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ABSTRACT

In vitro evolution methodologies are powerful approaches to identify RNAwith new functionalities. While Systematic Evolution of
Ligands by Exponential enrichment (SELEX) is an efficient approach to generate new RNA aptamers, it is less suited for the isolation
of efficient ribozymes as it does not select directly for the catalysis. In vitro compartmentalization (IVC) in aqueous droplets in
emulsions allows catalytic RNAs to be selected under multiple-turnover conditions but suffers severe limitations that can be
overcome using the droplet-based microfluidics workflow described in this paper. Using microfluidics, millions of genes in a
library can be individually compartmentalized in highly monodisperse aqueous droplets and serial operations performed on
them. This allows the different steps of the evolution process (gene amplification, transcription, and phenotypic assay) to be
uncoupled, making the method highly flexible, applicable to the selection and evolution of a variety of RNAs, and easily
adaptable for evolution of DNA or proteins. To demonstrate the method, we performed cycles of random mutagenesis and
selection to evolve the X-motif, a ribozyme which, like many ribozymes selected using SELEX, has limited multiple-turnover
activity. This led to the selection of variants, likely to be the optimal ribozymes that can be generated using point mutagenesis
alone, with a turnover number under multiple-turnover conditions, ksscat, ∼28-fold higher than the original X-motif, primarily
due to an increase in the rate of product release, the rate-limiting step in the multiple-turnover reaction.
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INTRODUCTION

In vitro evolution methodologies are powerful approaches to
identify RNA with new functionalities to study the origin of
life or develop new molecular tools (Romero-Lopez et al.
2007; Ellington et al. 2009). Among them, Systematic
Evolution of Ligand by Exponential enrichment (SELEX)
(Ellington and Szostak 1990; Tuerk and Gold 1990) is the
most widely used strategy and has proved to be an extremely
effective method for the selection of highly specific RNA (and
DNA) aptamers binding a wide range of ligands with high af-
finity (Stoltenburg et al. 2007). In addition, SELEX has been
used extensively to isolate catalytic RNAs (ribozymes) with a
wide range of activities, many of which would have been rel-
evant in the RNAWorld (Bartel and Unrau 1999). However,
it is likely that these ribozymes are not optimal and can be
further improved since SELEX is not a true selection for ca-
talysis. Catalytic RNAs are typically selected using a variant of

the original SELEX procedure which relies on the self-mod-
ification of the RNA, or of a substrate attached to it, followed
by the selective enrichment of modified RNAs or RNAs at-
tached to the product (Bartel and Szostak 1993). Therefore,
the selection is for single-turnover intramolecular (in cis)
reactions, or for a limited number of turnovers in the case
of polymerases (Johnston et al. 2001; Lawrence and Bartel
2005), and there is selection neither for conversion of unteth-
ered substrates (in trans reaction), nor for multiple turnover
(or high kcat) which likely precludes the selection of highly ef-
ficient ribozymes (Griffiths and Tawfik 2000).
In vitro compartmentalization (IVC), in which genes in a

library are individually compartmentalized and expressed in
water droplets in an emulsion (Tawfik and Griffiths 1998), is
an attractive alternative to SELEX. IVC allows the selection of
ribozymes (or protein enzymes) acting on multiple substrate
molecules free in solution (in trans reaction) and, therefore,
allows direct selection for intermolecular catalysis. This ap-
proach has, for example, been used to select ribozymes that
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catalyze multiple-turnover Diels–Alder cycloadditions (Ag-
resti et al. 2005) and the first RNA polymerase ribozyme ca-
pable of catalyzing the synthesis of another ribozyme
(Wochner et al. 2011). However, precise, quantitative exper-
iments using IVC are difficult due to the relatively high poly-
dispersity of the droplets and the biological variance that can
arise from single gene expression (Griffiths and Tawfik
2006). Furthermore, it is difficult to add new reagents to
droplets once they are formed, requiring gene expression
and measurement of enzyme activity to be performed simul-
taneously and under the same conditions.
These limitations can be overcome by using droplet-based

microfluidics. Using microfluidic systems it is simple to gen-
erate highly monodisperse droplets (Anna et al. 2003) but
also to individually fuse (Chabert et al. 2005), inject (Abate
et al. 2010), split (Link et al. 2004), or sort them based on
their fluorescence (Baret et al. 2009). The use of several suc-
cessive microfluidic modules allows serial operations to be
performed on droplets at kilohertz frequencies (Guo et al.
2012). For instance, using only two modules (a droplet gen-
erator and a fuser), it was possible to compartmentalize and
amplify single β-galactosidase-coding genes in a first set of
droplets. These droplets were then paired and fused with
droplets containing an in vitro transcription/translation sys-
tem and a fluorogenic substrate allowing the amplified genes
to be simultaneously expressed and β-galactosidase activity
measured (Mazutis et al. 2009a). The addition of a fluores-
cence-activated electrocoalescence module (Fidalgo et al.
2008) at the end of the previous workflow enabled efficient
enrichment of the β-galactosidase-coding gene from amutat-
ed gene encoding an inactive variant based on catalytic activ-
ity of the encoded enzyme using a completely in vitro system
(Fallah-Araghi et al. 2012). However, in this system, gene ex-
pression and the activity assay were still performed simulta-
neously, and the in vitro evolution of an enzyme using this
technology has still to be demonstrated.
Here, we upgraded our previous microfluidic workflow

(Fallah-Araghi et al. 2012) by adding a fourth microfluidic
module (a picoinjector) which allowed gene expression to
be uncoupled from the activity assay, and used it to evolve
the X-motif nuclease ribozyme under multiple-turnover
conditions.
The X-motif ribozyme was found to be the dominant spe-

cies isolated after in vitro evolution of self-cleaving RNA
using SELEX and is one of the most active self-cleaving
ribozymes discovered to date (Tang and Breaker 2000).
However, once converted into a bimolecular system the effi-
ciency of the reaction was reduced from kobs = 0.7 min−1 in
cis to kobs = 0.2 min−1 in trans, when assayed in single-turn-
over conditions (Lazarev et al. 2003). It has, however, been
proposed that the X-motif should theoretically be able to
evolve to catalyze RNA cleavage at rates at least equivalent
to the protein enzyme Ribonuclease A under single-turnover
conditions (kcat∼ 80,000 min−1) (Emilsson et al. 2003). This
well-studied ribozyme is, therefore, an attractive model for

the evolution of efficient trans acting ribozymes under mul-
tiple-turnover conditions using droplet-based microfluidic
systems.
The use of the microfluidic system to select for the in trans

reaction under multiple-turnover conditions led to the iso-
lation of optimal variants having a turnover number for the
in trans reaction under multiple-turnover conditions, ksscat,
∼28-times higher than that of the original ribozyme. The
characterization of these improved X-motifs revealed that
most of the mutations were located in the substrate-binding
site and that they primarily act by favoring product release,
the rate-limiting step in the reaction catalyzed by the original
X-motif.

RESULTS

X-motif activity under multiple-turnover
conditions

We first evaluated the catalytic performances of the X-motif
under multiple-turnover conditions by incubating the ribo-
zyme with a molar excess of fluorogenic RNA substrate
labeled with a fluorophore (Atto 488) and a quencher
(BHQ 1) at its 5′ and 3′ end, respectively (Fig. 1B). Upon sub-
strate cleavage and the release of at least one of the reaction
products, fluorescence is emitted allowing nuclease activity
to be monitored (Fig. 1C). Burst kinetics were observed,
characterized by a presteady state during which the reaction
rate decreased exponentially before reaching a steady state
with constant reaction rate (Fig. 1C, inset). The observation
of burst kinetics indicated that the rate-limiting step of the re-
action is product release (Hartley and Kilby 1954), as report-
ed for a number of other nuclease ribozymes (Herschlag and
Cech 1990a,b; Young et al. 1991; Stage-Zimmermann and
Uhlenbeck 1998; Shih and Been 2000; Hsieh et al. 2009).
The apparent kcat during the presteady state (kburst = 0.36 ±
0.04 min−1), calculated from the burst phase, was close to
that previously measured with radiolabeled substrates under
single-turnover conditions (kobs = 0.2 min−1) (Lazarev et al.
2003) but the turnover number in the steady state (ksscat),
was ∼20-fold lower (Table 1).
To isolate optimized variants, we prepared a gene library

by error-prone PCR (1.6 mutations per gene on average) us-
ing as template a gene coding for an extended form of the X-
motif (Fig. 1A) bearing a constant region at the 3′ end to al-
low gene amplification and a purine-rich constant region at
the 5′ end to ensure optimal and homogeneous transcription
initiation. While burst kinetics was still observed with the ex-
tended ribozyme, the fraction of active molecules (calculated
from the amplitude of the burst) increased. The addition of
the constant regions also increased the dissociation constant
(Kd) of the ribozyme–substrate complex by 6.6-fold and de-
creased kburst by 25% revealing a possible interference with
substrate recognition (Table 1). Interestingly, the ksscat of the
extended X-motif increased 4.0-fold.
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Selection strategy

A workflow based on four microfluidic chips was used to
screen the library for improved variants (Fig. 2A). First,
DNA molecules were compartmentalized in highly mono-
disperse (CV≤ 3%) 2.5 pL droplets (produced at ∼12,000

droplets/sec) together with PCR reagents and EvaGreen
DNA intercalating dye (Fig. 2B,F). The aqueous phase was
dispersed in fluorinated oil supplemented with 3% fluoro-
surfactant, the emulsion was collected off-chip and thermo-
cycled. The fraction of droplets initially containing more
than one DNAwas limited to ≤2% by using limiting dilution
of DNA to give an average number (λ) of ≤0.2 DNA mole-
cules per droplet, as in digital PCR (Kiss et al. 2008). The
presence of EvaGreen in the PCR reaction allowed droplets
containing amplified DNA to be identified and λ to be mea-
sured (≤0.2, Table 2).
After thermocycling, the 2.5 pL droplets were reinjected

into a second microfluidic device (Fig. 2C), paired with
16 pL droplets containing an in vitro transcription (IVT)
mixture generated on-chip at ∼2000 droplets/sec and pairs
of droplets were coalesced using an electric field (Chabert
et al. 2005). Different concentrations of Texas Red (orange
fluorescence) were included in the PCR and IVT droplets
to distinguish them (Fig. 2G), to determine the fusion effi-
ciency (∼80% ± 5%, Table 2) and to measure the emulsion
dispersity (CV≤ 10%). The emulsion was collected off-
chip and incubated to allow gene transcription to occur.
The RNA-containing droplets were reinjected (∼2000

droplets/sec) into a picoinjection device (Abate et al. 2010)
and 4 pL of a solution containing 1 M NaCl to inactive the
T7 RNA polymerase and stop transcription, 20 μMof the flu-
orogenic substrate plus a fluorescent blue dye to measure the
amount of substrate delivered to the droplet and, when neces-
sary, a variable amount of a nonfluorogenic substrate, was ac-
curately injected (CV≤ 15%) into each18pLdroplet (Fig. 2D,
H). The concentration of substrate was 4 µM, 20-fold higher
than the concentration of ribozyme (0.2 µM) measured by
RT-qPCR and 1000-fold higher than the Kd (and KM), ensur-
ing that the ribozymes were selected for kcat (rather than kcat/
KM) under multiple-turnover conditions. We found that
T7 RNA polymerase interfered with the fluorogenic assay via
an unknown mechanism, generating high background fluo-
rescence (Supplemental Fig. S1). However, supplementing
the injected solution with 1 M NaCl was found to prevent
this effect.
After a last off-chip incubation, droplets were reinjected

into a fluorescence-activated droplet-sorting device (Baret
et al. 2009) and their fluorescence analyzed. Droplets were de-
tected by their orange fluorescence and sorted based on blue
(concentration of picoinjected substrate) and green (concen-
tration of product) fluorescence. The 1%most green fluores-
cent droplets were gated and sorted (Table 2; Fig. 2E,I).
Finally, sorted droplets were broken, the DNA recovered,

amplified by PCR and used as template for mutagenesis or
directly used to start a new round of selection.

Selection of improved variants

We first validated the screening method by performing a se-
lection on a simple model library made of a mixture (1/49) of
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FIGURE 1. Structure and activity of the original X-motif and its ex-
tended form. (A) Organization of extended X-motif coding gene. The
extended X-motif coding sequence was placed under the control of a
T7 RNA polymerase promoter (ProT7). Annealing sites of amplification
primers (Xmot-Fwd and Xmot-Rev) are represented by arrows. (B)
Secondary structure model. The catalytic core of the X-motif nuclease
is shown as proposed previously (Lazarev et al. 2003). The constant re-
gions appended to both ends of the extended ribozyme are underlined.
The nuclease is shown in complex with its fluorogenic substrate (in gray)
and the cutting site is indicated (black triangle). Before the reaction oc-
curs, the fluorescence of Atto488 (ex. 488 nm/em. 525 nm) is quenched
by the BHQ1 quencher (Abs. 480–580 nm). Upon cleavage, a fluores-
cent product is released and signal is observed. (C) Ribozyme activity
assay. X-motif (open squares), its extended form (open circles), iXm1
(gray diamonds), and iXm2 (black diamonds) were incubated with a
10-fold molar excess of fluorogenic substrate at 37°C and the fluores-
cence monitored with time. A burst phase was observed during the first
20 min (inset) of the reactions catalyzed by X-motif (open squares) and
its extended form (open circles), but not for the evolved variants iXms.
Burst phase kinetics was fitted to the burst equation (Wanninayake and
Walker 2012). The fit is shown in black and the extrapolation of the lin-
ear phase to t0 is shown as a gray dashed line. This allowed determina-
tion of kburst, k

ss
cat and the fraction of active X-motif and extended X-

motif reported in Table 1. The ksscat for the evolved ribozymes iXm1
and iXm2were calculated from a linear fit to the initial rate. The reaction
without ribozyme is also shown (open triangles).
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genes coding for the extended X-motif ribozyme and an in-
active RNA (Fig. 3A). A single round of selection resulted
in a 28-fold enrichment for extended X-motif-coding genes
(Fig. 3B) and a consistent 26-fold increase in nuclease activity
in the selected sample (Fig. 3C), demonstrating the success of
the selection.
The procedure was next applied to the library generated

from the extended X-motif. During the first two rounds of se-
lection no nonfluorogenic substrate was added (rounds 1 and
2 in Fig. 4A). In subsequent rounds the picoinjected mixture
was supplemented with increasing amounts of nonfluoro-
genic substrate to progressively increase the selection pressure
for multiple-turnover. New rounds of mutagenesis were per-
formed after rounds 2, 4, and 6 of selection (red arrows in Fig.
4A) tomaintain genetic diversity in the libraries. This strategy
resulted in a rapid increase in the ksscat of the libraries over the
first four rounds of selection but no further significant im-
provement was observed over the five subsequent rounds of
selection. Performing the experiment at a lower mutation
rate (0.8 mutations per gene) also led to improvement but
at a lower rate, and the plateau value was not reached after
eight rounds of selection (Supplemental Fig. S2), indicating
that the rate of evolution is modulated by the mutation rate.

Characterization of selected variants

Libraries obtained after rounds 2, 3, 6, and 9 of selection were
cloned, 20 variants from each library were sequenced and
their activity was assayed. Over 75% of the cloned ribozymes
had a higher ksscat than the original extended X-motif and, as
the number of rounds of mutation and selection increased,
increasingly efficient catalysts appeared (Fig. 4B; Supplemen-
tal Tables S1–S4). A pool of inactive RNAs, and RNAs with
lower ksscat than the original extended X-motif was found to
survive the selection process. These RNAs can survive selec-
tion for two reasons. First, an inefficient RNA can be cocom-
partmentalized with an efficient RNA and the droplet
containing both RNAs selected; as the distribution of RNAs
in droplets follows a Poisson distribution with λ≈ 0.2,
∼9.67% of droplets containing an efficient RNAwill also con-
tain at least one additional RNA (Baret et al. 2009). Second,
sorting errors can occur, mainly due to small PCR droplets
that escaped the fusion process.While these two sources of er-
rors did not greatly impact the selection process, the fraction

of false positive variants could potentially be reduced further
by decreasing λ, at the expense of the number ofmolecules an-
alyzed (Baret et al. 2009), and by using a hydrodynamic drop-
let size-sorting device to remove unfused PCR droplets after
droplet fusion (Mazutis and Griffiths 2009).
Sequence analysis revealed that several mutations contrib-

uted to the improvement in activity and that most of them
were embedded in the substrate recognition site of the ribo-
zyme (Fig. 4D; Supplemental Tables S1–S4). With increasing
rounds of mutations and selection, the mutation density (av-
erage number of mutations), μ, in the substrate-binding site
increased (Fig. 4C). Interestingly, in early rounds of selection
mutations were distributed quite widely across the substrate-
binding site. However, in the later rounds of selection there
was a tendency for the mutations to be concentrated at the
outer extremities of the substrate-binding site, with fewmuta-
tions being found elsewhere in the substrate-binding site (Fig.
4C; Supplemental Tables S1–S4). This might be explained by
single point mutations more toward the center of the sub-
strate-binding site that appear early in selection being less
advantageous than combinations of mutations at the extrem-
ities of the substrate-binding site that arise in later rounds.
G17A appeared in early steps and was found in all im-

proved molecules analyzed after the last round of selection.
A57G rapidly emerged too, but was limited to a subset of
the population and was frequently found in the same mole-
cules as C58A/U. Interestingly, these two mutations were
never found associated, at least in the sample analyzed,
with the positive mutation C53U and appeared to be, togeth-
er with G17A, themost frequent combination observed in the
variants sequenced in the last round of selection. In addition,
secondary mutations A18C and G55U were found associated
with the most active variants. Besides these mutations in the
substrate-binding site, G30A, which emerged late, was found
in the first loop of the ribozyme, a region found to be variable
in a previous study (Lazarev et al. 2003).
In addition, one can observe that mutations maintaining

the structure of the molecule (e.g., A32G and U27C) tend to
appear in the stem 1 while the process progressed (Supple-
mental Tables S1–S4).
To better define the contribution of each mutation identi-

fied above, molecules carrying either single or multiple point
mutations were produced and their activity tested (Fig. 5).
The single point mutation having the highest effect on

TABLE 1. Kinetic parameters, substrate affinity, and product inhibition of ribozymes

Variant
kburst

(min−1)
ksscat

(min−1)
Ribozyme active

fractiona
Kd for substrate

(nM)
KM for substrate

(nM)
IC50 of products

(µM)

X-motif 0.36 ± 0.04 0.017 ± 0.001 36%± 3% 6.5 ± 0.2 n.d. 3.2 ± 0.7
Ext. X-motif 0.27 ± 0.02 0.07 ± 0.005 85%± 5% 42.9 ± 6.8 n.d. 4.7 ± 0.7
iXm1 n.d. 0.48 ± 0.01 n.d. >1000 1680 ± 120 10.1 ± 0.9
iXm2 n.d. 0.48 ± 0.04 n.d. >1000 1910 ± 210 12.9 ± 1.6

aCalculated based on burst amplitude.
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catalytic activity wasG17A (lane 3).Moreover, the presence of
one of the othermainmutations (C53U, A57G, and/or C58A)
together with G17A led to a further strong increase in activity
(lanes 9–12). Interestingly, adding separately either G30A
or one of the secondary mutation (A18C or G55U) had no
significant effect on activity (lanes 13–15), but their simulta-
neous presence (lanes 16 and 17) led to the most active im-
proved X-motif variants (iXms 1 and iXms 2), isolated from
round 9, both able to catalyze the reaction in trans undermul-
tiple-turnover conditions at a rate (ksscat = 0.48 min−1; Fig.
1C) close to that of the original X-motif acting in cisunder sin-
gle-turnover conditions (kobs∼ 0.7min−1) (Tang andBreaker
2000). Surprisingly, extensions were also found to be impor-

tant as their removal led to a significant decrease in activity
(lanes 18 and 19). Finally, attempt to introduce additional
mutations led to a drop in activity indicating that iXms were
probably optimal molecules (lanes 20 and 21).
Further characterization (Table 1) revealed that mutations

acquired by iXm1 and iXm2 increased the substrate Kd by
>150-fold (Kd increased from 6.5 to >1000 nM) compared
with the original X-motif. It was not possible to measure
the Michaelis constant, KM, of the original or extended X-
motifs directly, however when product release is the rate-lim-
iting step in the reaction, the Michaelis constant, KM≈ Kd.
The KM of both improved enzymes was measured directly
(KM = 1680 and 1910 nM for iXm1 and iXm2, respectively)
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(population 4) 2.5 pL PCR droplets had a significantly increased orange fluorescence. After incubation, droplets were reinjected into a chip to allow
picoinjection of the fluorogenic substrate and 7-amino-4-methyl-3-coumarinylacetic acid (blue fluorescent) (D). Droplets were spaced with oil and 4
pL of the substrate/coumarin mixture was injected into each droplet with a 150 VAC field applied. The efficiency of the process was assessed by mon-
itoring the blue fluorescence of the coumarin (H). Populations 5, 6, and 7 correspond to populations 2, 3, and 4 inG, respectively. Finally the emulsion
was reinjected into a microfluidic droplet sorter (E). Blue fluorescence was used to detect picoinjected droplets and green fluorescence to measure the
products of the reaction catalyzed by the ribozyme variant present in the droplet. Droplets that contained active ribozymes (green in E, population 9 in
I) were gated and deflected into the sort channel (top exit channel on inset pictures) by applying a 1200 VAC pulse. All other droplets were allowed to
flow into the waste channel (bottom exit channel on inset pictures). Note that the lower blue fluorescence value on I (compared with H) is due to the
use of a lower magnification objective for the sorting step. For each device, the zone where the fluorescence measurement was made is indicated by a
blue arrow. Blue lines on micrographs E show the location of the laser lines used to scan the droplets.
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indicating that the KM has evolved to approach the substrate
concentration (20 µM in the last round of selection), as pre-
dicted for the evolution of an efficient enzyme (Fersht 1999).
Hence, the ksscat may be underestimated as the ribozymes are
no longer saturated with substrate at the working concentra-
tion used for the assays (4 µM). The mutations acquired by
iXm1 and iXm2 also confer a modest 3.4- to 4.0-fold reduc-
tion in product inhibition (Table 1). Furthermore, no burst
phase was observed in the reaction catalyzed by iXm1 or
iXm2 (Fig. 1C), indicating that product release is no longer
rate limiting. These observations, together with the location
of most of the selected positive mutations in substrate-bind-
ing site of iXms ribozymes, indicate that the elevated ksscat of
the iXms results mainly from a reduction of affinity for the
reaction products which allows more rapid product release
and turnover, but that the changes required to decrease prod-
uct affinity result in an even more dramatic decrease in the
affinity for the substrate, as proposed for other ribozymes
(Herschlag and Cech 1990a,b; Young et al. 1991; Stage-
Zimmermann and Uhlenbeck 1998; Shih and Been 2000;
Hsieh et al. 2009).

DISCUSSION

In this work, we present a microfluidic-assisted in vitro com-
partmentalization (IVC) methodology allowing ribozymes to

be selected under multiple-turnover con-
ditions while avoiding several of the lim-
itations reported for conventional IVC
(Griffiths and Tawfik 2006). The high
monodispersity of droplets generated in
microfluidic systems has already proved
its value for continuous evolution of ri-
bozymes to isolate neomycin-resistant
RNA ligases (Paegel and Joyce 2010).
This approach used a radial array of
aqueous flow nozzles to generate droplets
at high throughput (107–108 per hour)
but is restricted to ribozymes compatible
with continuous evolution procedures
(i.e., RNA ligases and derivatives). Our
workflow (Fig. 2A) is based on the use
of four consecutive droplet-based micro-
fluidic chips allowing the generation fu-
sion, picoinjection, and fluorescence-
activated sorting of highly monodisperse
droplets in high-throughput regimes.
The main advantage is the capacity to
perform serial addition of reagents (by
droplet fusion or picoinjection). This al-
lows single genes compartmentalized in
droplets to be amplified in situ prior to
expression, which is expected to reduce
the phenotypic variance observed when
expressing single genes in droplets

(Fallah-Araghi et al. 2012). In addition, uncoupling the activ-
ity assay from gene expression makes it possible to screen for
activity in conditions incompatible with gene expression
(Mazutis et al. 2009b). Indeed, in this study, we discovered
that T7 RNA polymerase interfered with the fluorogenic nu-
clease assay. However, picoinjecting an assay mixture with a
high salt concentration after the genes were expressed to in-
activate the T7 RNA polymerase enabled us to use the fluoro-
genic assay. Moreover, this uncoupling will be essential when
screening for extremely fast catalysts with reaction ratesmuch
higher than gene expression rate. It is likely that the combi-
nation of the different effects discussed above (droplets poly-
dispersity, biological variance, and incompatibility between
gene expression and activity assay) would have precluded
the isolation of improved X-motif variants by conventional
IVC where all the reagents are present in the droplet from
the beginning. This methodology is also highly flexible: It
should enable the in vitro evolution of RNAs with a wide
range of different activities and can also be adapted for in vi-
tro evolution of DNA or proteins.
The exquisite control over reaction conditions offered by

our approach, allowed us to efficiently evolve one of the
most active self-cleaving ribozymes (the X-motif) to catalyze
multiple-turnover reactions. Indeed, under multiple-turn-
over conditions the rate of the reaction catalyzed by the X-
motif ribozyme is limited by product release rather than

TABLE 2. Experimental parameters

Round

PCR droplets
occupancy

(%)
λ

value

Fusion
efficiency

(%)

Substrate
concentration

(μM)

Number of
analyzed
droplets

Number
of sorted
droplets

Evolution at high mutation rate
1 18 0.20 80 4 2,041,668 20,012
2 17 0.19 80 4 152,476 1522
3 15 0.16 70 6 2,046,665 3146
4 10 0.11 75 8 339,130 782
5 15 0.16 77 10.6 1,418,750 4317
6 18 0.20 80 13.2 125,053 1535
7 15 0.16 73 13.2 1,660,007 10,168
8 16 0.17 85 16 838,235 5711
9 18 0.20 90 20 193,333 2956

Evolution at low mutation rate
1 18 0.20 75 4 1,111,765 10,675
2 17 0.19 78 4 366,666 550
3 11 0.12 65 6 533,333 3271
4 16 0.17 80 8 413,335 618
5 13 0.14 76 10.6 876,903 1220
6 16 0.17 83 13.2 183,333 1178
7 16 0.17 90 16 307,692 4000
8 17 0.19 90 20 162,500 2607

The occupancy of PCR droplets, determined by measuring the fraction of PCR droplets
having an increased green fluorescence (using EvaGreen) after thermocycling, the corre-
sponding calculated mean number of template DNA molecules per droplet, λ, and the
measured fusion efficiency are given for each round. The total number of droplets analyzed
at the end of each round of selection as well as the number of droplets sorted as positive
and recovered is also indicated.
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the chemical step. This effect, which has also been reported
for a number of other ribozymes (Herschlag and Cech
1990a,b; Young et al. 1991; Stage-Zimmermann and Uhlen-
beck 1998; Shih and Been 2000; Hsieh et al. 2009) can be
explained by the extensive number of contacts formed be-
tween the enzyme and its substrate and products (Fig. 1B).
However, applying our selection workflow to the molecule
led to evolved X-motif variants, iXm1 and iXm2, able to cat-
alyze the in trans cleavage of substrate RNA under multiple-
turnover conditions with a 28-fold improved ksscat of 0.48
min−1, almost as fast as the original ribozyme could catalyze
the in cis reaction under single-turnover conditions (kobs∼
0.7 min−1). This improved ksscat together with the absence of
a burst phase (Fig. 1C) indicates that product release was
no longer rate limiting. In agreement with this, most of the
mutations were found in the substrate-binding site of the
enzyme. The only exception was the mutation G30A, found
in a loop reported as dispensable for X-motif activity. This
mutation is therefore likely to have an indirect effect, but
further investigations are required to shed light on its exact
contribution.

It has previously been proposed that the X-motif should
theoretically be able to evolve to catalyze RNA cleavage under
single-turnover conditions with a kcat of 80,000 min−1

(Emilsson et al. 2003). However, under multiple-turnover
conditions the rate of the reaction catalyzed by the X-motif
ribozyme is limited by product release rather than the chem-
ical step. Here, for the most active evolved X-motif variants,
iXm1 and iXm2, product release was no longer rate limiting
but the ksscat was still only 0.48 min−1. It is likely that the iXms
variants obtained in the current study are the optimal forms
of X-motif obtainable using point mutagenesis as the only
source of genetic diversity. To further evolve, the molecule
might require an increase in the sequence space via deletions
and insertions (e.g., through recombination events with frag-
ments of RNA from other sources). Indeed, one can observe
the effect of insertions directly in this study: The ksscat of the
original X-motif was increased 4.0-fold when constant re-
gions were appended at both ends of the molecule to allow
gene amplification and optimal and homogeneous transcrip-
tion initiation (Fig. 1C), and when these extensions were re-
moved from the iXms variants at the end of the evolution
process, ksscat was reduced 1.85–3.20-fold (Fig. 5, compare
lanes 16 and 17 with 18 and 19). While a complete under-
standing of their exact role would require further investiga-
tion, one can infer that iXms integrated and made use of
these extensions to improve product release. Additional in-
sertion events, occurring in the catalytic core could confer
additional functions on the enzyme, such as the recognition
of cofactors that could increase its chemical repertoire.
Future experiments will aim to use the workflow described
here, combined with techniques to generate genetic diversity
by point mutation, deletion and insertion, to isolate very fast
ribozymes and ribozymes evolved to use cofactors such as
amino acids (which could shed light on the origin of transla-
tion and evolutionary transition out of the RNA World).

MATERIALS AND METHODS

Oligonucleotides

PCR amplification was performed with primers Xmot-Fwd (5′-GT
AAAACGACGGCCAGTGCCAAGCTTGCATGCTAATACGACTC
ACTATAGGAAGACGTAGCAAG-3′) and Xmot-Rev (5′-TGTGTT
CTCTGTCATCTCTCTG-3′), both synthesized by Sigma-Aldrich.

In addition, unlabeled RNA substrate S21 (5′-AGUCCUGAUGG
UUACUCCAAU-3′) reaction product P5 (5′-GUCCUGAUG-3′)
and P3 (5′-GUUACUCCAAU-3′) were also synthesized by
Sigma-Aldrich, while the dually labeled fluorogenic RNA Atto
488-S21-BHQ1 (5′-Atto488-AGUCCUGAUGGUUACUCCAAU-
BHQ1-3′) was obtained from Eurogentec.

Microfluidic device fabrication and operation

Microfluidic devices were obtained using a classic replica molding
process as described previously (Mazutis et al. 2009a). Briefly, molds
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FIGURE 3. Model selection. (A) Gene constructs. Genes coding for the
extended X-motif ribozyme and an inactive control RNA are shown.
Both genes are of the same length and under the control of a T7 RNA
polymerase promoter (ProT7) and code for RNA bearing 5′ and 3′ cons-
tant regions (cte). The position of the unique NcoI restriction found
only in the inactive control RNA is indicated. (B) Electrophoretic anal-
ysis of the model selection. A mixture of one active for 49 inactive genes
was subjected to the selection procedure. A PCR was performed on the
reaction mixture before selection (−) or on the sorted droplets (+). PCR
products were then digested by NcoI prior to being analyzed on 2% aga-
rose gel. The X-motif gene did not possess an NcoI cleavage site and
stayed intact while the gene for the inactive control RNA was cut by
the enzyme into two fragments. X-motif genes were enriched 28-fold.
(C) Activity assay. A PCR was performed on the reaction mixture before
selection, on the sorted droplets, or with no template added. PCR prod-
ucts were incubated with an in vitro transcription (IVT) mixture for 1 h
at 37°C. An aliquot of IVT mixture was then mixed with fluorogenic
substrate and the fluorescence (Ex. 488 nm/Em. 525 nm) wasmonitored
at 37°C. While only background activity was observed in the absence of
PCR product (open triangles) and weak activity was obtained when
DNA originated from unsorted droplets (open squares), the initial
rate increased 26-fold after the sorting procedure (filled circles), com-
pared with the unsorted droplets.
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were first prepared by standard photolithography methods. SU-8
2010, SU-8 2015, SU-8 2020, or SU-8 2025 photoresist (MicroChem
Corp.) were used to pattern, respectively, 10-, 15-, 20-, or 25-μm
deep channels onto silicon wafers (Siltronix). Microfluidic devices
were then fabricated in polydimethylsiloxane (PDMS) using con-
ventional soft lithography methods (Xia and Whitesides 1998).
The channels of the devices were passivated with a solution of 1%
(v/v) 1H, 1H, 2H, 2H perfluorodecyltrichlorosilane (97%, ABCR
GmbH and Co.) in HFE7100 (3M) and subsequently flushed with
compressed air. Patterned electrodes were filled with metal by heat-
ing the microfluidic chip to 90°C and injecting molten 51In/32.5Bi/
16.5Sn low temperature solder (Indium Corporation) (Siegel et al.
2007). Finally, electrical connections with the solder were made
with short pieces of electric wires (Radiospares). Key dimensions
and depth of microfluidic devices are given on Supplemental
Figures S3–S6.
Aqueous phases were loaded in I.D. 0.75 mm PTFE tubings

(Thermo Scientific) and oils were loaded in 2 mL Micrew Tubes

(Thermo Scientific). Liquids were injected
into microfluidic devices at constant and
highly controlled flow-rates using a 7-bar
MFCS pressure-driven flow controller (Flui-
gent) equipped with Flowells (7 µL/min flow
meters) allowing for operation in flow-rate
controlled mode.

Optical set-up, data acquisition,
and control system

The optical setup was based on an inverted
microscope (Nikon Eclipse Ti–S) mounted
on a vibration-dampening platform (Thor-
labs B75150AE). The beams of a 375 nm laser
(CrystaLaser DL375-020-O) and a 488 nm la-
ser (CrystaLaser DL488-050-O) were com-
bined using a dichroic mirror (Semrock
Di02-R405-25×36), shaped as lines using a
pair of lenses (Semrock LJ1878L2-A and
LJ1567L1-A) and directed into the micro-
scope objective (Nikon Super Plan Fluor
20× ELWD or Nikon Super Plan Fluor 40×
ELWD) to be focused in the middle of the
channel at the detection point. The emitted
fluorescence was collected by the same ob-
jective and separated from the laser beams
by a multiedges dichroic mirror (Semrock
Di01-R405/488/561/635-25×36). Blue (cou-
marin) fluorescence was resolved from green
(Atto488/EvaGreen) and orange (Texas Red)
fluorescence by a third dichroic mirror
(Semrock LM01-480-25). Then green fluores-
cence was separated from orange fluorescence
by an additional dichroic mirror (Semrock
FF562-Di03-25×36). Fluorescence was finally
measured by three photomultiplier tubes
(Hamamatsu H10722-20) equipped with
bandpass filters (Semrock FF01-445/45-25,
FF01-600/37-25, and FF03-525/50-25 for
blue, green, and orange detection, respec-

tively). Signal acquisition from the PMTs and control of fluores-
cence-activated dielectrophoretic sorting (Baret et al. 2009) was
performed using an intelligent data acquisition (DAQ) module fea-
turing a user-programmable FPGA chip (National Instruments
PCI-7851R) driven by internally developed firmware and software.
To monitor the experiment we used an additional dichroic mirror
(Semrock FF665-Di02-25×36) to split light to a CCD camera
(Allied Vision Technologies Guppy F-033). A long-pass filter
(Semrock BLP01-664R-25) prevented potentially damaging reflec-
tions of the lasers into the camera.

Gene library generation

Gene libraries were prepared with JBS dNTP-Mutagenesis Kit (Jena
Bioscience) following the manufacturer’s instructions. Briefly,
10 fmol of template DNA diluted in a 200 µg/mL yeast total RNA
solution (Ambion) were placed in a reaction mixture containing
0.2 µM of each primer (Xmot-Fwd and Xmot-Rev), 0.5 mM of
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imum RP values. (D) Sequence evolution. For rounds 2, 3, 6, and 9, the 20 clones characterized in
B were sequenced and, after sequence alignment, a logo representation generated using
WebLogo3.3 (http://weblogo.threeplusone.com).
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each dNTP, 0.5mM8-oxo-2′-deoxyguanosine triphosphate (8-oxo-
dGTP), 0.5 mM 6-(2-deoxy-β-D-ribofuranosyl)-3,4-dihydro-8H-
pyrimido-[4,5-c][1,2]oxazin-7-one triphosphate (dPTP) (Zaccolo
et al. 1996), 0.1 units/µL of Taq polymerase and the reaction buffer
at the recommended working concentration. The mixture was then
thermocycled starting with an initial step of denaturation of 2 min at
92°C followed by 2 (low mutation rate) or 4 (high mutation rate)
cycles of: 1 min at 92°C, 1 min at 55°C, and 5 min at 72°C. To gen-
erate analog-free template, 1 µL of the mixture was then transferred
in 30 µL of analog-free PCR mixture containing 0.2 mM of each
dNTP, 0.2 µM of each primer (Xmot-Fwd and Xmot-Rev),
0.1 units/µL of DreamTaq (Fermentas) and the corresponding buff-
er at the recommended working concentration. The mixture was
then thermocycled starting with an initial denaturation step of 2
min at 92°C followed by 2 cycles of: 1 min at 92°C, 1 min at 55°C,
and 5 min at 72°C, followed by 20 cycles of: 30 sec at 92°C, 30 sec
at 55°C, and 45 sec at 72°C. PCR products were purified with a
“Wizard SV Gel and PCR Clean-Up System” kit (Promega) and
quantified with a Nanodrop (Thermo Scientific). Mutation rates
were determined by cloning and sequencing a sub fraction of librar-
ies generated using the extended X-motif as template.

Emulsion PCR

Gene libraries were diluted in a 200 µg/mL yeast total RNA solu-
tion (Ambion) down to a concentration of four DNA molecules
per picoliter. The solution was then diluted 50 times in a PCR
mixture consisting of 0.2 mM of each dNTP, 0.2 µM of each
primer (Xmot-Fwd and Xmot-Rev), 1 mg/mL Dextran-Texas Red
70 kDa (Molecular Probes), 1× EvaGreen (Biotium), 0.1 units/µL
of DreamTaq (Fermentas) and the corresponding buffer at the
recommended working concentration. The solution was loaded
into a length of PTFE tubing, connected between the flow meter
(Fluigent) and the microfluidic chip (Supplemental Fig. S3). The

aqueous phase was dispersed into 2.5 pL (∼12 kHz) droplets, con-
taining an average (λ) of 0.2 DNA molecules per droplet, by flow
focusing (Anna et al. 2003) with HFE 7500 fluorinated oil (3 M)
supplemented with 3.5% (w/w) of a fluorinated surfactant. The
diblock copolymer surfactant was synthesized as described in
Chen et al. (2011) by conjugating Krytox FSH (DuPont), a perfluor-
opolyether monocarboxylate (MW ∼5000 g/mol), with Jeffamine
M-1000 (Huntsman), a polyether monoamine (MW ∼1000 g/
mol). Droplets were detected by their orange fluorescence (Texas
Red), their production frequency measured and used to determine
droplet volumes by calculating the ratio of aqueous flow rate/droplet
production frequency. In addition, assuming that droplets flow at a
constant velocity at the detection point, it is possible to correlate the
time a droplet needs to pass the laser to its width and to measure
emulsion dispersity by calculating the coefficient of variation (CV)
of the population from the standard deviation, σ, and themean drop
width, w: CV = (σ/w) × 100.

Flow rates were adjusted to produce 2.5 pL droplets, the emulsion
was collected in a 0.2 mL PCR tube closed by a PDMS plug as de-
scribed (Pekin et al. 2011) and thermocycled starting with an initial
denaturation step of 2 min at 98°C followed by 30 cycles of: 10 sec at
98°C, 30 sec at 55°C, and 30 sec at 72°C.

Droplet fusion and in vitro transcription

PCR droplets were reinjected into a droplet fusion device
(Supplemental Fig. S4) and spaced with HFE 7500 fluorinated oil
supplemented with 2% (w/w) of fluorinated surfactant. In parallel,
16 pL (∼2 kHz) droplets were produced on-chip using the same oil
stream and an aqueous phase of in vitro transcription (IVT) mixture
containing: 2 mM of each NTP, 25 mM MgCl2, 40 mM Tris–HCl,
pH 8.0, 50 mM NaCl, 5 mM DTT, 1 mM spermidine, 20 µg/mL
Dextran-Texas Red 70 kDa (Molecular Probes), and 0.4 units/µL
T7 RNA polymerase (New England Biolabs). The IVT mixture
was loaded in a length of PTFE tubing kept on ice and both droplet
production (volume calculated as above) and fusion events were
monitored using orange fluorescence, and flow rates were adjusted
to generate 16 pL IVT droplets and maximize 1 to 1 PCR/IVT drop-
let pairing while limiting 2 to 1 PCR/IVT droplet pairing. Pairs of
droplets were electrocoalesced (Chabert et al. 2005; Mazutis et al.
2009a) by passing between a pair of built-in electrodes to which
an electric field of 350 VAC (30 kHz) was applied using a high volt-
age amplifier (Model 623b, Trek). The emulsion was collected in a
0.5 mL PCR tube closed by a PDMS plug and incubated at 37°C for
30 min to allow gene transcription to occur.

Substrate picoinjection and activity assay

Fused PCR/IVT droplets were reinjected into a picoinjection device
(Supplemental Fig. S5; Abate et al. 2010) and spaced with HFE 7500
fluorinated oil supplemented with 2% (w/w) fluorinated surfactant.
Gene transcription was stopped and ribozymes activity assayed
using a reaction mixture containing 1 M NaCl (to inactivate T7
RNA polymerase), 66 mM MgCl2, 10 µM of 7-amino-4-methyl-
3-coumarinylacetic acid (Sigma-Aldrich), 20 µM of Atto488-S21-
BHQ1 fluorogenic RNA substrate (Eurogentec) and the desired
concentration (0, 10, 20, 33, 46, 60, or 80 µM) of nonlabeled S21
substrate (Sigma-Aldrich). Flow rates were adjusted to reach a drop-
let reinjection frequency of 2 kHz and the reaction mixture was
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injected at a flow rate of 25 µL/h allowing injection of 4 pL of reac-
tion mixture into each passing droplet. The picoinjection was trig-
gered by applying an electric field of 150 V AC (30 kHz) to built-
in electrodes using a high voltage amplifier (Model 623b, Trek).
The blue fluorescence of the coumarin dye was used to monitor
the process and assess its quality by making sure that the real-time
calculated CV was <15%. The emulsion was collected in a 0.5 mL
PCR tube closed by a PDMS plug and incubated at 37°C for 30
min to allow substrate transformation by active ribozymes to occur.

Droplet sorting

Picoinjected droplets were reinjected into a droplet-sorting device
(Supplemental Fig. S6) and spaced with surfactant-free HFE-7500
fluorinated oil. Flow rates were adjusted so that droplets were rein-
jected at a frequency of∼300 Hz. Droplets were detected by their or-
ange fluorescence and sorted based on their blue (concentration of
picoinjected substrate) and green (concentration of product) fluo-
rescence. The 1% most green fluorescent droplets having received
the correct amount of substrate were gated (Fig. 2I) and deflected
into the recovery channel by applying a 1200 VAC (30 kHz) electric
field using a high voltage amplifier (Ahn et al. 2006; Baret et al.
2009). Sorted droplets were collected in an Eppendorf tube via a
length of PTFE tubing. At the end of the process, the recovered
oil/droplet mixture was successively supplemented with 200 µL of
HFE 7500 fluorinated oil, 100 µL of 1H,1H,2H,2H-perfluoro-1-
octanol (Sigma-Aldrich) and 200 µL of 200 µg/mL yeast total
RNA solution (Ambion) by flushing the reagent through the
PTFE tubing. Themixture was finally mixed by vortexing and briefly
centrifuged. The upper aqueous phase was then recovered and trans-
ferred into a new tube.

Enrichment measurement

Sortswere validated bymeasuring enrichment for activity.DNAcon-
tained in an aliquot of aqueous phase obtained after sorting and
emulsion breaking was reamplified by PCR using a mixture contain-
ing 0.2 mM of each dNTP, 0.2 µM of each primer (Xmot-Fwd and
Xmot-Rev), 0.1 units/µL of DreamTaq (Fermentas) and the corre-
sponding buffer at the recommended working concentration.
For the model selection, the experiment was first validated by re-

striction analysis. The PCR mixture was purified with a “Wizard SV
Gel and PCR Clean-Up System” kit (Promega) and the DNA con-
tained in 20 µL of elution incubated with 10 units of NcoI
(Fermentas) and the corresponding buffer at the recommended
working concentration. After overnight incubation at 37°C, themix-
ture was loaded on a 2% agarose gel and DNA stained with ethidium
bromide. The stained gel was imaged on a GelDoc EZ Imager (Bio-
Rad) and bands quantified using Image Lab (Bio-Rad).
More generally, for each selection, PCR products were used as

templates for in vitro transcriptions (IVT) by incubating 5 µL of
the raw PCR product in a 45 µL mixture containing 2 mM of
each NTP, 25 mM MgCl2, 40 mM Tris–HCl, pH 8.0, 50 mM
NaCl, 5 mM DTT, 1 mM spermidine, and 0.4 units/µL T7 RNA po-
lymerase (New England Biolabs). After 1 h at 37°C, 2 µL of the RNA-
containing IVT mixture were mixed with 8 µL of reaction mixture
containing 40 mM Tris–HCl, pH 8.0, 25 mM MgCl2, 250 mM
NaCl, and 4 µM of Atto488-S21-BHQ1 fluorogenic RNA substrate.
After mixing, the mixture was placed in a real-time Thermocycler

(Mx3005P, Agilent) kept at 37°C and the fluorescence measured ev-
ery minute on FAM channel of the device (ex: 492 nm/em: 516 nm).
Enrichment was then calculated from the ratio of initial reaction
rates before and after selection.

Cloning, sequence analysis and activity screening

At the end of evolution process, individual variants were cloned into
plasmids using InsTAclone PCR cloning kit (Thermo Scientific) and
resulting constructs were introduced into Electro-10 blue strains
(Agilent) using 2 mm electroporation cuvettes and a MicroPulser
(Bio-Rad). Bacteria were plated on LB–Ampicillin agar plates and
colonies were allowed to develop during an overnight incubation
at 37°C. Twenty isolated colonies of each transformation were
then grown in liquid LB-Ampicillin until saturation, plasmid
DNA was extracted from bacteria using GeneJet Plasmid Miniprep
kit (Thermo Scientific) and sequences were determined by Sanger
sequencing (GATC Biotech.). Sequence alignments were generated
using ClustalX (Larkin et al. 2007). In parallel, the gene of each var-
iant was PCR-amplified, in vitro transcribed and its activity assayed
as for Enrichment measurements (see above).

Ribozyme purification

The most active variants identified during the screening were in vi-
tro transcribed as before but in a larger reaction volume (500 µL)
and for 3 h at 37°C. DNA was then removed by adding 10 units of
Baseline Zero DNase (Epicentre) and the corresponding buffer at
the recommended working concentration. After an extra hour at
37°C, proteins were eliminated by phenol extraction and RNA re-
covered by ethanol precipitation and centrifuged for 20 min at
20,000g. Dry pellets were suspended in 20% glycerol, 0.02% xylene
cyanol, 0.02% bromophenol blue, 1× TBE and 8 M urea, and the
solution loaded on a 12% acrylamide/bisacrylamide (19/1), 8 M
urea denaturing gels. The position of the RNA was determined by
UV-shadowing and the corresponding piece of gel excised and
transferred into a dialysis tube (MWCO= 3500, Spectrum Labs)
with TE buffer (Sigma-Aldrich). Dialysis tubes were closed, placed
in a horizontal electrophoresis system (Bio-Rad) and subjected to
a 100V DC field for 1 h. Residual gel fragments were removed
from aqueous phases using 0.45 µM microfuge filters (VWR).
RNA was then recovered by ethanol precipitation, dry pellets dis-
solved in DEPC-treated water and quantified with a Nanodrop
Spectrophotometer (Thermo Scientific).

Enzymatic characterization

Four picomoles of purified ribozymes were placed in 10 µL of a
reaction mixture containing 40 pmol of Atto488-S21-BHQ1 fluoro-
genic RNA substrate, 40 mM Tris–HCl, pH 8.0, 25 mMMgCl2, 250
mM NaCl. The mixture was placed in a real-time Thermocycler
(Mx3005P, Agilent) kept at 37°C and the fluorescence measured ev-
ery minute on FAM channel of the device (ex: 492 nm/em: 516 nm).
Fluorescence values were converted into molecules of product
generated per ribozyme (P) and catalytic constants determined.
Burst phase kinetics were fitted to the burst equation, P = At + B
(1− e−Ct), described in Wanninayake and Walker (2012), where
A is the catalytic constant in the steady state (ksscat), B is the
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burst amplitude corresponding to the active fraction of ribozyme,
C is the catalytic constant during the burst phase (kburst) and t
is the time. The ksscat for the evolved ribozymes iXm1 and iXm2
(where no burst was observed) were calculated from a linear fit to
the initial rate. IC50 values were determined using the same proce-
dure but with a reaction mixture supplemented with 0, 0.5, 5,
12.5, 25, 37.5, 50, or 500 pmol of each reaction product P5 and
P3 (Sigma-Aldrich).

To measure KM, 0.8 pmol of purified ribozymes (iXm1 or iXm2)
were placed in 40 µL of a reaction mixture containing 40 mM Tris–
HCl, pH 8.0, 25 mM MgCl2, 250 mM NaCl, and 8, 20, 40, 80, 160,
240, 320, or 400 pmol of Atto488-S21-BHQ1 fluorogenic RNA sub-
strate. The mixture was placed in a real-time Thermocycler
(Mx3005P, Agilent) kept at 37°C and the fluorescence measured ev-
ery minute on the FAM channel of the device (ex: 492 nm/em: 516
nm). Initial rates were measured at the different substrate concen-
trations and KM values calculated by fitting to the Michaelis–
Menten equation:

v0 = VmaxS

KM + S
,

where v0 is the initial reaction rate,Vmax the maximum reaction rate,
KM the Michaelis constant, and S the concentration of substrate.

While the sensitivity of the fluorogenic assay (≥100 nM) allowed
direct KM measurement for the improved X-motifs, the KM of the
original X-motif and its extended form were too low to allow direct
measurement of KM: The substrate concentrations required (start-
ing from 1 to 10 nM) were far below the sensitivity limit of the assay.
However, as it appears that product release is the rate-limiting step
in the reaction, the Michaelis constant KM≈ Kd We therefore used a
gel shift assay to determine the dissociation constant (Kd) of the dif-
ferent ribozymes and the substrate.

Unmodified S21 substrate was 5′-labeled by incubating 10 pmol
of S21 RNA with 100 µCi of ATP [γ−32P] (3000 Ci/mmol), 10 units
of T4 PolyNucleotide Kinase (Thermo Scientific) and the corre-
sponding buffer at the recommended concentration. After 30 min
at 37°C, the labeled RNAwas purified on a 20% acrylamide/bisacry-
lamide (19/1) denaturating polyacrylamide gel, eluted by overnight
diffusion in 0.5 mM ammonium acetate, pH 7.4, 10mMMgCl2, and
0.1% SDS, precipitated and washed. The Electrophoretic Mobility
Shift Assay was performed in a volume of 10 µL with a fixed concen-
tration (0.15 nM) of 5′-labeled S21 RNA and an increasing amount
of X-motif, extended X-motif RNA or iXms (0–10 nM, 0–250 nM,
and 0–1000 nM, respectively) in 65 mM Tris–HCl, pH 8.0, and 260
mM NaCl. The mixture was incubated 5 min at 37°C and 5 µL of
solution containing 0.25% bromophenol blue, 0.25% xylene cyanol,
and 30% glycerol was added. S21/X-motif complexes were revealed
by loading the mixture on a 12% acrylamide/bisacrylamide (29:1)
nondenaturating gel. We used an incubation time corresponding
to the end of the burst phase and assumed that equilibrium was
achieved. Substrate transformation was prevented by omitting
Mg2+ in the reaction mixture. The good agreement between the
Kd values obtained for X-motif in this work (∼6 nM) and in a pre-
vious estimation based on enzyme kinetics (∼3 nM) (Lazarev et al.
2003), indicated that Mg2+ was not involved in substrate recognition
and that its omission had no effect on enzyme/substrate interaction.
Gels were imaged with a Typhoon FLA 7000 and band intensities
were quantified using ImageQuant TL v8.1 software. The fraction
of unbound substrate was calculated for each concentration of cat-

alyst tested and the concentration of ribozyme shifting half of the
substrate was assigned as the Kd value.
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