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ABSTRACT

We describe a strategy for the ultra-sensitive detection of nucleic acids using “half” ribozymes that are devoid of catalytic
activity unless completed by a trans-acting target nucleic acid. The half-ribozyme concept was initially demonstrated using a
construct derived from a multiple turnover Class I ligase. Iterative RNA selection was carried out to evolve this half-ribozyme
into one activated by a conserved sequence present in the hepatitis C virus (HCV) genome. Following sequence optimization
of substrate RNAs, this HCV-activated half-ribozyme displayed a maximal turnover rate of 69 min−1 (pH 8.3) and was induced
in rate by approximately 2.6 × 109-fold by the HCV target. It detected the HCV target oligonucleotide in the zeptomole range
(6700 molecules), a sensitivity of detection roughly 2.6 × 106-fold greater than that previously demonstrated by oligonucleo-
tide-activated ribozymes, and one that is sufficient for molecular diagnostic applications.
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INTRODUCTION

Many reports have described ribozymes whose activity is

modulated by molecular recognition of an oligonucleotide

(Lorsch and Szostak 1995; Porta and Lizardi 1995; Komatsu

et al. 1999; Robertson and Ellington 1999; Kuwabara et al.

2000; Stojanovic et al. 2001; Wang and Sen 2001; Burke et

al. 2002; Iyo et al. 2002; Komatsu et al. 2002), a protein

(Robertson and Ellington 2001; Hartig et al. 2002; Vaish et

al. 2002; Wang and Sen 2002), or a small molecule (Tang

and Breaker 1997; Araki et al. 1998; Koizumi et al. 1999;

Soukup and Breaker 1999; Robertson and Ellington 2000;

Wang et al. 2002a). In these systems, molecular recognition

is directly converted into catalytic events that can be moni-

tored in homogeneous solution phase assays (Hartig et al.

2002; Vaish et al. 2002; Mei et al. 2003), ELISA-like assays

(Seetharaman et al. 2001), array-based assays (Hesselberth

et al. 2003), or by RT-PCR (Robertson and Ellington 1999).

Consequently, such reagents have been proposed for a va-

riety of biosensor applications (Hoffman et al. 2001;

Breaker 2002; Rajendran and Ellington 2002).

Nucleic acid-activated ribozymes are most commonly

produced through strategies in which a target oligonucleo-

tide induces a conformational rearrangement of the ribo-

zyme to properly orient active site residues for catalysis. In

this allosteric strategy, the rate enhancement provided by a

saturating amount of an oligonucleotide target (a maxi-

mum of 10,000-fold [Robertson and Ellington 1999]) re-

flects the change in the equilibrium distribution of the ribo-

zyme between active and inactive conformer(s) induced by

target. In a second “expansive” strategy, Watson-Crick as-

sociation of a substrate RNA with a ribozyme (or deoxyri-

bozyme) is enhanced by a target oligonucleotide, thereby

increasing the observed rate at concentrations of substrate

that are not saturating in the absence of target (Wang and

Sen 2001; Wang et al. 2002b).

The allosteric and “expanded” ribozymes reported to

date promote substantial catalysis in the absence of target

(Lorsch and Szostak 1995; Porta and Lizardi 1995; Komatsu

et al. 1999; Robertson and Ellington 1999; Kuwabara et al.

2000; Stojanovic et al. 2001; Wang and Sen 2001; Burke et

al. 2002; Iyo et al. 2002; Komatsu et al. 2002). Such target-

independent catalysis limits the ability of these ribozymes to

detect nucleic acid targets present in substoichiometric

amounts because low levels of a target result in only a

marginal increase in observed rate.
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As an example of the limitations on substoichiometric

detection imposed by target-independent catalysis, consider

a target-bound ribozyme induced 250-fold in rate by a

nucleic acid target. More than one of every 250 ribozymes

must be activated by target to increase the observed rate

twofold over that in the absence of target. Signal in the

presence versus the absence of target would not appreciably

change when less than one of every 500 ribozymes was

activated. Thus, assuming a concentration of 1 µM ribo-

zyme is required to rapidly and quantitatively bind the tar-

get, the limit of detection (LOD) using this ribozyme would

be 2 nM (or 1.2 × 1010 target molecules in 10 µL).

We describe the development of a new class of target-

activated ribozymes that are completely devoid of catalytic

activity in the absence of an oligonucleotide target. These

ribozymes are distinct from other nucleic acid-activated

ribozymes because the LOD they afford is dictated by the

substantial rate difference between catalysis promoted by

the target-bound ribozyme and the corresponding uncata-

lyzed reaction, rather than the rate of target-independent

ribozyme catalysis. We show that such ribozymes can be

used to detect a clinically relevant oligonucleotide target

present in the zeptomole range.

RESULTS

Half-ribozymes

To produce a ribozyme that was essentially devoid of cata-

lytic activity in the absence of an oligonucleotide target, we

developed a “half-ribozyme” approach in which a target

nucleic acid served to complete a partial ribozyme that

lacked residues absolutely essential for catalysis. Although

in principle this approach is general to large ribozymes that

use extensive Watson-Crick base pairs, we developed it us-

ing the extensively characterized Class I ligase motif of Bar-

tel and colleagues (Ekland and Bartel 1995; Ekland et al.

1995; Bergman et al. 2000; Glasner et al. 2000, 2002).

To derive a half-ribozyme from a multiple turnover ver-

sion of a Class I ligase, the 207t construct (Bergman et al.

2000) was 3� truncated in the loop that terminates the P7

helix (Fig. 1A). The sequence 3� to the truncation point

serves as a trans-acting oligonucleotide target. It was antici-

pated that such a severe truncation would completely de-

bilitate the half-ribozyme. In addition, this system has the

advantage that the bimolecular substrate RNA complex

should not appreciably interact with the half-ribozyme in

the absence of target because it interacts (through Watson-

Crick base pairs) only with target sequence in the target-

half-ribozyme complex (Fig. 1A). Thus, the half-ribozyme

design scheme incorporates elements of both allosteric and

“expansive” approaches.

Kinetic analysis of the nicked 207t construct demon-

strated that half-ribozymes are significantly activated by an

oligonucleotide target (Fig. 1B). Target-bound half-ribo-

zyme displayed a multiple turnover rate of 0.2 min−1 (Fig.

1B). In the absence of target, longer time courses demon-

strated that the 207t half-ribozyme did not stimulate sub-

strate RNA ligation above the rate of ligation attributed to

the intrinsic chemical reactivity of the substrate RNA com-

plex (kobs = 5.0 × 10−8 min−1 versus 5.4 × 10−8 min−1 in the

presence or absence of ribozyme, respectively). Thus, this

half-ribozyme was devoid of activity in the absence of target

and displayed an observed rate increase of approximately

4 × 106-fold when bound to target.

Half-ribozymes activated by hepatitis C virus
(HCV) sequences

To determine whether clinically relevant oligonucleotide se-

quences could activate half-ribozyme catalysis, we designed

a half-ribozyme that could interact with a sequence in the

genome of HCV. To develop a half-ribozyme that recog-

nized the broadest range of HCV genotypes possible, a

highly conserved sequence of 41 nucleotides within the 5�-
UTR was chosen as a half-ribozyme target (nucleotide po-

sitions −177 to −137 by conventional numbering; Fig. 2A).

FIGURE 1. A half-ribozyme derived from the Class I ligase. (A) A
half-ribozyme based on the sequence of the 207t Class I ligase (black)
was derived from the constitutive ligase by introducing a nick (dashed
line) so that a trans-acting target nucleic acid (green) will associate and
allow ligation (red arrow) of a substrate RNA with a 3� cis-diol (SOH,
red) to a substrate RNA with a 5�-triphosphate (pppS, blue). Note that
pppS and SOH form a bimolecular substrate RNA complex that inter-
acts with the half-ribozyme-target complex. Nomenclature for paired
regions (P1–P7) is analogous to that used for the constitutive ligase.
(B) Observed rate of multiple turnover ligation promoted by the 207t
half-ribozyme in the presence (closed red circle) versus the absence
(open red circle) of bound target relative to that observed without
half-ribozyme and target (blue square). Reaction conditions were as
follows: buffer (30 mM Tris-HCl at pH 7.5; 60 mM MgCl2), 1.0 µM
half-ribozyme, 0.1 µM target, 25 µM each SOH and pppS.

Zeptomole detection using a target-activated ribozyme
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The 207t half-ribozyme was redesigned in order to rec-

ognize this HCV target by changing the sequence of paired

regions P4, P7, and the sequence of the 3� substrate (pppS)
that interacts with the HCV target to form P2 (Fig. 2B).

Because many of the positions that were changed are highly

conserved in the Class I ligase motif (Ekland and Bartel

1995), it was not surprising that the rate of the HCV-acti-

vated mutant half-ribozyme (kobs < 1 × 10−6 min−1, data

not shown) was greatly diminished relative to target-acti-

vated 207t half-ribozyme (kobs = 0.2 min−1; Fig. 1B).

Iterative RNA selection

The observed rate of the HCV-activated half-ribozyme was

increased through an iterative RNA selection scheme simi-

lar to that previously described (Ekland and Bartel 1995),

but one that required the HCV target to activate catalysis.

The half-ribozyme library used in this iterative RNA selec-

tion carried sequence variation in a total of 62 nucleotide

positions of the half-ribozyme that were not required to

form Watson-Crick base pairs with substrate RNA or the

HCV target (Fig. 3A). Each of the ∼1010 half-ribozyme se-
quence variants in this library carried an average of 18

changes relative to the parental HCV-half-ribozyme.

In successive cycles of selection, HCV-activated half-

ribozyme complexes with increased catalytic rates were se-

lected by decreasing the time allowed for ligation of the

half-ribozyme library to substrate RNA. Iterative RNA se-

lection was terminated when the library of half-ribozyme

complexes displayed an autoligation rate of 0.03 min−1

(data not shown), a rate similar to that displayed by the

final library of the original iterative RNA selection from

which the Class I ligase was produced (Bartel and Szostak

1993).

The kinetic properties and sequences of 33 half-ribo-

zymes isolated from this iterative RNA selection were char-

acterized. All selected half-ribozymes comprised one se-

quence family (Fig. 3B) and promoted autoligation at ∼1.5
to 2 min−1 in the presence of a stoichiometric amount of the

HCV target (Fig. 3C; data not shown). The optimal half-

ribozyme obtained from iterative selection, clone 8/7, con-

tained 10 nucleotide changes relative to the input sequence

and one nucleotide deletion (Fig. 3B, yellow residues). The

most highly conserved nucleotide change in this sequence

family is a G-to-U transversion in J3/4 that changes the

identity of a nucleotide that is universally conserved in the

Class I ligase and all of its functional variants (Ekland and

Bartel 1995, 1996; Wright and Joyce 1997; Johnston et al.

2001; McGinness et al. 2002). Although all members of the

clone 8/7 half-ribozyme family carried sequence changes in

P6, a helix that is highly conserved in the Class I motif

(Ekland and Bartel 1995), these changes were not conserved

among family members. All family members also carried

distinct changes in the portion of J1/3 that is not conserved

in the Class I motif.

To examine whether a chemical or nonchemical step de-

termined the observed rate of the clone 8/7 half-ribozyme,

we measured kobs as a function of pH because the chemical

step of ligation promoted by the Class I ligase ribozyme is

log-linear with pH (Bergman et al. 2000; Glasner et al.

2002). The rate of this half-ribozyme displayed a log-linear

increase up to pH 7.0 and then reached at plateau at ∼2
min−1 (Fig. 3C). Other members of this half-ribozyme se-

quence family displayed similar profiles (data not shown).

Such a plateau indicates that the rate of autoligation of this

half-ribozyme is limited by a nonchemical step proceeding

at ∼2 min−1.
Divalent metal ions control the folding and stability of

the Class I motif and are essential for catalysis (Glasner et al.

2002). Because magnesium was the only metal ion used in

the iterative RNA selection from which the clone 8/7 half-

ribozyme was developed, the dependence of kobs on mag-

nesium ion concentration was examined. Indeed, the auto-

ligation rate of the HCV target-bound clone 8/7 half-ribo-

zyme increased as a function of magnesium at all

concentrations tested (Fig. 3D). Given that a nonchemical

step appears to limit kobs at this pH (Fig. 3C), we hypoth-

esized that the catalytically competent structure of the clone

8/7 half-ribozyme was not fully formed or that a catalyti-

cally essential magnesium ion binding site was not fully

saturated at even the highest concentration tested.

We predicted that any difficulty in forming the catalytic

conformation of the autoligation construct would be exac-

erbated when it was converted to a multiple turnover cata-

FIGURE 2. Half-ribozyme that interacts with HCV sequences. (A)
Conserved sequence of HCV 5�-UTR used as target oligonucleotide
(green) and minor sequence variants (red) as a sequence logo
(Schneider and Stephens 1990). The height of each letter represents its
absolute number of occurrences in ∼1500 GenBank entries. (B) Half-
ribozyme (black) was engineered to associate with target nucleic acid
(green) and to direct the ligation of a substrate RNA with a 3� cis-diol
(SOH, red) to a substrate RNA with a 5�-triphosphate (pppS, blue).
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lyst. Nevertheless, the clone 8/7 half-ribozyme was 5� trun-
cated at various positions to produce several different half-

ribozymes for multiple turnover reactions (blue arrows in

Fig. 3B). The sequence 5� of this position was supplied as a
trans-acting pppS substrate RNA. As expected, the observed

rate of all of these constructs was greatly reduced relative

to the rate of autoligation in both single turnover and mul-

tiple turnover regimes (kobs < 10−4 min−1, data not shown).

We hypothesized that these low turnover rates were due

to a combination of factors including weak magnesium

ion binding (Fig. 3D) and weak binding or alternate folding

of the various RNA components. Therefore, a second itera-

tive RNA selection was undertaken to optimize the folding

of this half-ribozyme and further increase its catalytic ac-

tivity.

Four new libraries of sequence variants based on the

FIGURE 3. HCV-activated half-ribozyme from initial selection. (A) Half-ribozyme sequence library (black and yellow) that performs autoligation
for use in iterative RNA selection carried non-parental sequence at 62 positions (yellow) and can interact with the HCV target (green) to direct
ligation of an extended SOH substrate RNA that allows PCR (extension not shown). Helix P7 was extended by 17 nucleotides relative to the 207t
half-ribozyme (Fig. 1A) and the initial HCV half-ribozyme (Fig. 2B) to provide a nonrandomized sequence of sufficient length to allow reverse
transcription. (B) Sequence of the clone 8/7 half-ribozyme isolated from iterative selection. Input sequence (panel A) is black and sequence
changes relative to it are indicated (yellow). Three different multiple turnover versions of the clone 8/7 half-ribozyme were constructed by 5�
truncation (numbered blue arrows). Two guanosine residues were added to the 5� end of each multiple turnover half-ribozyme to allow efficient
transcription by T7 RNA polymerase (not shown). (C) Observed rate of autoligation promoted by the clone 8/7 half-ribozyme as a function of
pH. Reaction conditions: buffer (30 mM MES at pH 6.0 and 6.5 or Tris-HCl at pH 7.0–8.3, 60 mM MgCl2), 1 µM half-ribozyme, 1.1 µM target,
trace SOH. (D) Observed rate of autoligation as a function of the concentration of MgCl2 of the clone 8/7 half-ribozyme (red circles) and the final
half-ribozyme sequence library obtained from a second iterative RNA selection (blue squares; see text and Fig. 4). Reaction conditions: buffer (30
mM Tris-HCl at pH 7.5; MgCl2 as indicated), 1 µM half-ribozyme, 1.1 µM target, trace SOH.
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clone 8/7 half-ribozyme were produced for this second it-

erative RNA selection (Fig. 4A). The first library contained

completely randomized sequence at all single-stranded po-

sitions except those whose identity changed in the selection

of the 8/7 half-ribozyme. The other three pools carried an

additional domain of random sequence inserted into the

8/7 HCV-half-ribozyme at one of three distinct locations.

The first library contained 1010 different sequences, all pos-

sible sequence combinations, whereas the latter three each

consisted of ∼1 × 1015 sequence variants but sampled only a

fraction of sequence space.

The four random sequence libraries were used separately

in an iterative RNA selection scheme

similar to our original selection, but one

that required catalysis at progressively

lower concentrations of MgCl2 (20 mM

to 1 mM). Interestingly, the library with

randomized single-stranded regions, but

containing no additional sequence,

failed to show activity greater than the

clone 8/7 half-ribozyme as the magne-

sium ion concentration was decreased.

In contrast, the activity of the other

three pools increased with each round

(data not shown). To obtain the best

performing half-ribozymes from these

latter three sequence libraries, we mixed

all three together after six cycles of se-

lection and subjected them to two addi-

tional cycles. Iterative RNA selection

was terminated after the second pooled

selection cycle. At that point, the pooled

half-ribozyme libraries displayed a

single turnover rate of 0.02 min−1 at 1

mM MgCl2 (data not shown), a rate

greatly enhanced from the starting se-

quence pool at this magnesium concen-

tration (<10−5 min−1, data not shown).

The rate of autoligation of the final

pool of sequences was determined as a

function of MgCl2 concentration and

compared with similar data obtained for

the clone 8/7 half-ribozyme (Fig. 3D).

At all MgCl2 concentrations tested, the

rates of ligation promoted by the pooled

half-ribozyme libraries obtained from

the second iterative selection were dra-

matically greater than those displayed by

the clone 8/7 half-ribozyme. Indeed, ob-

served rates of the pooled half-ribozyme

libraries were too fast to measure at

Mg2+ concentrations above 30 mM

(>12 min−1). Thus, iterative RNA selec-

tion using libraries containing an addi-

tional sequence “domain” relative to the

207t half-ribozyme yielded catalysts with greatly increased

rates at reduced MgCl2 concentrations, whereas the library

without additional sequence did not.

The rates of autoligation promoted by 80 individual half-

ribozymes derived from the second iterative RNA selection

were characterized under suboptimal conditions so that

rates were slowed enough to permit quantification. Twenty-

one of these individuals displayed a rate slightly greater than

the pooled half-ribozyme libraries and comprised one fam-

ily of related sequences derived from library 3 (Fig. 4B; data

not shown). Like the pooled libraries, the optimal half-

ribozyme from this sequence family, clone 21, displayed an

FIGURE 4. (Legend on facing page)

Vaish et al.

1062 RNA, Vol. 9, No. 9



observed autoligation rate too fast to measure (>12 min−1)

and a plateau level of ligation of 58% at pH 7.5, 60 mM

MgCl2 (data not shown).

The conserved sequence in the inserted region of the

clone 21 half-ribozyme family allows an alternate P3 pairing

relative to the clone 8/7 and the 207t half-ribozymes (Fig.

4B). This alternate pairing shifts a portion of the inserted

region 3� to P3, dramatically lengthening J3/4 and changing
its position relative to J1/3. Because both of these joining

regions are highly conserved in the Class I ribozyme (Ek-

land and Bartel 1995), this alternate P3 pairing may change

the architecture of the clone 21 half-ribozyme relative to the

constitutive Class I ribozyme.

To directly test whether the alternate P3 pairing interac-

tion was required for catalysis, we made three nucleotide

changes in the 3� side of P3 (M1, Fig. 4B) and combined

them either with mutations that restore the alternate pair-

ing (M2, Fig. 4B) or with the original pairing (M3, Fig. 4B).

At the magnesium ion concentration used in this experi-

ment (10 mM), the original clone 21 half-ribozyme dis-

played biphasic kinetics (Fig. 4C). The first phase of the

reaction occurs with a rate essentially identical to the con-

stitutive Class I ligase when assayed at an identical magne-

sium ion concentration and pH (3.6 min−1 versus 3.9

min−1, respectively (Ekland and Bartel 1995). A variant of

the clone 21 half-ribozyme that allows the alternate pairing

but not the original (M1/M2, Fig. 4B) displayed a first phase

rate of 2.8 min−1 and a plateau slightly lower than the

original clone 21 half-ribozyme. In contrast, a variant al-

lowing the original P3 helix (M1/M3, Fig. 4B) was devoid of

activity (kobs < 10−4 min−1). Thus, the catalytic conforma-

tion of the clone 21 half-ribozyme relies on this alternate P3

base-pair configuration and is only modestly sensitive to its

sequence composition.

In addition to the inserted region, most members of the

clone 21 sequence family carried A-to-U and A-to-C trans-

versions in two highly conserved J3/4 positions (Fig. 4B;

Ekland and Bartel 1995). Thus, our iterative selections ul-

timately yielded a half-ribozyme carrying changes in three

of the four nucleotides in J3/4 that were previously univer-

sally conserved among Class I ligase variants isolated from

several independent iterative RNA selections (Ekland and

Bartel 1995, 1996; Wright and Joyce 1997; Johnston et al.

2001; McGinness et al. 2002).

Several multiple turnover configurations of the clone 21

half-ribozyme were developed by 5� truncation at various

positions in a fashion identical to that used in the produc-

tion of multiple turnover variants of the clone 8/7 half-

ribozyme (blue arrows in Figs. 3B and 4B, respectively).

Again, the sequence 5� to the indicated position was sup-

plied as a trans-acting pppS substrate RNA. All multiple

turnover configurations of the clone 21 half-ribozyme dis-

played turnover rates of 0.7 min−1 at a saturating concen-

tration of substrate RNA and an equimolar concentration of

target (Fig. 4D; data not shown), greater than a 7000-fold

improvement over the multiple turnover rate of the clone

8/7 half-ribozyme. Like the 207t half-ribozyme, the ob-

served rate of substrate RNA ligation in the absence of its

target oligonucleotide was essentially equivalent to the rate

of uncatalyzed ligation of the bimolecular substrate RNA

complex (3.5 × 10−8 min−1 and 4.4 × 10−8 min−1 in the

presence versus absence of half-ribozyme, respectively; Fig.

4D), indicating that the clone 21 half-

ribozyme was completely devoid of

catalytic activity in the absence of its

target. Thus, the multiple turnover rate

of the clone 21 half-ribozyme is stimu-

lated ∼2 × 107-fold by the HCV target.

Optimization of the substrate RNAs
improves turnover rate

Multiple turnover rates of HCV target-

bound clone 21 half-ribozyme (Fig. 4D)

were more than 17-fold lower than its

observed rate of autoligation (Fig. 4C).

We investigated which step limited the

turnover rate of this half-ribozyme and

whether the rate of that step could be

improved. To that end, the observed

rate of ligation promoted by target-

bound clone 21 half-ribozyme was de-

termined in a single turnover regime to

define whether the rate-limiting step oc-

curred before or after the first catalytic

cycle (Fig. 5A). The first catalytic cycle

FIGURE 4. Efficient HCV sequence-activated multiple turnover half-ribozymes. (A) Four
sequence libraries (libraries 1–4) based on the autoligation version of the clone 8/7 half-
ribozyme (black) maintained the nucleotide changes in the clone 8/7 half-ribozyme sequence
relative to the 207t half-ribozyme (yellow). Library 1 carried completely randomized sequence
in all other single-stranded positions (blue highlight). Libraries 2–4 carried seven positions that
were randomized at a 6% frequency (boxed) and an inserted random sequence domain (blue
boxes). The four libraries were 3� truncated relative to the clone 8/7 half-ribozyme and were
used with an appropriately truncated HCV target sequence (green) because a reverse tran-
scription primer could adequately anneal to a defined sequence internal to that used in the
initial iterative RNA selection. SOH was extended at its 5� end to allow for PCR amplification
(not shown). (B) The clone 21 half-ribozyme isolated from iterative selection maintained all of
the sequence changes produced in the clone 8/7 half-ribozyme isolated from the initial iterative
RNA selection (yellow) and carried an inserted region that, on examining all members of this
sequence family, had a conserved portion (blue) and a variable portion (purple). Two con-
served changes were present in J3/4 (blue). An alternate P3 helix allowed by the inserted region
is shown and was tested using mutations (pink) in the 3� side of P3 (M1) and sequence,
allowing either the alternate (M2) or original (M3) P3 base-pairing arrangement. Three dif-
ferent multiple turnover versions of the clone 21 half-ribozyme were constructed by 5� trun-
cation (numbered blue arrows). Two guanosine residues were added to the 5� end of each
multiple turnover half-ribozyme to allow efficient transcription by T7 RNA polymerase (not
shown). Joining regions J1/3 and J3/4 are indicated (gray). (C) Time course of autoligation of
the clone 21 half-ribozyme (red circles) or variants either carrying mutations M1 and M2 (blue
squares) or mutations M1 and M3 (green triangles). Reaction conditions: buffer (30 mM
Tris-HCl at pH 7.5, 10 mM MgCl2), 1 µM half-ribozyme, 1.1 µM target, trace SOH. (D)
Observed rate of multiple turnover ligation promoted by the clone 21 half-ribozyme in the
presence (solid red circle) or absence (open red circle) of bound target relative to that observed
without half-ribozyme or target (blue square). Reaction conditions: buffer (30 mM Tris-HCl
at pH 7.5, 60 mM MgCl2), 1 µM half-ribozyme, 0.01 µM target, 10 µM each SOH and pppS.
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was too fast to accurately measure, and indistinguishable

from the rate of autoligation, when the two substrates were

preannealed in water. Unexpectedly, the rate of the first

catalytic cycle decreased to 1.1 min−1 if the substrate RNAs

were preequilibrated in reaction buffer. [Note: This rate is

equivalent to the turnover rate when adjusted for the frac-

tion of active ribozyme (58%; Fig. 5A).] Further studies

identified MgCl2 as the buffer component responsible for

this phenomenon (data not shown). Thus, the reduced rate

of multiple turnover catalysis relative to autoligation could

result from a MgCl2-dependent phenomenon involving the

substrate RNA complex—not from issues relating to the

functional characteristics of the clone 21 half-ribozyme it-

self.

Following this hypothesis, we attempted to abrogate the

effect of buffer using sequence variants of the two substrate

RNAs. The turnover rates of 46 mutant substrates were

determined (Fig. 5B). Only two afforded turnover rates

greater than the original substrate pair (each an increase of

∼1.5-fold). The favorable changes were C8U in P2 and a

base pair “flip” in P1 that exchanges the identity of the

3�-most nucleotide of SOH and its pairing partner in pppS

(flip-13). Notably, a SOH and pppS substrate RNA pair that

contained both C8U and flip-13 mutations afforded a turn-

over rate that was slightly greater than the sum of the two

individual mutants, resulting in a turnover rate that was

3.4-fold greater than the initial substrate pair (Fig. 5B).

Because the C8U/flip-13 substrate pair introduced a

wobble base pair in P2 that could affect its affinity for the

target-half-ribozyme complex, its activity as a function of

substrate RNA concentration was compared with the origi-

nal substrate RNA pair (Fig. 5C). Significantly, the multiple

FIGURE 5. Characterization and optimization of clone 21 in multiple turnover configuration 3. (A) The rate of the initial catalytic cycle of
multiple turnover configuration 3 (blue) was compared with the rate of autoligation (red) when their respective substrate RNAs were preincubated
as indicated. Reaction conditions: buffer (30 mM Tris-HCl at pH 7.5, 60 mM MgCl2). Autoligation reactions contained 1 µM half-ribozyme, 1.1
µM target, and trace SOH; reactions using the multiple turnover half-ribozyme contained 10 µM half-ribozyme, 10 µM and 1 µM each SOH and
pppS. (B) Turnover rates of configuration 3 afforded by mutant SOH and pppS substrate RNAs expressed relative to the initial substrate RNA pair
(red and blue). P2 interaction with target nucleic acid (black line) and potential wobble base pairs (green highlight) are indicated. Circles indicate
relative rates of mutations further characterized. Reaction conditions: buffer (30 mM Tris-HCl at pH 7.5, 100 mM KCl, 60 mM MgCl2), 1 µM
half-ribozyme, 0.01 µM target, 10 µM each SOH and pppS. (C) Turnover rate of configuration 3 afforded by original (red circles), C8U/flip-13
(blue squares), or C8U/flip-13/A5G (green diamonds) substrate RNA pairs as a function of substrate RNA concentration. Reaction conditions
were the same as panel B, except the concentration of SOH and pppS varied, as indicated. (D) Turnover rate of configuration 3 using the
C8U/flip-13/A5G substrate RNA pair as a function of MgCl2 and KCl concentrations. Reaction conditions: buffer (30 mM Tris-HCl at pH 7.5,
MgCl2, and KCl concentration varied as indicated), 1 µM half-ribozyme, 0.001 µM target, 1 µM each SOH and pppS. (E) Maximum turnover rate
of multiple turnover configuration 3 using the C8U/flip-13/A5G substrate RNA pair as a function of pH inferred from Lineweaver-Burk analysis
(closed red circles) compared with direct measurement of rate in the absence of target nucleic acid at identical pH values (open red circles).
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turnover rate of the clone 21 half-ribozyme bound to target

did not appreciably change as the concentration of the

original substrate pair was varied between 100 nM to 20

µM. In contrast, the turnover rate of target-bound clone 21

half-ribozyme increased as the concentration of the C8U/

flip-13 substrate pair was increased, displaying a turnover

rate of 3.4 min−1 at 20 µM substrate RNA. A triple mutant

(C8U/flip-13/A5G) that was predicted by an RNA folding

program (Xia et al. 1998) to have an increased affinity (0.5

kcal/mole) for the target relative to the C8U/flip-13 sub-

strate RNA pair showed an increase in activity relative to the

double mutant at all substrate RNA concentrations exam-

ined. Thus, further efforts to optimize turnover rate were

focused on the C8U/flip-13/A5G substrate RNA pair.

To identify reaction conditions that increased the affinity

of the C8U/flip-13/A5G substrate RNA pair and therefore

increased clone 21 half-ribozyme activity at lower concen-

trations of substrate RNA (i.e., increasing kmax/ KM), we

examined the kinetic performance of the half-ribozyme at

various concentrations of monovalent and divalent metal

ions (Fig. 5D). These results indicated that turnover rate

increased as ionic strength increased (compare kobs at in-

creasing KCl concentrations; Fig. 5D). Optimal MgCl2 con-

centration was ∼150 mM. We interpreted these data to re-

flect both a magnesium ion-specific effect and an ionic

strength effect on turnover rate through a modulation of

substrate RNA affinity. At optimal salt concentrations (0.9

M KCl, 150 mM MgCl2), the turnover rate of the ribozyme

increased to 2.6 min−1 at 1 µM substrate complex, repre-

senting an eightfold increase in rate relative to the original

substrate in the original buffer condition (Fig. 5C).

Using the C8U/flip-13/A5G substrate RNA pair and the

optimized metal ion concentrations, kobs was determined as

a function of substrate RNA concentration and pH. Line-

weaver-Burk analysis of these data was used to generate KM
and kmax at each pH (data not shown). KM of the substrate

complex varied little from pH 6.0 to pH 8.3 (from 5 µM to

16 µM, data not shown). When adjusted for the active frac-

tion of the target-bound clone 21 half-ribozyme (84% from

single turnover kinetics, data not shown), kmax is predicted

to be 8.1 min−1 at the lowest pH tested and 69.0 min−1 at

the highest pH tested (Fig. 5E). Maximal rate did not dis-

play a log-linear relationship with pH, but instead increased

roughly eightfold over slightly more than two pH units (Fig.

5E). Thus, in contrast to the constitutive Class I ligase

(Bergman et al. 2000; Glasner et al. 2002), the multiple

turnover rate of ligation afforded by the C8U/flip-13/A5G

substrate RNA pair is not limited solely by a hydroxide

ion-dependent chemical step.

The uncatalyzed rate of ligation of the C8U/flip-13/A5G

substrate RNA pair in the absence of target was also deter-

mined as a function of pH (Fig. 5E). As expected, the rate

of the uncatalyzed reaction displayed a log-linear increase

with pH. The difference in the rate of substrate RNA liga-

tion in the presence versus absence of target, therefore,

ranged from 2.6 × 109-fold at pH 6.0 to 1.7 × 108-fold at pH

8.3. These HCV-target induced rate differentials are com-

parable to the rate enhancement provided by the constitu-

tive Class I ligase (Bergman et al. 2000; Glasner et al. 2002).

Limit of detection for HCV target sequence

Because half-ribozymes are devoid of catalytic activity in the

absence of their targets (Figs. 1B, 4B), the LOD they afford

is determined by the difference in the rate of product for-

mation as a result of target-activated half-ribozyme catalysis

and the rate of product formation through uncatalyzed li-

gation. The concentration of the bimolecular substrate RNA

complex affects both of these rates, but not proportionally.

Therefore, the LOD will vary with the concentration of the

substrate RNA complex. To determine the substrate RNA

concentration that afforded the lowest possible LOD, we

used the kinetic analysis of the clone 21 half-ribozyme de-

scribed earlier (Fig. 5E) to develop a mathematical model to

predict how the LOD would vary with substrate RNA con-

centration and pH.

Both catalyzed and uncatalyzed rates can be derived from

rate equations; the former is given by:

kobs�target-half-ribozyme� ( 1 )

and the latter is given by:

kuncat�substrate RNA complex� ( 2 )

If the concentration of target-half-ribozyme is taken to

equal the total concentration of target (and will be if the

target is quantitatively captured), then target increases the

amount of ligation product twofold above that seen in its

absence when:

kobs�target-half-ribozyme� = kuncat�substrate RNA complex�
( 3)

kobs at any substrate RNA concentration is defined by kmax
and KM parameters using the Michaelis-Menten relation-

ship:

kobs = kmax * �substrate complex����substrate complex�
+ KM� ( 4 )

Substitution of Equation 4 into Equation 3 and rearranging

allows solution for the concentration of target-half-ribo-

zyme (which is taken as the concentration of target), where

the signal due to catalyzed and uncatalyzed ligation are

equal:

�target-half-ribozyme� =
�kuncat�kmax� * ��substrate RNA complex� + KM� (5)

Equation 5 allows the LOD to be determined as a function

of substrate RNA concentration from known kuncat, kmax,

and KM values. Solution of Equation 5 gives the target con-

centration yielding a twofold increase in product formation

compared with that observed in the absence of target. We
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define the LOD as half this number of target molecules, that

is, the number of target molecules that produce an amount

of ligation product that is indistinguishable from the

amount produced in its absence. Equation 5 was used to

calculate LOD (as number of HCV molecules) at various

pH values and substrate RNA concentrations (Fig. 6A) after

substrate RNA concentration was converted to number of

molecules in a reaction of a specific volume (5 µL in this

case). Importantly, the kmax value used to solve Equation 5

reflected the total concentration of target-activated half-

ribozyme and not the fraction of target-bound half ribo-

zyme that was catalytically competent.

As expected, the calculated LOD improves as pH is low-

ered because the uncatalyzed reaction displays a logarithmic

increase with pH but the catalyzed reaction does not (Fig.

5E). Interestingly, the calculated LOD increases (becomes

less sensitive) as substrate RNA concentration approaches

and exceeds KM because the amount of product formed

through uncatalyzed ligation increases to a greater extent

than the increase in product formation provided by the

enhanced rate of half-ribozyme catalysis. As substrate RNA

concentration is lowered, the calculated LOD asymptoti-

cally approaches 6900 target molecules. Thus, the calculated

LOD is maximized at concentrations of substrate RNA that

actually attenuate half-ribozyme catalysis. However, be-

cause the maximal LOD is asymptotically approached as

substrate RNA concentration is decreased, a substrate RNA

concentration can be identified that supports significant

ribozyme activity but does not appreciably compromise

LOD. For example, target-bound clone 21 half-ribozyme is

predicted to display a turnover rate of 0.13 min−1 and an

LOD of 7050 HCV molecules at 100 nM substrate RNA in

a 5-µL reaction buffered at pH 6.0.

To test the validity of this method of calculating the LOD,

we determined the amount of ligation product produced by

the clone 21 HCV-half-ribozyme as a function of HCV

target copy number in 5-µL reactions carried out at pH 6.0,

100 nM substrate RNA (Fig. 6B). Ligation product above

background was clearly evident with as few as 104 copies of

the HCV target (3.3 fM; Fig. 6B). Half-ribozyme catalysis

FIGURE 6. Limit of detection of HCV sequence. (A) Calculated LOD was determined by solving Equation 5 (text) after substrate RNA
concentration was converted to number of molecules using kinetic parameters established for clone 21 half-ribozyme in configuration 3 and
substrate RNA pair C8U/flip-13/A5G. Calculated LOD is expressed as a function of substrate RNA concentration and pH. The intersection of lines
on the surface of the graph indicates specific substrate RNA concentrations and pH values. The surface corresponding to 104 and 105 target
molecules is indicated (dashed white line). The condition used to experimentally determine LOD is indicated (blue circle). (B) Ligation product
from duplicate reactions, examining product formation as a function of HCV target copy number. The minor species migrating more rapidly than
the major species observed in some lanes is derived from N−1 pppS substrate RNA generated from in vitro transcription and was not used in
quantification. The large amount of unligated SOH carrying radiolabel was well separated from ligated product (not shown). Reaction conditions:
buffer (30 mM MES at pH 6.0, 150 mM MgCl2, and 0.9 M KCl), 1 µM half-ribozyme, target as indicated, 0.1 µM each SOH and pppS. (C)
Quantification of product formation as a function of HCV target copy number from four half-ribozyme reactions: two reactions each from two
independent serial dilutions. Dashed red line with arrowhead indicates LOD extrapolated from a power function fit to signal from 107 to 104 HCV
copies to signal observed in the absence of HCV target. Standard deviation from four separate trials amounted to <10% of the average
half-ribozyme activity in the presence of 107 to 104 molecules and <15% in reactions containing 0, 102, and 103 target molecules. Power function
fit to signal observed with 107 to 104 HCV molecules with R2 = 0.99946.
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quantitatively detected target amounts ranging from 104

copies to the highest amount tested (107 molecules; Fig.

6C). Extrapolated turnover rates in each of these reactions

averaged to 0.16 ± 0.01 min−1. These values are in concor-

dance with the calculated rate obtained from the LOD

model (0.13 min−1) and therefore serve to validate the

model. As expected, the amount of ligation product de-

creases with a log–log relationship to target copy number.

The LOD was defined as the intercept of a power (xy)

function fit to data from 107 to 104 molecules with the

average background signal observed in the absence of the

HCV target. This method of defining the LOD is in direct

analogy to that used in the model to calculate the theoretical

LOD. The resultant value of 6700 HCV molecules (∼11
zeptomoles, ∼2.2 fM) is in excellent agreement with the

LOD calculated in the model (7050 molecules, Fig. 6A). As

expected from the theoretical model (Fig. 6A), signal ob-

served in the presence of 1000 and 100 HCV molecules was

indistinguishable from the signal observed in the absence of

HCV target oligonucleotide (Fig. 6B,C). Thus, half-ribo-

zymes afford detection of oligonucleotide targets present in

the zeptomole range, and this detection sensitivity can be

accurately predicted from their kinetic properties.

DISCUSSION

Half-ribozymes afford billion-fold rate enhancements

We developed half-ribozymes by 3�-truncation of the Class

I ligase (Figs. 1B, 4B). A trans-acting nucleic acid target

completes half-ribozymes and thereby allows ribozyme ca-

talysis. Because interaction with target is absolutely essential

for catalysis (Figs. 1B, 3D), half-ribozymes are both quali-

tatively and quantitatively different from other oligonucleo-

tide-activated ribozymes.

Half-ribozymes are qualitatively different because the

rate change afforded by target reflects the rate differential

between target-induced catalysis and the uncatalyzed reac-

tion (not the target-dependent and target-independent rates

of the ribozyme). Thus, unlike previous approaches, the

intrinsic chemical reactivity of the substrates is the only

source of product in the absence of target. Consequently, to

optimize performance, it is important to choose a ribozyme

for this approach that not only displays a fast absolute rate,

but also uses substrates with low intrinsic chemical reactiv-

ity.

The magnitude of the rate difference in the presence ver-

sus absence of target makes this approach quantitatively

different from other efforts. Previously, the maximum rate

difference in the presence versus absence of an oligonucleo-

tide target was 104-fold (Robertson and Ellington 1999).

The initial half-ribozyme based on the 207t ligase displayed

a multiple turnover rate ∼4 × 106-fold greater than the rate

of uncatalyzed ligation (Fig. 1B), and the target-bound

clone 21 half-ribozyme enhanced the rate of product for-

mation ∼2.6 × 109-fold after optimization of the sequence

of its substrate RNAs (Fig. 5). Thus, the half-ribozyme ap-

proach affords target-induced rate enhancements that are

2.6 × 105-fold greater than the previously reported maxi-

mum (Robertson and Ellington 1999) and roughly 5 × 106-

fold greater than more typical rate enhancements (Burke et

al. 2002; Komatsu et al. 2002; Wang et al. 2002b).

Although the half-ribozyme approach is most easily ap-

plied to ribozymes activated by oligonucleotides, a similar

mechanism of activation might be available for protein-

activated ribozymes. Robertson and Ellington (2001) re-

ported a protein-activated ligase whose autoligation rate

was increased 7.5 × 104-fold by a saturating amount of its

protein target, representing the largest induction of ribo-

zyme activity by a target prior to the development of half-

ribozymes. The rate of target-independent catalysis was very

close to the uncatalyzed rate of reaction of similar substrates

assayed under similar conditions [compare 3.3 × 10−7

min−1 at pH 7.7 (Robertson and Ellington 2001) to Fig. 3 in

Rohatgi et al. 1996]. This protein-activated ribozyme was

developed through an iterative RNA selection scheme that

used a ribozyme sequence library in which the catalytic core

was replaced with random sequence that directed protein

binding. It was suggested to use functional groups from the

protein target to produce a “nucleoprotein” catalyst (Rob-

ertson and Ellington 2001). Thus, target-assisted catalysis

may be a strategy available to ribozymes activated by both

nucleic acids (this work) and proteins (Robertson and El-

lington 2001). Such systems are analogous to protein en-

zymes engineered so that a substrate RNA is required to

supply functional groups to complete an enzyme’s active

site (Carter and Wells 1987).

Remodeling of the Class I ligase motif

Using iterative RNA selection techniques and biochemical

optimization, an HCV sequence-responsive half-ribozyme

was developed that displayed an autoligation rate indistin-

guishable from the parent ligase (to the limits of kinetic

measurements by manual pipeting; Fig. 3D and Glasner et

al. 2002). The multiple turnover rate of a version of this

half-ribozyme was also equivalent to, or greater than, the

multiple turnover rate of the constitutive Class I ligase (Fig.

5E; Bergman et al. 2000; Glasner et al. 2002). Thus, iterative

RNA selection was effectively used to develop a half-ribo-

zyme that was activated by an HCV oligonucleotide se-

quence, indicating that half-ribozymes activated by an ar-

bitrarily chosen RNA target sequence can be produced.

Although the double pseudoknotted structure of the con-

stitutive Class I motif is evident in the clone 21 half-ribo-

zyme, it is likely that dramatic remodeling was required to

confer the capacity to respond to the HCV target. Most

interestingly, insertion of an additional sequence “domain”

was required to produce HCV-activated half-ribozymes ac-

tive in low concentrations of magnesium ions (Fig. 3D).
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Because higher concentrations of magnesium ions permit

the folding and association of otherwise unstable RNA

structures (Reich et al. 1988), it is reasonable to assume that

the additional sequence in the clone 21 family promoted

folding. The hammerhead ribozyme has recently been

shown to display enhanced function at reduced magnesium

ion concentrations when adjacent viroid genomic sequences

are added to it (Fedor and Westhof 2002). Thus, the itera-

tive RNA selection that yielded these HCV-activated half-

ribozymes may have accessed a strategy used in nature to

stabilize otherwise loosely ordered ribozymes, namely, the

use of nonessential domains to enhance the proper ordering

of active site residues.

In further contrast to the constitutive Class I ligase,

highly conserved positions are changed in the clone 21 half-

ribozyme. For example, universally conserved nucleotides

5�-AGAG (positions 44 to 47) in the constitutive motif

(Ekland and Bartel 1995) are changed to 5�-UGCU (Fig.

4B). However, the nearly invariant decanucleotide sequence

5�-AAAAAGACAAAU-3� that immediately precedes P3 is

maintained in sequence and position in the clone 21 half-

ribozyme. In effect, selective pressure “pushed” the inserted

domain 3� of the P3 helix. Selective pressure also resulted in
changes in conserved Watson-Crick pairing identities in P6

and potentially lengthened P3.

Kinetic analysis of target-bound clone 21 half-ribozyme

activity with the variant substrate RNA pairs indicates that

substrate RNA complex recognition and utilization is not

identical to that reported for the constitutively active Class

I ligase (Ekland and Bartel 1995; Ekland et al. 1995; Berg-

man et al. 2000; Glasner et al. 2000, 2002). Most strikingly,

mutation of A3 only slightly decreased (A3G and A3C) or

increased (A3U) activity, although this position is highly

conserved in the Class I ligase. Similarly, the most severe

decrease in activity displayed by mutation of G2 was a 0.3-

fold reduction, although it, too, is highly conserved in the

constitutive motif. The P2 region tolerated G-U wobble

base pairs only in a subset of P2 locations, indicating that,

unlike the Class I ligase, it cannot be altered in sequence.

Thus, not only is it likely that the HCV-activated half-ribo-

zyme has an architecture that differs from the constitutive

motif, but it also appears to recognize its substrate RNAs

differently.

HCV sequence detection

The HCV-activated half-ribozyme described here affords

the greatest sensitivity of detection reported to date for an

oligonucleotide-activated ribozyme. Its LOD for the HCV

target is 6700 molecules (Fig. 6C), representing an improve-

ment of ∼2.6 × 106-fold in LOD (Robertson and Ellington

1999). The HCV-activated half-ribozyme LOD was accu-

rately predicted from the fundamental kinetic parameters of

target-mediated (kcat and KM) and uncatalyzed ligation

(kuncat; Fig. 6A). Importantly, the mathematical model we

constructed to predict LOD (Equation 5) allows exploration

of half-ribozyme LOD under a variety of conditions that

alter its kinetic performance (such as substrate RNA con-

centration, pH, and magnesium ion concentration), as long

as its kinetic characteristics under these conditions are

known. Thus, we provide a theoretical framework to exam-

ine detection of substoichiometric targets by half-ribo-

zymes.

This model emphasizes that the LOD is controlled by the

ratio of target-induced and background ligation rates; data

confirm that the LOD is limited by background ligation that

obscures the effector-dependent signal at extremely low ef-

fector concentrations (Fig. 6B,C). The lack of target-inde-

pendent ribozyme catalysis allows the target-bound HCV-

activated half-ribozyme to attain a 2.6 × 109-fold rate en-

hancement; a dramatic improvement relative to the

previously maximum rate enhancement of 10,000-fold

(Robertson and Ellington 1999). Thus, the significant im-

provement of LOD afforded by half-ribozymes relative to

previously reported target-activated ribozymes is due to the

low level of target-independent product accumulation rela-

tive to that observed in other systems.

The model we have developed can be applied easily to a

ribozyme that promotes catalysis in the absence of target,

provided that a rate equation describing target-independent

ribozyme catalysis replaces the rate equation for uncata-

lyzed reaction (see Equation 3). Therefore, this model is

generally applicable to calculate the LOD of any target-

activated ribozyme, provided that its kinetic characteristics

in the absence of target are known. In direct analogy to the

half-ribozyme system, sensitive detection using such a ribo-

zyme is still predicted to require a fast target-mediated rate

and a low rate in the absence of target.

The close agreement between experimentally determined

LODs and those predicted by our mathematical model in-

dicates that the sensitivity of the HCV-activated half-ribo-

zyme can be improved by modulating the kinetic param-

eters of the ribozyme. Most important, we note that the

affinity of the substrate complex for the ribozyme is low

(ranging from 4 µM at pH 6.0 to 16 µM at pH 8.3, data not

shown), requiring a high concentration of substrate RNA

for maximal catalytic activity. As predicted by our math-

ematical model, an increased kmax/ KM would improve the

LOD because lower substrate RNA concentrations would

support more target-bound half-ribozyme activity. At the

same time, the ability to work at lower substrate concen-

trations would lower background ligation. An increase in

the KM of the substrate RNA complex may be possible

through the incorporation of modified nucleotides in pppS

that stabilize P2. Substitution of A residues in P2 with 2,6-

diamino-A, U with 2-thio U, or inclusion of 2�-O-CH3

nucleotides all represent viable routes to this end because

such modifications stabilize nucleic acid duplexes (Lebedev

et al. 1996; Kumar and Davis 1997; Verma and Eckstein

1998). If such substitutions allow the half-ribozyme to func-
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tion at its maximal rate at pH 6.0 with 100 nM substrate

(kmax = 6.8 min−1 when not corrected for the fraction of

active target-half-ribozyme), rather than at 0.6 min−1, then

the LOD is predicted to improve by a proportional amount

(from 6700 molecules [Fig. 6C] to 100 molecules).

Improvement in LOD is also possible in different assay

formats. Most significantly, we note that the amount of

product formed from the uncatalyzed reaction is propor-

tional to assay volume, whereas the amount of product

formed from half-ribozyme catalysis is not. Consequently,

microfluidic devices that decrease the reaction volume

should improve the LOD. Thus, although the half-ribozyme

system we report here already affords an LOD that greatly

exceeds previously reported oligonucleotide-activated ribo-

zymes (for example, see Robertson and Ellington 1999),

avenues to even greater sensitivity of detection using this

system should be available.

Applications

Applications ranging from basic research to molecular di-

agnostics require ultrasensitive detection of nucleic acids.

Several technologies are currently used for these purposes,

most notably polymerase chain reaction (PCR), transcrip-

tion-mediated amplification (TMA), and rolling circle

amplification. Although PCR, TMA, and rolling circle am-

plification offer excellent sensitivity, their use in clinical

diagnostic applications is problematic because they are

time-consuming assays that require technically skilled op-

erators and are difficult to run in high throughput (Conry-

Cantilena 1997). Consequently, a major goal in molecular

diagnostics is to develop methods that afford sensitive de-

tection in a simple assay that can be run in high throughput.

The half-ribozyme approach described here permits sen-

sitive detection of nucleic acid targets in a simple isothermal

assay. Because the two substrate RNAs used by half-ribo-

zymes can be made by solid-phase oligonucleotide synthe-

sis, each can be independently and site specifically labeled,

allowing the half-ribozyme system to be integrated with

numerous assay formats. For example, ELISA-like detection

is possible if one substrate RNA is labeled with a hapten and

the second is labeled with a capture agent such as biotin. In

this format, half-ribozyme assays could be run in high-

throughput mode in commercially available autosamplers

currently used for immunoassays. Such a format has the

benefit of incorporating an additional signal amplification

step through hapten detection.

Half-ribozymes are well suited for applications in which

many samples are screened for only a limited number of

targets, applications such as the screening of blood products

for HIV, HCV, and other viral contaminants. The need for

such a technology is clear because the immunodiagnostic

methods currently used for this purpose offer limited sen-

sitivity (Majid and Gretch 2002). Given that half-ribozymes

currently display a sensitivity of detection approaching vali-

dated PCR assays (Dufour 2002) and can be formatted in

ELISA-like assays compatible with established immunodi-

agnostic platforms, this technology holds promise for such

applications.

MATERIALS AND METHODS

RNA preparation

SOH substrate RNAs were produced through standard oligoribo-

nucleotide synthesis procedures. pppS substrate RNAs were made

by in vitro T7 RNA polymerase transcription of the annealed

oligonucleotides DNA (5�-GCTAATACGACTCACTATAGGAA
ATCCAAACGACTGGTACAA-3� and 5�-TTGTACCAGTCGTTT
GGATTTCCTATAGTGAGTCGTATTAGC-3�). pppS sequence

variants were produced from versions of these oligonucleotides

that carried the appropriate sequence changes. Half-ribozymes

were produced by in vitro T7 RNA polymerase transcription of

two overlapping antiparallel DNA oligonucleotides that were first

extended to completion with Taq polymerase. Their sequences

were 5�-GCTAATACGACTCACTATAGGAAAAGACAAATGTG
CCCTCAGAGC-3� and 5�-AAAGCCACCGGGGGGTGCCTCCC
CTGGATCCGAAGATCTTCTCAAGCTCTGAGGGCACATTTG

TCTT-3� (207t); 5�-GCTAATACGACTCACTATAGGAAATCCA
AACGACTGGTACAAAAAAGACAAATGTGCCCTCAGATCAA

GGAC-3� and 5�-CCAGGACGACTGCAGGGTGCCACCTGTA
GATCCGAAGATCGGTCCTTGATCTGAGGGCAC-3� (autoliga-

tion version of clone 8/7). The autoligation version of clone 21 was

prepared by colony PCR using oligonucleotides 5�-GCTAATAC
GACTCACTATAGGAAATCCAAACGACTGGTAC-3� and 5�-CC
AGGACGACTGCAGGGTGCC-3� as primers. Other bacterial

clones obtained following iterative RNA selection were produced

by PCR using these same primers. The underlined sequence indi-

cates T7 RNA polymerase promoter. Multiple turnover versions of

clone 8/7 and clone 21 half-ribozymes were produced using oli-

gonucleotides 5�-GCTAATACGACTCACTATAGGTACAAAAAA
AGACAAATGTGC-3�, 5�-GCTAATACGACTCACTATAGGAAA
AAAAGACAAATGTGC-3�, and 5�-GCTAATACGACTCACTATA
GGAAAAAGACAAATGTGC-3� (configuration 1, 2, and 3, re-

spectively) and 3� primer identical to that used to produce auto-

ligation constructs.

Kinetic assays

Kinetic assays were performed at 23°C in 30 mM MES (pH 6.0,

6.5) or Tris-HCl (pH 7.0, 7.5, 8.0, 8.3) as indicated, which in-

cluded MgCl2 and KCl as indicated. Half-ribozyme and target

were heated at 80°C for 2 min., 5X buffer was added, and the

reaction was allowed to cool to 23°C over 5 min. Reactions were

initiated by addition of substrate RNAs. Native gel analysis was

used to confirm that 100% of added target was bound.

Autoligation

A trace concentration of 5�-32P-labeled SOH (<5 nM) was incu-

bated with 1 µM of the appropriate half-ribozyme and 1.1 µM

target nucleic acid. Aliquots were quenched with gel loading dye at

different times depending on half-ribozyme rate. Observed single

turnover rates were determined by fitting the quantified data
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either to a linear equation (fraction ligated versus time) or to

the single exponential equation: fraction ligated = Fa(1−e
−kt),

where t equals time, k equals rate of catalysis, and Fa equals the

fraction of ligated SOH at completion. A double exponential fit was

used in cases where biphasic kinetics were evident: fraction

ligated = Fa(1−e
−k1t) + Fb(1−e

−k2t), where k1 and k2 represent the

rate constants for the first and second phase of the reaction, re-

spectively. Data were fit using Kalidagraph (Synergy Software).

Multiple turnover constructs in single turnover regime

Reactions (10–20 µL) included 1 µM each SOH and pppS (plus

trace 5�- radiolabeled SOH), 10 µM half-ribozyme, and 10 µM

target nucleic acid. Aliquots were quenched with gel loading dye at

different times depending on half-ribozyme rate. Observed single

turnover rates were determined by fitting data as for autoligation.

Multiple turnover constructs in multiple turnover regime

Reactions (10–20 µL) included SOH and pppS (trace 5�- radiola-
beled SOH), half-ribozyme, and target nucleic acid as indicated.

Aliquots were quenched with gel loading dye at different times

depending on half-ribozyme rate. Observed turnover rates were

calculated from the initial phase of the reaction (<20% substrate

converted to ligated product) and fit to [ligated product]/([target-

half-ribozyme]*time). Michaelis-Menten parameters were estab-

lished by varying concentration of SOH/pppS substrate RNA com-

plex and data fit to v = [E][S]kmax/(KM+[S]), where v equals rate

at each [S], S represents SOH/pppS substrate RNA complex con-

centration, KM equals apparent binding constant for half-maximal

activation, and kmax equals the maximal catalytic rate.

Iterative RNA selections

Initial iterative RNA selection

The sequence library was derived from the 207 Class I ligase (Berg-

man et al. 2000; Glasner et al. 2002). The library contained a

central region of 62 positions mutagenized to 30% that was

flanked on both sides by a constant sequence region (5�-ACACCG
GAATTGCCAGGACGACCGgggggtgcctcccctggatccgaagatcggtcctt

gctctgagggcacatttgtcttttacgGTACCAGTCGTTTGGATTTCC-3�; low-
ercase indicates mutagenized positions). The library was amplified

in a 5-mL PCR reaction with primers used to amplify the clone 8/7

half-ribozyme (see earlier). Library complexity was 1 × 1010. One

nanomole of the DNA library was transcribed in 2 mL and RNA

purified on a 10% polyacrylamide gel. The initial round of selec-

tion was carried out with 2 × 1015 molecules (4 nmoles) of half-

ribozyme library RNA and 1.1 equivalents of the HCV target RNA

(5�-ACACCGGAAUUGCCAGGACGACCGGGUCCUUUCUUG
GAUAA-3�). Reactions were assembled by heating the library and
target to 80°C in water for 3 min and cooling to room temperature

for 10 min. 2× selection buffer was added (final buffer conditions:

30 mM Tris at pH 7.5, 200 mM KCl, 0.6 mM EDTA, and 60 mM

MgCl2), along with 2.2 equivalents of a radiolabeled and 5� ex-
tended SOH variant that allowed visualization of ligation product

and product-specific PCR (5�-AAGCAUCUAAGCAUCUCAAG
CAAACCAGUC-3�). After a defined period of incubation, reac-

tions were stopped by addition of gel loading dye, and half-ribo-

zymes ligated to SOH were purified on a 10% polyacrylamide/7 M

urea gel. Purified RNA was amplified by RT-PCR with primers

specific for the 5� and the 3� constant sequence, and the T7 pro-

moter was restored through nested PCR. A total of eight rounds of

selection were performed. At each round, selection stringency was

increased by progressively decreasing the ligation time from 16 h

to 15 sec. A negative selection step entailing 20 h incubation in the

absence of target was introduced in the forth round to prevent the

amplification of target-independent half-ribozymes.

Secondary iterative RNA selection

Single-stranded DNAs representing four distinct half-ribozyme se-

quence libraries were synthesized based on the clone 8/7 half-

ribozyme. Library 1 was made from a single oligonucleotide (5�-
CAGGACGACTGCAGGGTGCCACCTGNAGATCCGAAGATCG

GTCCTTNA-N6-GGCAC-N11-TTGTACCAGTCGTTTGGATTT

CC-3�). Libraries 2–4 were made by extension of overlapping oli-

gonucleotides (library 2: 5�-GGAAATCCAAACGACTGGTACAA
-N26-AAAAGACAAATGTGCCCTCAGATCAAGGACCGATCTT

CGGATCTACAGG-3� and 5�-CCAGGACGACTGCAGGGTGCC
ACCTGTAGATCCGAAGATCGGTCC-3�, library 3: 5�-GGAAAT
CCAAACGACTGGTACAAAAAAGACAAAT-N26-GTGCCCTCA

GATCAAGGACCGATCTTCGGATCTACAGG-3� and 5�-CCAG
GACGACTGCAGGGTGCCACCTGTAGATCCGAAGATCGGTC

C-3�, library 4: 5�-CCAGGACGACTGCAGGGTGCCACCTGTA
GATC-N30-GATCGGTCCTTGATCTGAGGGCACATTTGTCTT

TTTTG-3� and 5�-GCTAATACGACTCACTATAGGAAATCCAA
ACGACTGGTACAAAAAAGACAAATGTGCC-3�). All four li-

braries were amplified in a 5-mL PCR reaction using a 5� primer
that added the T7 RNA polymerase promoter (5�-GCTAATAC
GACTCACTATAGGAAATCCAAACGACTGGTAC-3�) and a 3�
primer (5�-CCAGGACGACTGCAGGGTGCC-3�). Final library

complexity was 2.7 × 1011 (library 1) and ∼3 × 1014 (libraries 2–4).

Approximately 0.6 nmole of each library was transcribed sepa-

rately in 1 mL and RNA purified independently on a 10% poly-

acrylamide gel. Four parallel selections were carried out; each

started with ∼1.6 nmole of half-ribozyme library. Because manual
pipetting may have limited our ability to select for half-ribozymes

with the fastest catalytic rates represented in the libraries, selection

was carried out at pH 6.0, with the hypothesis that half-ribozymes

selected at pH 6.0 might display higher rates at a higher pH.

Reactions were assembled by heating each of the four half-ribo-

zyme libraries and 1.1 equivalents of truncated HCV target RNA

(5�-CCAGGACGACCGGGUCCUUUCUUGGAUAA-3�) in water

to 80°C for 3 min. Following addition of 4× buffer (final buffer

conditions: 30 mM MES at pH 6.0, 0.6 mM EDTA and 0.1%

NP40, variable MgCl2), reactions were initiated by addition of 2.2

equivalents of radiolabeled SOH. Reactions were further processed

as described in initial iterative RNA selection. MgCl2 concentra-

tion (20 mM in round 1 to 3 mM in round 8) and incubation time

(10 min in round 1 to 5 sec in round 8) were progressively de-

creased to increase selective pressure. A negative selection step

entailing a 20-h incubation step was introduced in rounds 5, 7,

and 8 to prevent the amplification of target-independent half-

ribozymes.

Cloning and sequencing

DNA from the final round of each selection was cloned into Es-

cherichia coli using TOPO TA cloning kit (Invitrogen). Cloned
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DNA from individual colonies was amplified by the colony PCR

method using M13 forward and M13 reverse primers. Both

strands of selected clones were PCR sequenced using dideoxy-

terminated sequencing and fluorescent dyes (Applied Biosystems)

and sequence alignments were performed using DS Gene software

(Accelrys).

Limit of detection (LOD) determinations

LOD determinations were carried out at 23°C in 30 mM MES at

pH 6.0, 0.9 M KCl, and 150 mMMgCl2. Reactions were assembled

as described earlier except that they contained either no or 102 to

107 truncated HCV target molecules as indicated. Target was pre-

pared by serial dilution into 100 ng/µL yeast tRNA from a con-

centrated stock. Concentration of target in the HCV RNA stock

solution was determined by OD260 using the extinction coefficient

of the HCV target oligonucleotide (� = 2.8324 × 105 M−1 cm−1).

Two independent serial dilutions using different pipets were pre-

pared and each used for duplicate half-ribozyme reactions (total

n = 4).
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