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Recent studies have demonstrated the importance of
noncoding RNA elements in regulating gene expression
networks12. We describe the design of a class of small
trans-acting RNAs that directly regulate gene expression in
a ligand-dependent manner. These allosteric riboregulators,
which we call antiswitches, are made fully tunable and
modular by rational design. They offer flexible control
strategies by adopting active or inactive forms in response
to ligand binding, depending on their design. They can be
tailor-made to regulate the expression of target transcripts in
response to different cellular effectors. Coupled with in vitro
selection technologies for generating nucleic acid ligand-
binding species34, antiswitches present a platform for
programming cellular behavior and genetic networks with
respect to cellular state and environmental stimuli.

In recent years, cis and trans RNA elements have become well
recognized as important regulators of gene expression. Cells use
diverse noncoding RNA elements to regulate complex genetic net-
works such as those involved in developmental timing and circadian
clocks!?. These include antisense RNAs®>~7, small trans-acting
RNAs (taRNAs) that bind target mRNA; microRNAs® (miRNAs),
@which interact with complementary sequences in mRNA and the

=¥ genome; small interfering RNAs® (siRNAs), which function through
the RNA interference (RNAi) pathway in metazoans; ribozymesw, or
catalytic RNA molecules; and riboswitches! =13, cis-acting metabolite-
binding structures in mRNAs that modulate translation initiation,
disrupt transcriptional termination or cleave mRNA by ribozyme
mechanisms. Recent studies have demonstrated the prevalence of
these RNA-based regulators across diverse organisms from prokar-
yotes to humans'416,

Aptamers are nucleic acid species that bind specific ligands and are
generated through in vitro selection or SELEX (Systematic Evolution
of Ligands by EXponential enrichment)®*, They have been selected to
bind diverse targets such as dyes, proteins, peptides, aromatic small
molecules, antibiotics and other biomolecules!”. High-throughput
methods generate aptamers in a rapid and parallel manner'8. Apta-
mers can impart allosteric control properties to other functional RNA
molecules, allowing the construction of in vitro signaling aptamers,
in vitro sensors and in vitro allosterically controlled ribozymes!®-2.
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Programmable ligand-controlled riboregulators of

In addition to the widespread occurrence of RNA regulator elements
in natural systems, several riboregulator systems have recently been
engineered. These include, in Escherichia coli, cis-acting RNA elements
that regulate relative expression levels from a two-gene transcript by
controlling RNA processing and decay??, and a combined cis/trans
system in which cis-acting RNA elements inhibit translation and trans-
activating RNAs bind to the cis-acting elements to allow translation?,
Cis-acting elements that control gene expression in mammalian cells
and mice through RNA cleavage, and whose activity can be regulated
by a small-molecule drug and antisense oligonucleotides, have also
been reported?*. Finally, an allosteric aptamer construct was engi-
neered that upon binding the dye tetramethylrosamine, interacts with
protein transcriptional activators to induce transcription?’.

Although riboregulators provide tools for flexible genetic regula-
tion, there is a need to couple RNA-based regulators that directly
target transcripts with allosteric control. We have engineered ligand-
responsive riboregulators in Saccharomyces cerevisiae. In principle,
these modular, tunable riboregulators, which we call antiswitches,
can be designed to regulate the expression of any target transcript in
response to any ligand. The riboregulators use an antisense domain to
control gene expression®?®?” and an aptamer domain to recognize
specific effector ligands (Fig. la). Ligand binding at the aptamer
domain induces a conformational change that allows the antisense
domain to interact with a target mRNA to affect translation. In the
absence of ligand, the antisense domain is sequestered in an ‘antisense
stem’. Similar mechanisms have been described in the construction
of signaling aptamers and other allosterically controlled RNAs?®,

Specifically, we constructed an initial antiswitch, sl, using a
previously selected aptamer that binds the xanthine derivative theo-
phylline with high affinity (K4 = 0.29 puM) and specificity?®. The
antisense RNA domain is designed to base pair with a 15-nucleotide
region around the start codon of a target mRNA encoding green
fluorescent protein (GFP). The stem of the theophylline aptamer is
redesigned so that in the absence of ligand, the antisense portion base
pairs in a double-stranded region of the RNA referred to as the
‘antisense stem’; upon ligand binding, another overlapping stem, the
‘aptamer stem, forms, forcing the antisense portion into a single-
stranded state (Fig. 1a,b). The aptamer stem and antisense stem are
designed such that the antisense stem is slightly more stable than the
aptamer stem. Previous work has demonstrated that the sequence of
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the lower theophylline aptamer stem is not critical for ligand bind-
ing30; we altered this sequence to interact with the antisense stem
upon ligand binding.

We anticipated that in the absence of ligand and presence of
target transcript, the stem sequestering the antisense is more likely
to form; whereas in the presence of both ligand and target trans-
cript, the free energy associated with the binding of theophylline
(~8.9 kcal/mol®') and RNA stabilization in the aptamer structure
would enable the aptamer stem to form, freeing the antisense
domain to bind its target transcript. RNAstructure®? was used to
predict the stability of the RNA secondary structures formed.
Because of the dual-stem design of the antiswitch, we anticipated
that aptamer binding to its ligand and antisense binding to its target
mRNA would both contribute to the structural switching of the
antiswitch molecule.

The expression of antiswitches in S. cerevisiae was accom-
plished using a noncoding RNA expression construct similar to a
previously described system?® (see Supplementary Fig. 1 online).
Briefly, the RNA to be expressed was cloned between two hammerhead
ribozymes known to self-cleave in vivo®’. This dual hammerhead
construct can be placed under the control of Pol II promoters, and
when transcribed, the flanking hammerhead ribozymes cleave out
from the desired RNA at an efficiency greater than 99% (see
Supplementary Table 1 online). The construct enables creation of
noncoding RNAs with defined 5 and 3’ ends that are free of
potentially interfering flanking sequences. Antiswitch s1 was expressed
in this construct under control of a galactose-inducible (GAL1)
promoter in yeast cells. A plasmid containing a yeast enhanced GFP
(YEGFP)*> under the control of a GALl promoter was used to
transform the same cells (Fig. 1a).
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Figure 1 Design and functional activity of an antiswitch regulator. (a) General illustration of the mechanism by which an antiswitch molecule acts to regulate
gene expression in vivo. The antisense sequence is indicated in red; switching ‘aptamer stem’ is shown in blue. In the absence of effector, the antisense
domain is bound in a double-stranded region of the RNA referred to as the ‘antisense stem’ and the antiswitch is in the ‘off’ state. In this state the
antiswitch is unable to bind to its target transcript, which has a gfp coding region, and as a result, GFP production is on. In the presence of effector, the
antiswitch binds the molecule, forcing the aptamer stem to form, switching its confirmation to the ‘on’ state. In this state the antisense domain of the
antiswitch will bind to its target transcript and through an antisense mechanism turn the production of GFP off. (b) Sequence and predicted structural
switching of a theophylline-responsive antiswitch, s1, and its target mMRNA. On s1, the antisense sequence is indicated in red; switching aptamer stem
sequence is indicated in blue, the stability of each switching stem is indicated. On the target mRNA, the start codon is indicated in green. (c) /n vivo GFP
regulation activity of s1 and controls across different effector concentrations: aptamer construct (negative control) in the presence of theophylline (green);
antisense construct (positive control) in the presence of theophylline (red); s1 in the presence of caffeine (negative control, orange); sl in the presence of
theophylline (blue). Data are presented as relative, normalized GFP expression in cells harboring these constructs against expression levels from induced
and uninduced cells harboring only the GFP expression construct. (d) /n vivo temporal response of sl inhibiting GFP expression upon addition of effector to
cells that have accumulated steady-state levels of GFP and antiswitch s1. No theophylline, blue; 2 mM theophylline, red. (e) /n vitro affinity assays of s1 to
target and effector molecules. The mobility of radiolabeled s1 was monitored in the presence of equimolar concentrations of target transcript and varying

concentrations of theophylline as indicated.
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Results from protein expression assays demonstrate ligand-specific,
in vivo activity of s1 (Fig. 1c). Expression of antiswitch sl in the
absence of theophylline decreased GFP expression from control levels
by ~30%, whereas addition of >0.8 mM theophylline decreased
expression to background levels. The antisense and aptamer domains
were expressed separately as controls and had the expected effects on
GFP expression levels. It is interesting to note the rapid change in
expression levels between 0.75 mM and 0.8 mM theophylline. The
antiswitch sl displays binary, on/off behavior rather than linearly
modulating expression over a range of theophylline concentrations.
This response supports the anticipated cooperative mechanism of
structural switching dependent on both ligand and target mRNA.

The aptamer used in this antiswitch does not bind caffeine?®, which
differs from theophylline by a single methyl group. The addition of
caffeine did not change expression levels from those of an inactive
switch, demonstrating that specific ligand-aptamer interactions are
necessary to activate the antiswitch.

Quantitative real-time PCR (qRT-PCR) was performed on anti-
switch sl and target mRNA extracted from cells grown under
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different conditions to determine relative RNA levels (see Supple-
mentary Table 1 online). Relative levels of target transcript did not
change substantially between cells harboring s1 grown in the absence
or presence of high levels of theophylline, indicating that antiswitches
function through translational inhibition rather than by affecting
target RNA levels. In addition, the steady-state relative level of sl
was ~ 1,000-fold greater than target levels, although both antiswitch
and target were expressed from the same promoter. This indicates that
antiswitch molecules may have higher intracellular stabilities than
those of mRNA, perhaps owing to stabilizing secondary structures, or
are synthesized more efficiently.

The temporal response of antiswitch regulation was determined by
inducing antiswitch activation through the addition of theophylline to
cells expressing steady-state levels of GFP and with sl in the ‘off” state
(Fig. 1d). GFP levels began decreasing shortly after the addition of
theophylline at a rate corresponding to a half-life of ~0.5-1 h, which
is consistent with the half-life of the GFP variant used in these
experiments®. These data show that antiswitch molecules act rapidly
to inhibit translation from their target mRNAs in the presence of

1 u 1
a S CG C b - 0.9] . ——31
(=]
CA\U\A\GUU % 081 || —=—s2
ATG LU 3 071 | \ \ s3
AG = —18.3 kcal/mol U / C S g |
AYA ¢ c x 0.6 | ——s4
c G RN > 051 |
uTpRRAVGYERARAGEY 6B DU° g o
CCAUUUACAGAUUUCCAs' CAGCACCUUUAGs, C o3l [
AG = -10.8 kcal/mol 2 0o !
g0
S2 Q0.1 1 |
aVe £ : Y, .
AUSK, U 0.01 0.1 1 10
C GU c )
A—G \G Theophylline (mM)
G:—148kca|/mo| AU A C/ c 1 -
c G C\\ c 0.9
u UA AUGUCUAAAGGU gGUyC 59 —o—st1
CCAUUUACAGAUUUCCAS) CAGCACCUUUAG, 2 oo —a—s5
AG = -10.8 kcal/mol g 064 ——s6
5o
g 05
G 0.4 -
S3 U 3 CU 2 03
\ — N
Y0) —-GCA‘ \,\GU £ o2 4
AT g U ©
G € 0.1
= UA .C ¢
A C, G U, C 0 T T y d
G G U 0.01 0.1 1 10 100
AG = —23.4 kcal/mol G A AA c ¢ ' ’ .
UCUUAAUUAAAUGUCUAAAGGU yu©G A d . Theophylline (mM)
c
c
CAAUUAAUUUACAGAUUUCCA[ ACCUUUAG, 5 g: 9
- [} .0 4
AG =-10.8 kcal/mol @ 07 ] —a—s7
g 06+
S4 GUC o 05 -
[
A ul S 0.4
GC U\ GU 02) 0.3 1
- ‘G & 024
UA AG 14.2 kcal/mol AU A C/ c >
C c G e 0.1 1
< avoveyrasgor”  Ssbuue 0 - - -
CC UUACAGAUUUCCA CAGCACCUUUAG , 0.01 0.1 1 10
AU 5 AG = -10.8 kcal/mol Effector (mM)

Figure 2 Tuning and expanding the switch response of an antiswitch regulator. (a) Predicted structures of tuned antiswitches (s2-s4), based on s1, in the
absence of theophylline binding. Antisense sequences, red; switching aptamer stem sequences, blue; modified sequences, green. The stability of each
switching stem is indicated. (b) /n vivo GFP regulation activity of s1-s4 across different theophylline concentrations: s1, initial antiswitch construct (blue);
s2, destabilized antiswitch construct (red); s3, stabilized antiswitch construct (orange); s4, destabilized antiswitch construct (green). (c) /n vivo GFP
regulation activity of modified aptamer-antiswitch constructs (s5-s6) across different theophylline concentrations: s1, initial antiswitch construct (blue);
sb, antiswitch construct with an aptamer domain having tenfold lower affinity to theophylline than that used in s1 (green); s6, destabilized modified
aptamer-antiswitch construct, based on s5 (red). (d) /n vivo GFP regulation activity of antiswitch constructs responsive to different small molecule effectors
(s1, s7) across different effector concentrations: s1, initial antiswitch construct responsive to theophylline (blue); s7, antiswitch construct modified with a

tetracycline aptamer domain, based on s1, responsive to tetracycline (red).
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activating levels of effector and that the time required for target
protein levels to decrease is determined by the protein’s half-life.

In vitro characterization studies were conducted to examine anti-
switch-ligand affinity and conformational changes associated with
antiswitch response. Gel-shift experiments were conducted in the
presence of equimolar amounts of a short target transcript (200
nucleotides), containing regions upstream and downstream of the
start codon, labeled s1, and varying concentrations of theophylline to
examine antiswitch ligand affinity (Fig. 1e). A sharp shift in antiswitch
mobility between 2 and 10 uM theophylline was presumably due to
binding of both theophylline and target. Nuclease mapping in the
presence of ligand alone was also conducted to investigate antiswitch
conformational changes (see Supplementary Fig. 2 online). These
data show that antiswitch molecules need much higher concentrations
of ligand alone (200 uM-2 mM) than of ligand with target (2-10 uM)
to exhibit conformational changes, supporting the idea of cooperative
effects of ligand and target on antiswitch conformational dynamics.

The in vivo data report the concentration of effector molecules in
the medium, and we expected that the intracellular concentration of
these molecules would be much lower owing to transport limitations
across the membrane. One study reported over a 1,000-fold drop
in theophylline concentration across the E. coli membrane®®. The
in vitro experiments indicate that ligand binding and structural
switching occurred over narrow concentration ranges, much lower
than the extracellular concentrations reported in the in vivo
studies. These data indicate that in the presence of target, in vitro
antiswitch conformational changes display a sharp binary response
to ligand concentrations in the low micromolar range, which is
probably indicative of the intracellular concentrations of theophylline
in these studies.

The switching behavior of the antiswitch platform is dependent on
the conformational dynamics of the RNA structures; therefore it
should be possible to tune switching behavior in a straightforward
manner by altering the thermodynamic properties of the antiswitch,
particularly the absolute and relative stabilities of the antisense stem
and the aptamer stem. To explore the dynamic range of switch
behavior, we created several antiswitches (s2—s4) with varying anti-
la.l sense and aptamer stem stabilities (Fig. 2a). We anticipated that these

© 2005 Nature Publishing Group http://www.nature.com/naturebiotechnology

Itered antiswitches would expand the concentration range over which
=" the change in gene expression was observed and increase the dynamic
range of GFP expression.

Increasing antisense stem stability by the addition of base pairs
created switches that required higher concentrations of theophylline to
affect gene expression, whereas decreasing stem stability created
switches that inhibited GFP expression at lower theophylline concen-
trations. For example, antiswitch s2 differs from antiswitch sl by a
single nucleotide (A21 to C) (Fig. 2a). This mutation introduces a
mismatched pair in the antisense stem so that in the absence of ligand
the construct is less thermodynamically stable. As a result, s2 exhibited
altered switching dynamics; theophylline concentrations >0.2 mM
inhibited gene expression, compared to 0.8 mM for construct sl
(Fig. 2b). Alternately, increasing the stability of the antisense stem
creates a switch that requires higher concentrations of theophylline
to inhibit expression.

Antiswitch s3 was designed with an antisense stem five nucleotides
longer than that of s1 and an aptamer stem with 3 bp of the lower
stem formed, increasing the absolute stem stabilities. As a result of this
increased stability, s3 switched from GFP expression to inhibition of
GFP at ~1.25 mM theophylline (Fig. 2b), roughly 1.5-fold greater
than the concentration required to switch sl1, and sixfold greater than
that required to switch s2. Furthermore, s3, in the ‘off” state, resulted
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Figure 3 Redesign and characterization of an ‘on’ antiswitch regulator.

(a) Sequence and structural switching of an ‘on’ antiswitch regulator (s8)
responsive to theophylline. The antisense sequence is indicated in red;
switching aptamer stem sequence is indicated in blue; the stability of
each switching stem is indicated. On the target mRNA, the start codon is
indicated in green. s8 is designed such that in the absence of theophylline
the antiswitch is ‘on’ or the antisense domain is free to bind to its target.
In the presence of theophylline, the antiswitch undergoes a conformational
change to the ‘off’ state such that the antisense domain is bound in a
double-stranded RNA stem that is part of the aptamer stem. (b) /n vivo GFP
regulation activity of ‘on’ and ‘off’ antiswitch constructs across different
theophylline concentrations: s1, initial ‘off” antiswitch construct (blue);

s8, redesigned ‘on’ antiswitch construct, based on s1 (red).

in higher levels of GFP expression, 10% versus 30% inhibition from
full expression levels in induced cells harboring only the GFP
construct. Antiswitch s4 was constructed to examine the effects of
further destabilizing the antisense stem. This antiswitch includes an
altered loop sequence (U18 to C) which further destabilizes the
antisense stem from s2. Assays indicated that s4 further expanded
the dynamic switching behavior of the antiswitch construct, exhibiting
switching at 0.1 mM theophylline (Fig. 2b).

To demonstrate the modularity of the antiswitch design platform,
we constructed and characterized several different antiswitch mole-
cules by swapping different aptamer domains (see Supplementary
Fig. 3 online). The antisense stem and the switching aptamer stem
were kept identical to previous designs because the target transcript
was kept the same, while the aptamer domains were changed. To
further explore the range of ligand responsiveness in designed anti-
switches, we constructed a switch s5 using a previously characterized
aptamer exhibiting lower affinity to theophylline?. This aptamer has
a Ky approximately tenfold higher than the aptamer used in s1—s4.
In addition, the response of this antiswitch was tuned by destabilizing
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Figure 4 Simultaneous regulation of multiple genes through multiple antiswitch regulators. (a) Illustration of the mechanism by which two independent
antiswitch molecules act to regulate the expression of multiple target genes in vivo. In the absence of their respective effectors, the antiswitches are in the
‘off’ state and are unable to bind to their target transcripts. In this state, both GFP and YFP production is on. In the presence of theophylline, one antiswitch
switches its conformation to the ‘on’ state and turns off GFP production. In the presence of tetracycline, the second antiswitch switches its conformation

to the ‘on’ state and turns off YFP production. These antiswitches act independently of each other to provide combinatorial control over genetic circuits.

(b) In vivo regulation activity of two antiswitch constructs (s1, s9) against their respective targets (GFP, YFP) in the presence or absence of their respective
effector molecules (theo, theophylline; tet, tetracycline). Relative YFP expression (black); relative GFP expression (white).

the antisense stem in a manner identical to s2, creating s6. To further
test the modularity of this platform, we constructed an antiswitch with
a previously characterized aptamer to tetracycline?’. This aptamer has
an affinity to tetracycline similar to that of the theophylline aptamer
used in s1—4 (Kg = 1 pM).

The data in Figure 2 support the modularity of the antiswitch
platform to different aptamer domains. The modified theophylline
aptamers exhibited an altered response to ligand concentrations from
s1—4. As expected, the switching for s5 and s6 occurred at higher
theophylline concentrations (Fig. 2c). s5, which contains an aptamer
domain with a tenfold higher Ky than the aptamer domain in sl,
switched at approximately a tenfold higher theophylline concentra-
tion. In addition, the tetracycline antiswitch s7 showed similar switch

=te» dynamics as s1—4, suggesting that the response curve observed is a

@general feature of designed antiswitches (Fig. 2d).

= We examined flexibility by redesigning the antiswitch platform to

construct an ‘on’ antiswitch from the aptamer and antisense domains
used in the design of s1. We constructed antiswitch s8, which inhibits
expression in the absence of theophylline, but allows expression in the
presence of theophylline, using similar design principles. This switch
displayed its antisense domain in the absence of ligand, leaving it free
to interact with the target mRNA, while sequestering the antisense in
the aptamer stem when ligand was present (Fig. 3a). s8 displayed
dynamic behavior similar to that of sl (switching around 1 mM
theophylline), as was expected owing to similar base pairing energetics
(Fig. 3b). This functional ‘on’ switch demonstrates the flexibility of the
antiswitch platform and the generality of the design themes.

The modular nature of the antiswitch platform allows for systems
exhibiting combinatorial control over gene expression. To illustrate
this, we introduced into cells two switches, each responsive to a
different effector molecule and each regulating the protein expression
of a different mRNA target: s1, a theophylline-responsive GFP reg-
ulator, and s9 (see Supplementary Fig. 4 online), a tetracycline-
responsive yellow fluorescent variant protein (Venus)*® regulator
(Fig. 4a). Changes in the targeting capabilities of these molecules
were made by modifying the antisense stem and the switching aptamer
stem while keeping the remainder of the aptamer module the same.

NATURE BIOTECHNOLOGY VOLUME 23 NUMBER 3 MARCH 2005

Concurrent expression of these two antiswitches with a plasmid
carrying both GFP and Venus allowed for an assay of the simultaneous
regulation of gene expression by modular antiswitch design. Addition
of theophylline decreased expression of GFP whereas Venus expression
remained unaffected; and addition of tetracycline decreased Venus
while not affecting GFP (Fig. 4b). Furthermore, the addition of both
ligands decreased expression of both GFP and Venus. This simple
system illustrates the potential of building more complex genetic
circuits that are precisely regulated by multiple antiswitch constructs.

This work demonstrates that engineered, ligand-controlled, anti-
sense RNAs, or antiswitches, are allosteric regulators of gene expres-
sion. The general design of an antiswitch is based on the
conformational dynamics of RNA folding to create a dual stem
molecule comprised of an antisense stem and an aptamer stem.
These stems are designed such that in the absence of ligand, the free
energy of the antisense stem is lower than that of the aptamer stem.
Ligand and target act cooperatively to alter the conformational
dynamics of these molecules and stabilize the formation of the
aptamer stem and the binding of the antisense domain to its target
transcript. The antiswitch platform is flexible, enabling both positive
and negative regulation. The ‘on’ switch is designed such that in the
absence or at low levels of ligand the antisense domain is free to bind
to the target; however, ligand binding changes the conformational
dynamics of these molecules so that the antisense domain is bound in
the aptamer stem.

The switching dynamics of antiswitch regulators are amenable to
tuning by forward engineering design strategies based on thermo-
dynamic properties of RNA. Altering the free energy of the antisense
domain alters the conformational dynamics of these molecules in a
predictable fashion. Specifically, decreasing the stability of the anti-
sense stem decreases the ligand concentration necessary to switch the
antiswitch conformation and increasing the stability of the antisense
stem increases the ligand concentration necessary to switch the
conformation as well as shifts the dynamics to favor the ‘off” state
at low ligand levels.

In addition, the antiswitch platform is fully modular, enabling
ligand response and transcript targeting to be engineered by swapping
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domains within the antiswitch molecule. The ligand detection cap-
ability of antiswitches is designed separately from the targeting
capability by swapping only the aptamer domain. Likewise, the
targeting capability of these molecules can be designed separately
from the ligand detection capability by changing both the antisense
stem and the switching aptamer stem to recognize a different target
sequence, while not affecting the aptamer domain.

Antiswitch molecules can potentially function across a diverse range
of organisms, from prokaryotes to humans, making them useful in
many different applications. One example is gene therapy, in which
one would like to target specific transcripts in response to specific
cellular environments that are indicative of a diseased state®®. Anti-
switches may also improve current antisense therapies by introducing
cell-specific action to an already highly targeted therapy. Antiswitch
technology could be used to engineer novel regulatory pathways and
control loops for applications in metabolic engineering®® and synthetic
circuit design®! by enabling the cell to sense and respond to intracel-
lular metabolite levels and environmental signals. Antiswitches
may also be useful for programmable, concentration-specific detec-
tion of intracellular molecules. Finally, they may offer an approach
for creating cellular sensors and ‘smart’ regulators to target any
gene in response to any ligand, opening new avenues for cellular
control and engineering.

METHODS

Plasmid construction, cell strains, reagents. Standard molecular biology
techniques were used to construct all plasmids®?. Four different plasmid
constructs were generated by cloning into the pRS314-Gal and pRS316-Gal
shuttle plasmids*>. Genes and antiswitch constructs were cloned into multi-
cloning sites, downstream of a GAL1 promoter. These plasmids (see Supple-
mentary Table 2 and Supplementary Fig. 5 online) contain an E. coli origin of
replication (f1) and selection marker for ampicillin resistance. They also have
an S. cerevisiae origin of replication (CEN6-ARSH4) and selection markers for
tryptophan (TRP1-pRS314) and uracil (URA3-pRS316) biosynthetic genes in
order to select cells harboring these plasmids in synthetic complete medium
supplemented with the appropriate amino acid dropout solution?. In the first
plasmid system, pTARGET1, yEGFP was cloned into the multi-cloning site and
is located between a GAL1 promoter and ADHI1 terminator. In the second
g&lasmid system, pSWITCHI, various antiswitches were cloned between two

© 2005 Nature Publishing Group http://www.nature.com/naturebiotechnology

ammerhead ribozymes, which are located between a GAL1 promoter and
~ ADHI terminator. In the third plasmid system, pTARGET2, a Pgu;-Venus-
ADHl ey, construct was cloned downstream of the Pgar-yEGFP-ADHl e,
construct in pTARGET1. Therefore, pPTARGET2 produces two target transcripts
when induced with galactose. In the fourth system, pSWITCH2, a Pgay-
antiswitch-ADH 1o, construct was cloned downstream of the Pgap-anti-
switch-ADH1 ey, construct in pSWITCHI. Therefore, pSWITCH2 produces
two antiswitch constructs when induced by the presence of galactose. Two sets
of plasmids, pTARGET1 and pSWITCH]1 or pTARGET2 and pSWITCH2, were
transformed into S. cerevisiae simultaneously and maintained with the appro-
priate nutrient selection pressure. In these two plasmid sets, expression of
antiswitch constructs and their targets was induced upon the addition of
galactose to the medium. Oligonucleotide primers were purchased from
Integrated DNA Technologies. All genes and antiswitches were PCR amplified
in a Dyad PCR machine (MJ Research) with Taq DNA polymerase (Roche).
The yegfp gene was obtained from pSVA153> and the venus gene was obtained
from pCS2/Venus®®. All antiswitch sequences were obtained using custom
oligonucleotide design (see Supplementary Table 2 online).

All plasmids were constructed using restriction endonucleases and T4 DNA
ligase from New England Biolabs. Plasmids were screened by transforming
into an electrocompetent E. coli strain, DH10B (Invitrogen; F~ mcrA
A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 deoR recAl endAl araD139
A(ara, leu)7697 galU galK L~ rpsL nupG), using a Gene Pulser Xcell System
(BioRAD) according to manufacturer’s instructions. Subcloning was confirmed
by restriction analysis. Confirmed plasmids were then transformed into the
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wild-type W303a S. cerevisiae strain (MATo his3-11,15 trpI-1 leu2-3 ura3-1
ade2-1) using standard lithium acetate procedures*. E. coli cells were grown on
Luria Bertani medium (DIFCO) with 100 pg/ml ampicillin (EMD Chemicals)
for plasmid selection and S. cerevisiae cells were grown in synthetic complete
medium (DIFCO) supplemented with the appropriate dropout solution
(Calbiochem). Plasmid isolation was done using Perfectprep Plasmid Isolation
Kits (Eppendorf).

Protein expression assays. Yeast cells were inoculated into synthetic complete
medium supplemented with the appropriate dropout solution and sugar source
(2% raffinose, 1% sucrose) and grown overnight at 30 °C. Cells were back
diluted into fresh medium to an ODgq of 0.1 and grown at 30 °C. For assaying
antiswitch activity, this fresh medium contained appropriate concentrations of
theophylline, caffeine, tetracycline (all from Sigma) or water (negative control)
and expression was induced to a final concentration of 2% galactose, or an
equivalent volume of water was added (noninduced control). After growing for
3 h, the GFP and Venus levels were assayed on a Safire (Tecan) fluorescent plate
reader set to the appropriate excitation (GFP, 485 nm; Venus, 515 nm) and
emission (GFP, 515 nm; Venus, 508 nm) wavelengths. For assaying the
antiswitch temporal response, cells were back diluted into fresh medium
containing 2% galactose. After growing in inducing medium for 3 h, theophyl-
line or water was added and fluorescence was monitored over time. Fluores-
cence was normalized for cell number by dividing relative fluorescence units
(RFUs) by the ODg(y of the culture.

RNA quantification. Yeast cells were grown according to methods detailed in
protein expression assays. Total RNA was extracted using standard acid phenol
extraction procedures®. Briefly, cells were pelleted and frozen in liquid
nitrogen. Pellets were resuspended in a 50 mM NaOAc (pH 5.2) and 10 mM
EDTA buffer. Cells were lysed by the addition of SDS to a final concentration of
1.6% and an equal volume of acid phenol. Solutions were kept at 65 °C with
intermittent vortexing for 10 min. After cooling on ice, the aqueous phase was
extracted and further extraction was carried out with an equal volume of
chloroform. RNA samples were ethanol precipitated and resuspended in water.
Total RNA was quantified by OD,¢ readings. RNA samples were treated with
DNase (Invitrogen) according to manufacturer’s instructions. cDNA was
synthesized using gene-specific primers (see Supplementary Table 3 online)
and Superscript III reverse transcriptase (Invitrogen) according to the manu-
facturer’s instructions. qRT-PCR was carried out on this cDNA using an iCycler
iQ system (BioRAD). Samples were prepared using the iQ SYBR green
supermix and primer pairs specific for different templates (see Supplementary
Table 3 online) on dilution series of the cDNA, according to the manufacturer’s
instructions. Data were analyzed using the iCycler iQ software.

In vitro antiswitch affinity experiments. Antiswitch and target sequences were
PCR amplified with primers containing a T7 polymerase promoter. RNA was
transcribed using Ampliscribe T7 transcription kits (Epicentre) according to
manufacturer’s instructions, except that transcription was carried out at 42 °C
and for gel-shift assays antiswitches were radiolabeled by the addition of
[0->2P]-UTP to the transcription mix. The RNA was purified on a 15%
denaturing gel, eluted, ethanol precipitated and resuspended in water. RNA
was quantified by OD,¢ readings. For nuclease mapping, antiswitches were
5" end labeled with fluorescein (Molecular Probes) by incubating 25 pug of RNA
with a phosphate-reactive label, dissolved in DMSO (Sigma), in labeling buffer
(0.12 M methylimidazole pH 9.0, 0.16 M EDAC) for 4 h, according to the
manufacturer’s instructions. Labeled RNA was purified by ethanol precipitation
and run on a 12% denaturing gel. Fluorescent bands were excised from the gel,
eluted into water for 3 h at 37 °C and ethanol precipitated.

For gel shift assays, equimolar amounts (5 nM) of radiolabeled antiswitches
and target RNA were incubated in varying concentrations of theophylline
at 23 °C for 30 min in 15 pl buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl,
5 mM MgCl,). After the incubation, 10% glycerol was added to the
RNA-target-ligand mixtures and RNA complexes were separated from free
RNA by electrophoresis at 125 V on an 8% polyacrylamide gel in 1x Tris-borate
buffer at 23 °C for several hours. Gels were dried and antiswitch mobility was
imaged on a FX phosphorimager (BioRAD).

For nuclease mapping, fluorescein-labeled antiswitch RNA was resuspended
in buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 5 mM MgCl,), denatured
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at 65 °C for 3 min, and allowed to slow cool to 23 °C, antiswitch RNA was
incubated with varying concentrations of theophylline at 23 °C for 15 min.
RNase T1 (Ambion) was added to the antiswitch-ligand mixture and incubated
at 23 °C for 15 min. Cleavage products were visualized using laser-induced
fluorescence capillary electrophoresis on a P/ACE MDQ machine (Beckman)
using a single-stranded nucleic acid analysis kit (Beckman) according to
manufacturer’s instructions.

RNA free energy calculations. RNA free energy was calculated with
RNAstructure version 3.71 (ref. 32).

Note: Supplementary information is available on the Nature Biotechnology website.
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