were used to initiate cross-replication. Cross-replication employs
two RNA enzymes (E and E') that catalyze each other’s synthesis
from a total of four component substrates (A’ + B’ — E’ and
A + B — E, respectively). E behaves similarly to E in that it too
catalyzes the joining of A’ and B’ to form E (Figure 2b). At the

3193

outset there are no copies of E or E’ in the reaction mixture, but
both are generated exponentially as cross-replication proceeds.
The amplification profile for E (and similarly for E’) can be
described by the equation: [E] = a/(1 + be” ), where a is the
final extent, b is the degree of sigmoidicity, and ¢ is the
exponential growth rate.

The amplification mixture contained the products of theo-
phylline-dependent ligation, 1 M each of A and B, 1.5 uM each
of A’ and B/, and 25 mM MgCl,, and was incubated at pH 8.5 and
42 °C. With increasing concentrations of theophylline, which
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Figure 3. Saturation plot of the ligand-dependent reaction catalyzed by
Eiheo- The yield of E, was determined after 20 min in the presence of
various concentrations of theophylline. These data were fit to the
equation: [Eo]; = € + {[Eo)max [theo]/(Kq + [theo])}, where € is the
yield in the absence of theophylline (0.004 M) and [Eq] . is the yield
at saturation (0.092 uM).
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Figure 4. Quantitative, isothermal, ligand-dependent exponential am-
plification. (a) The yield of E (and E’) was monitored over time in the
presence of O (purple), 2 (blue), 10 (cyan), 20 (green), SO (yellow), 100
(orange), or 200 (red) uM theophylline. These data were fit to the
equation: [E] =a/(1 + be™ ), where a s the final extent, b is the degree
of sigmoidicity, and cis the exponential growth rate. A threshold (dashed
line) was set at 0.17 M E, corresponding to 25% of the maximum extent
of amplification. Inset shows each amplification profile as it crossed
the threshold. Amplification profiles for S and 500 #M theophylline are
omitted for clarity. (b) Time to threshold as a function of the
concentration of E, which reflects the concentration of theophylline.
Linear regression coeflicient was 0.995.

resulted in increasing concentrations of Eo, the production of E
and E’ occurred more rapidly (Figure 4a). The final extent of
amplification of E was 0.68 M, limited by consumption of the A
and B substrates. A threshold concentration of 0.17 uM was
chosen, corresponding to 25% of the final extent, and the amount
of time required to reach this threshold was calculated for each
amplification profile (Figure 4a, inset). A semilog plot of time to
threshold versus fractional saturation was linear (r = 0.995) over

a saturation range of 0.06—0.84, corresponding to 2—500 uM
theophylline (Figure 4b). Amplification occurs even in the
absence of theophylline, with a time to threshold indicative of
an apparent saturation value of 0.04. As in qPCR, target-
independent initiation of exponential amplification sets a lower
bound for the dynamic range of the assay. The upper bound is
determined by the maximum concentration of aptazyme—ligand
complexes, analogous to the maximum concentration of primer—
target complexes in qPCR.

The system for coupled ligand-dependent catalysis and ex-
ponential amplification also was used to measure the concentra-
tion of theophylline in 10% human serum that had been
deproteinized to remove nucleases. The components of serum
were slightly inhibitory to RNA catalysis, which required increas-
ing the time for ligand-dependent formation of E, from 20 to
30 min to achieve comparable yields. The yield of E as a function
of theophylline concentration again fit well to a saturation plot,
with an apparent K4 of 170 #M and maximum extent of 0.12 uM
(data not shown). Subsequent exponential amplification was
performed as described above, and the time to threshold was deter-
mined for various concentrations of theophylline (Supplementary
Figure 2a, Supporting Information). A semilog plot of time to
threshold versus fractional saturation again was linear (r = 0.997)
over a theophylline concentration range of 2—500 uM (Supplemen-
tary Figure 2b, Supporting Information).

Efforts were made to understand the basis for exponential
amplification that occurs even in the absence of theophylline.
Etheo is strongly dependent on theophylline for its ability to ligate
A, and A,-B to form E, (Figure 3), but it is possible that Ey,., also
can ligate A and B to form E directly, perhaps in a theophylline-
independent manner. This was found not to be the case. The
addition of 5 uM Eg,, (but no E) to an amplification mixture
that contained either 0 or 1000 #M theophylline had no
influence on the exponential amplification profile (Supplemen-
tary Figure 3, Supporting Information).

Alternatively, it is possible that the unligated components of
E,, although lacking catalytic activity themselves, can interact
with A’ and B’ to assemble into a catalytic complex that results in
formation of E". This does occur to some extent, as evidenced by
the slight enhancement of exponential amplification in the
presence compared to the absence of 0.5 M each of A; and
A,-B (Supplementary Figure 3, Supporting Information). For-
tunately, this mechanism for spontaneous initiation of cross-
replication is far less efficient compared to ligand-dependent
initiation that proceeds through formation of E,. Spontaneous
initiation can be made less efficient by reducing the stability of the
A,+A,-B-A’-B’ complex, but this also reduces the stability of the
desired Epeo*A;*Ay-B complex. The unligated components of
E, do not interact with A and B to form E, presumably because
the stability of the A;-A,-B-A-B complex is much lower.

An analogous mechanism for spontaneous initiation of cross-
replication can occur through assembly of an A+B+A’-B’ com-
plex that results in formation of E and/or E'. Efforts were made to
prevent this from occurring, first by destabilizing the base-pairing
interactions between A and A’ and second by reducing the
concentrations of the four substrates. In two previous studies,®’
the 3’ ends of A and A’ had the complementary sequences
$'-GAAU-3' and §-GUUU-3, respectively. Even this weak
interaction enabled spontaneous initiation of amplification in a
reaction mixture containing S #M each of A, A’, B, and B’. When
the complementary sequences were shortened to §'-GAU-3 and
§'-GUU-3/, respectively (Figure 2b), the time to reach the
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Figure S. Detection of 200 #M theophylline (1), either alone or in the
presence of 200 M caffeine (2), theobromine (3), or 1,3-dimethyluric
acid (4), measured in either the absence or presence of 10% human
serum. The time to reach threshold was determined as shown in
Figure 4.

threshold concentration of products increased from 2.0 to 42 h
(Supplementary Table 1, Supporting Information). When the
concentrations of the four substrates were reduced from $ to
1 uM each, the time to threshold increased to 8.6 h, which is
negligible compared to spontaneous initiation through the
mechanism described above.

The theophylline aptamer is known to be highly specific for its
cognate ligand.'* Not surprisingly, therefore, the addition of
200 uM concentration of various closely related compounds,
such as caffeine (2), theobromine (3), or 1,3-dimethyluric acid
(4), had no effect on theophylline-dependent exponential am-
plification (Figure S). This was found to be the case in either
the absence or presence of 10% deproteinized serum. Similarly,
the addition of 200 uM of 2, 3, or 4 had no influence on
the spontaneous initiation of amplification in the absence of
theophylline. Thus the dynamic range for the measurement of
theophylline concentration is expected to be similar for a variety
of complex samples.

B DISCUSSION

The previously described system of autocatalytic aptazymes
enables the isothermal, ligand-dependent, exponential amplifica-
tion of RNA.” An important limitation of that system, however,
is that the same RNA must both sense the ligand and serve as a
substrate for the synthesis of new enzymes. The concentration
regimes for these two functions may not be compatible when
the concentration of the target ligand is below the K, of the
enzyme. The present system avoids this limitation by separat-
ing the ligand recognition and amplification functions, employ-
ing a ligand-dependent RNA ligase enzyme to generate a seed
concentration of replicating ligase enzymes, which then initiate
ligand-independent exponential amplification. This enables
the quantitative detection of ligands in a concentration regime
that is determined by the Ky of the aptazyme—ligand interac-
tion. Employing an aptazyme that specifically recognizes theo-
phylline, it was possible to measure theophylline concentra-
tions over a saturation range of 0.06—0.84, based on the time
required for exponential amplification to reach a defined
threshold.

Other approaches have been taken to measure theophylline
concentrations using the theophylline aptamer. In one study, a
2-aminopurine residue was introduced at a bulged position of the
aptamer, where it is exposed to solvent and fluoresces in the

absence of the ligand but upon ligand binding forms base-
stacking interactions that quench its fluorescence.'* The fluor-
escent signal can be used to determine the theophylline associa-
tion rate or fraction bound at equilibrium, either of which can be
used to measure theophylline concentration. In another study, a
fluorescent nucleotide analogue was incorporated at a unique
position within the aptamer, and the increase in fluorescence
intensity that occurs upon theophylline binding was moni-
tored."> A third study employed an electrochemical detection
method, tethering a ferrocene-labeled aptamer to a gold elec-
trode and measuring the enhanced voltammetric response that
occurs when theophylline is bound and the aptamer adopts a
more compact folded state.'® All three of these approaches do
not involve molecular amplification but demonstrate the versa-
tility of aptamer-based detection and its amenability to read-out
by various methods.

The system described here for ligand recognition coupled to
ligand-independent exponential amplification is modular in that
amplification can be triggered by a variety of ligand-dependent
seeding reactions that are linked to a common read-out method
for monitoring the yield of amplified products over time. The
present study employed radiolabeled materials that were ana-
lyzed by polyacrylamide gel electrophoresis, while a previous
study relied on a luciferase reporter assay that was driven by
inorganic pyrophosphate released during RNA ligation.” For
high-throughput applications it would be preferable to use
fluorescently labeled substrates that are either captured or
analyzed in situ using fluorescence resonance energy transfer
(FRET), as commonly practiced with LCR."”'® Like LCR, the
amplification system described here can be multiplexed, with
each ligand-dependent reaction seeding a different cross-
replication reaction. Several distinct replicators can operate
in parallel because the interaction between the replicating
enzymes and their complementary substrates is highly sequence
specific.®

An important drawback of the ligand-dependent exponential
amplification system is that it employs RNA molecules, which are
susceptible to degradation by ribonucleases. Nucleases can be
removed from the sample prior to analysis, but this will be
problematic if the target ligand also is a protein. For such cases it
will be necessary to develop nuclease-resistant forms of the cross-
replicating RNA enzymes that contain 2'-O-methyl nucleotide
analogs or other backbone modifications, as are commonly
employed in therapeutic nucleic acids."””*

Another limitation of the system is that it requires a few hours
for exponential growth to reach the threshold concentration due
to the slow catalytic rate of the RNA enzymes. In the present
study the goal was to maximize the dynamic range of the assay,
rather than minimize the time to threshold. Accordingly, the
substrates were at subsaturating concentrations, and a form of the
enzyme was used that is approximately 10-fold slower than the
standard version® but is less susceptible to ligand-independent
amplification. For applications in clinical diagnostics that do not
require such a broad dynamic range, one could employ more
reactive enzymes. The therapeutic range for theophylline, for
example, is a serum concentration of 50—100 #M, which is at the
upper end of the dynamic range explored in this study (Figure 4).
Ultimately, one would want to employ RNA enzymes that are
both highly reactive and not susceptible to ligand-independent
amplification. This will require further enzyme engineering,
likely involving a combination of rational design and directed
evolution.
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B CONCLUSIONS

PCR and related amplification technologies have revolution-
ized molecular diagnostics by providing highly sensitive and
specific methods for the detection of target nucleic acids. In
gPCR, primer binding and extension on a target nucleic acid
generates DNA molecules that seed target-independent expo-
nential amplification. Analogously, RNA aptamers can be used to
recognize various non-nucleic acid targets, giving rise to RNA
enzymes that seed exponential amplification. The amount of
time required for amplification to reach a threshold concentra-
tion can be related to the concentration of the seed molecules,
which is determined by the concentration of the target. Unlike
gPCR, the RNA-based system operates at constant temperature
and does not require any protein enzymes, but it also has the
disadvantages that RNA molecules are susceptible to nuclease
degradation and are slower catalysts compared to their protein
counterparts. For some applications these disadvantages will
be outweighed by the generality and high specificity of ligand—

aptamer interactions.

B EXPERIMENTAL SECTION

Materials. Oligodeoxynucleotides templates for in vitro transcrip-
tion were synthesized, purified, and desalted as described previously.9
Histidine-tagged T7 RNA polymerase and Thermus aquaticus DNA
polymerase were expressed and purified as described previously.”** M1
RNA, the catalytic subunit of RNase P, was prepared as described
previously.® Nucleoside and deoxynucleoside 5'-triphosphates, theo-
phylline, theobromine, and 1,3-dimethyluric acid were purchased from
Sigma-Aldrich (St. Louis, MO), [y-**P]JATP (7 uCi/pmol) was from
Perkin-Elmer (Waltham, MA), and human serum (off-clot) and caffeine
were from MP Biomedicals (Solon, OH).

Preparation of RNA Enzymes and Substrates. All RNA
enzymes and substrates were prepared by in vitro transcription as
described previously,s’9 except that for A,-B, B, and B', the T7 ¢2.5
promoter was used to increase S'-terminal homogeneity, and a self-
cleaving hammerhead ribozyme was installed at the 3’ end to ensure 3'-
terminal homogeneity. The hammerhead ribozymes had the sequences:
§’-CAACUUA - UCCGACGGAAACGUCGGACUGAUGAGGCCG-
AAAGGCCGAAAAGUUG-3, §'-CAACUUA - UACGGAAACGUACUG-
AUGAGGCCGAAAGGCCGAAAAGUUG-3/, and §'-GAAUAUUC -
UACGGAAACGUACUGAUGAGGCCGAAAGGCCGAAAAUAUUC-3
for A,-B, B, and B, respectively (stem I1I pairing underlined and dot indicates
the cleavage site). A, A, and A’ were transcribed with appended 3'-terminal
regions that were cleaved by Escherichia coli M1 RNA to give precise 3’ ends.®
The external guide RNA®” for directing cleavage of A; and A had the sequence
§-CGUAAGUUGCGGUCUCACCA-3' and for directing cleavage of A’
had the sequence $'-AUAUUCAUGCGGUCUCACCA-3' (hybridization
region underlined). In order to reduce theophylline-independent amplifica-
tion, the P1 stem of the RNA enzymes was shortened by one base pair
compared to that employed in previous studies.*”

Ligand-Dependent Catalysis. The reactions used to generate
Eo employed 5 uM Egeo, 0.5 uM [3'-**P]-labeled A;, 0.5 uM A,-B,
25 mM MgCl,, S0 mM EPPS (pH 8.5), and various concentrations
of theophylline, which were incubated at 42 °C for 20 or 30 min. Some
reaction mixtures also contained 10% human serum that had been
deproteinized by phenol extraction. Aliquots were removed from the
reaction mixture and analyzed by denaturing polyacrylamide gel elec-
trophoresis (PAGE), measuring the fraction of labeled A, that
had been converted to labeled product. The yield of E, as a function
of theophylline concentration follows a saturation plot: [Eo], =
€ + {[Eo]max [theo]/(Ky + [theo])}, where ¢ is the yield in the absence
of theophylline and [Eo],. is the yield at saturating theophylline

concentration. The yield of E at time ¢ was normalized to [Eq] . to obtain
the fractional saturation: Fy,e, = [Eoly/[Eo ) max

Exponential Amplification. The products of ligand-dependent
catalysis were mixed with lyophilized substrates to initiate cross-catalytic
exponential amplification, employing a final concentration of 1 #M each
of Aand Band 1.5 uM each of A’ and B'. The concentrations of A’ and B/
were 0.5 #M higher to compensate for complementary A; and A,-B
molecules that were carried over from the ligand-dependent reaction.
Both A and A’ were [5'-**P]-labeled, and the reaction mixture was
maintained at 42 °C. Aliquots were taken at various times, and the
amount of newly synthesized E was determined by PAGE analysis.
These data were fit to the logistic growth equation: [E] =a/(1 + be™ ),
where a is the final extent, b is the degree of sigmoidicity, and c is the
exponential growth rate.

B ASSOCIATED CONTENT

© Supporting Information. Three figures, showing the rate
of Eypeo as a function of theophylline concentration, quantitative
theophylline-dependent amplification in the presence of 10%
human serum, and the effect of adding either Ey, or a
combination of A; and A,-B to the amplification mixture; and
one table comparing the spontaneous initiation of cross-replication
under various reaction conditions. This material is available free of
charge via the Internet at http://pubs.acs.org.
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