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ABSTRACT

Sequence-specific RNA–protein interactions,
though commonly used in biological systems
to regulate translation, are challenging to select-
ively modulate. Here, we demonstrate the use
of a chemically-inducible RNA–protein interaction
to regulate eukaryotic translation. By genetically
encoding Tet Repressor protein (TetR)-binding
RNA elements into the 50-untranslated region
(50-UTR) of an mRNA, translation of a downstream
coding sequence is directly controlled by TetR and
tetracycline analogs. In endogenous and synthetic
50-UTR contexts, this system efficiently regulates
the expression of multiple target genes, and is
sufficiently stringent to distinguish functional from
non-functional RNA–TetR interactions. Using a
reverse TetR variant, we illustrate the potential for
expanding the regulatory properties of the system
through protein engineering strategies.

INTRODUCTION

Translational regulation mediated by specific RNA–
protein interactions is pervasive in shaping diverse
biological processes including metabolism (1), early devel-
opment (1,2), neuronal plasticity (2) and immunity (3).
However, it remains challenging to recapitulate this
mode of regulation in a way that is transcript-specific
and readily modulated experimentally. Such selective
control represents a valuable tool for studying and design-
ing translational regulation mechanisms based on
RNA–protein interactions. Using naturally occurring
RNA–protein interactions for this purpose is problematic
because many are directly toggled by protein modifica-
tions such as phosphorylation (2–4), which are in turn

shaped by complex cellular signaling events that cannot
be precisely manipulated.
Several systems for regulating eukaryotic gene expres-

sion post-transcriptionally have been previously described,
and include RNA interference (RNAi) (5), small
molecule-regulated cis-acting ribozymes and riboswitches
(6). Although RNAi has proven a highly useful tool in
many contexts, its use is limited to organisms expressing
the necessary machinery. Even in contexts where RNAi is
well established as a routine tool, the introduction of
interfering RNAs can produce unintended off-target
effects (7). Furthermore, gene expression knockdown
with RNAi cannot be rapidly switched off, and the
targeted protein may not return to its initial level for
days as the catalytic siRNA is slowly depleted (8).
Complementary to RNAi, small molecule-regulated cis-
acting ribozymes and riboswitches can act in the absence
of organism-specific RNA degradation pathways,
allowing their application in a broader variety of
contexts. Riboswitches, in particular, circumvent target
transcript degradation and are likely to provide highly
dynamic regulation. However, these ligand-regulated
systems do not immediately support a direct path
toward integration with endogenous translation regula-
tion mechanisms. Such natural systems frequently couple
the use of specific primary RNA–protein interactions with
secondary protein–protein interactions to modulate trans-
lation in different contexts. For example, the cellular
programs controlling inflammation and its resolution
(3), as well as the establishment of asymmetric protein
distributions critical for neuronal development (4) and
cell migration (9), make use of this paradigm to achieve
translational control over effector genes. For this reason,
it is highly desirable to construct translational regula-
tion schemes that can interface directly with biologically
relevant, protein-based signaling networks. Therefore, we
sought to construct a system for eukaryotic translational
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regulation using well defined, ligand-regulated and specific
RNA–protein interactions that can be directly controlled
in a straightforward and cell type-independent way.
Attempts at achieving such a ligand-regulated RNA–

protein interaction have been described previously (10–
15). However, in these examples, the interaction either
cannot be modulated in vivo (12), requires a ubiquitous
and stringently regulated metabolite ligand such as iron
(11), or relies on inducible transcription to control the
RNA-binding protein (14,15). Thus, despite the wide-
spread nature of RNA–protein interactions in regulating
eukaryotic translation, no methods exist for reversibly and
precisely reproducing such regulation in vivo. We expect
such methods to be broadly applicable and invaluable for
reconstructing and interrogating native translation control
mechanisms, as well as for designing novel cellular
functions.

MATERIALS AND METHODS

RNA aptamers

Secondary structure predictions, such as the one shown in
Figure 1b, were made using mfold (16). Equilibrium
binding constants were determined using a cytometric
bead binding assay as described (17).

Plasmid construction

Unless otherwise noted, cloning procedures were per-
formed by standard techniques. Reporter plasmids were
based on YCp22FL1, which contains a Saccharomyces
cerevisiae TEF1promoter driving firefly luciferase (FLuc)
(18). Alternative reporter plasmids containing Venus
yellow fluorescent protein (vYFP) (19) were created by
replacing the XhoI/XbaI FLuc fragment of YCp22FL1
with vYFP PCR amplified using primers BJBOL268/269
(Supplementary Table S2). PCR (25 cycles) was performed
with Phusion DNA polymerase (New England Biolabs)
according to the manufacturer’s instructions, annealing at
55�C for 30 s. Aptamer-encoding sequences were inserted
by annealing oligonucleotide pairs (Supplementary Table
S1), extending with Klenow fragment (30!50 exo-, New
England Biolabs), digesting with BglII/XhoI and ligating
to BamHI/XhoI-digested plasmid.
The URA3-marked TetR(B) plasmid, YCpSUP-TetR,

was created by PCR amplifying tetR(B) fused to
sequences encoding 50T7 and 30His6 tags from pET24-
TetR (17), using primers BJBOL111/112, digesting
with SalI/AvrII and ligating to XhoI/XbaI-digested
YCpSUP-IRF1 (18). TheHIS3-marked TetR plasmid
pRS413-TetR was created by subcloning the ClaI
fragment from YCpSUP-TetR containing the PGK1/
GAL promoter through thePGK1 terminator into ClaI-
digested pRS413 (American Type Culture Collection,
ATCC). The URA3-marked revTetR plasmid pSG116
was created by PCR amplifying revTetR-S2 (20) (without
affinity tags or transcriptional activator domains) using
primers BJBOL295/296 and cloning as described for
YCpSUP-TetR. The LEU2-marked plasmid pSG95,
encoding tetR(B) under the control of the TDH3 (GPD)
promoter, was created by inserting tetR(B) into

pRS415-GPD (ATCC) by yeast gap repair cloning (21).
Yeast strains expressing chromosomally-integrated report-
ers were constructed by cloning aptamer-regulated
reporter constructs into pRS404 (ATCC), linearizing by
digestion with EcoRV, transforming into S. cerevisiae
W303-1B and selecting on media lacking tryptophan.
Reporter integration at the TRP1 locus was confirmed by
PCR with primers BJBOL411/412 and BJBOL410/413,
which flank the 50 and 30 integration sites, respectively.
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Figure 1. Placement of TetR-binding RNA aptamers within the
50-UTR. (a) Illustration of the regulation scheme used to demonstrate
functionality of the TetR–aptamer module. TetR binding to the
aptamer element within the 50-UTR of the regulated ORF inhibits its
translation. Tetracycline analogs (e.g. aTc and Dox) induce translation
by disrupting the TetR–aptamer interaction. (b) The primary and pre-
dicted secondary structures of aptamer 5–1.2 (bases 10–60) within the
50-UTR context used in this study are shown. Residues comprising two
conserved regions (Motifs 1 and 2) indispensable to TetR binding are
circled. Three potential start codons, 1–3, are shown in green bold
italics. Start codon 1 (within Motif 1) is out of frame, whereas 2 is
in frame with 3, the downstream ORF’s native start codon.
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In vitro translation experiments

Templates for in vitro transcription containing 5–1.2 and
5–1.2m2 were amplified from yeast reporter plasmids
using SG151/SG137 and SG291/SG137, respectively
(Supplementary Table S3). All other DNA templates
were constructed by PCR amplifying the FLuc gene
from YCp22FL1 with the reverse primer SG137
(encoding an A60 tail) and a combination of overlapping
forward primers (Supplementary Table S3) to generate the
desired 50-UTR with an upstream T7 promoter. PCR
mixtures contained the outermost primers at 0.5mM and
all additional overlapping primers at 0.05 mM. Assembly
PCR (30 cycles) was performed with Phusion DNA poly-
merase (New England Biolabs) according to the manufac-
turer’s instructions, annealing at 65�C for 20 s and
extending at 72�C for 25 s. Unpurified PCR productswere
transcribed with the MEGAScript T7 kit (Ambion),
precipitated with an equal volume of 7.5 M LiCl/50mM
EDTA, washed with 70% ethanol and redissolved
in water. The mRNA products were capped with
the ScriptCap m7G capping system (Epicentre Biotech-
nologies) or the Vaccinia Capping System (New England
Biolabs), precipitated with an equal volume of 7.5 M LiCl/
50mM EDTA, washed with 70% ethanol and redissolved
in RBB [50 mM Tris–HCl, pH 8.0, 50mM KCl, 5mM
MgCl2, 5% (v/v) glycerol, 0.05% (v/v) Tween-20].
mRNA concentrations were determined by measuring
absorbance at 260 nm on a Nanodrop ND-1000 spectro-
photometer (ThermoFisher Scientific).

For cell-free translation with rabbit reticulocyte lysate
(RRL), the mRNA concentration was adjusted to 133 nM
in RBBD (RBB plus 1mM dithiothreitol and 10 mg/ml
bovine serum albumin, New England Biolabs) and
refolded by heating at 65�C for 2min and incubating at
room temperature for 10min. TetR(B) with N-terminal
T7 and C-terminal His6 tags, and revTetR-S2 with a
C-terminal His6 tag were purified from Escherichia coli as
previously described (17). TetR and revTetR-S2 dilutions
were prepared in RBBD with or without 22 mM doxycyc-
line (Dox). For each translation reaction, 1.5 ml mRNAwas
mixed with 2 ml TetR or revTetR-S2, allowed to equilibrate
for 30min at room temperature, and then mixed with 0.5 ml
of a complete amino acid solution (0.5mM each amino
acid, Promega) and 6 ml of nuclease-treated RRL
(Promega). The final reactions contained 20 nM mRNA,
0–300 nM repressor protein and 25 mM amino acids in
0.6�RRL. Reactions were incubated at 30�C for 20min.
For the screening experiment in Figure 2b, reactions were
stopped by adding 200 ml Stop Buffer [20 mM GlyGly-
NaOH, pH 7.8, 8mM magnesium acetate, 0.13mM
EDTA, 500mM cycloheximide]. FLuc activity was
determined by mixing 90 ml of the reaction mixture with
40 ml FLuc Assay Buffer [20 mM GlyGly–NaOH, pH
7.8, 90mM dithiothreitol (DTT), 8mM Mg(OAc)2,
0.13mM EDTA, 1.5mM ATP, 0.8mM coenzyme A,
1.4mM D-luciferin] in a 96-well microplate and measuring
luminescence with a Spectramax L plate reader (Molecular
Devices). Translation activity was calculated as the inten-
sity of FLuc signal. For the TetR and RevTetR(S2) titra-
tion experiments in Figures 2c and 5a, a Renilla luciferase

mRNA lacking an aptamer was included in each transla-
tion reaction as a reference. Reactions were performed as
described above, and stopped with the addition of 200 ml of
500 mMcycloheximide in water. Four microliters (4mL) of
the reaction mixture was mixed with 20 ml of passive lysis
buffer (Promega) and dual luciferase activity was measured
by the sequential addition of 100 ml DLB1 (75mM
HEPES-K, 20mM DTT, 4mM MgSO4, 0.1mM EDTA,
0.53mMATP, 0.27mMcoenzymeA, 0.47mMD-luciferin,
pH 8.0) and 100 ml DLB2 [15 mM Na4P2O7, 7.5mM
sodium acetate, 10mM EDTA, 400mM Na2SO4, 1%
(v/v) methanol, 10 mM 2-(40-(dimethylamino)phenyl)-
6-methyl-benzothiazole, 5mM KI, 12 mM benzyl coelente-
razine, pH 5.0]. Translation was calculated as the ratio of
FLuc (aptamer-regulated) to RLuc (aptamer-independent)
signal.

Yeast inducible expression assays

S. cerevisiae W303-1B cells harboring both a repressor
(YCpSUP-TetR or pSG116) and reporter plasmid were
grown to saturation at 30�C in Synthetic Defined Media
#1 (SD1) [6.7 g/l yeast nitrogen base without amino acids
(RPI), 20mg/l adenine, 30mg/l lysine, 100mg/l leucine,
20mg/l histidine]+20 g/l glucose. Cells were diluted 1:80
into SD1+20 g/l raffinose and grown for 4 h. Glucose
(to repress TetR or revTetR-S2 expression) or galactose
(to induce TetR or revTetR-S2 expression) was added to
20 g/l, and cells were grown 16 h at 30�C with shaking
before measurement. For FLuc activity measurements, lu-
minescence values were normalized to the OD600 of each
culture as determined using a Spectramax M2 plate reader
(Molecular Devices). Eighty microliters (80mL) of yeast
culture was added to 20 ml of 5�Passive Lysis Buffer
(Promega) and incubated for 10 s. Ten microliters
(10mL) of this suspension was added to 100 ml of FLuc
Assay Buffer in a 96-well microplate and measured as
described for cell-free translation experiments. For vYFP
measurement by flow cytometry, cells were grown as
above and analyzed on a C6 Flow Cytometer (Accuri).
For each sample, 5� 104 events were captured and
vYFP fluorescence was measured in the FL1 channel.

Plate-based yeast selection to identify functional aptamers

S. cerevisiae W303-1B cells harboring both pRS413-TetR
and a URA3 plasmid were grown to saturation at 30�C in
Synthetic Defined Media #2 (SD2) (6.7 g/l YNB, 20mg/
l adenine, 30mg/l leucine, 20mg/l lysine, 50mg/l ura-
cil)+20 g/l glucose. Cells were diluted 1:40 into
SD2+20 g/l raffinose and grown for 4 h. Galactose (to
induce TetR expression) was added to 20 g/l and cells
were grown for 4 h. The cultures were washed once in
SD2 without uracil and serially diluted 10-fold into SD2
without uracil. Cell dilutions were spotted onto agar plates
as indicated and grown for 3 days before visualization.
Uracil dropout plates for positive selection contained
SD2 without uracil, 20 g/l agar and 20 g/l galactose, with
or without 1 mM anhydrotetracycline (aTc). Negative se-
lection plates contained SD2, 20 g/l agar, 20 g/l galactose
and 0.25 g/l 5-fluoroorotic acid (RPI).
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cDNA preparation and quantitative PCR

Cells were grown to mid-exponential phase as described
above. Total RNA was extracted using an RNeasy Mini
Kit (Qiagen). Contaminating genomic and plasmid DNA
were removed by treating with 10U of TURBO DNase
(Ambion) for 2 h at 37�C, followed by phenol/chloroform
extraction and LiCl precipitation. In total, 2 mg of RNA
was reverse transcribed to cDNA using random hexamer
primers (Fermentas) and RevertAid M-MuLV reverse
transcriptase (Fermentas). The reaction mixture was
incubated at 25�C for 10min, 42�C for 60min, then 70�C
for 10min. The cDNA was diluted 1:100 in water to
produce a template solution. Thermocycling was
performed in a PTC-200 Peltier Thermal Cycler (MJ
Research) equipped with a Chromo4 Detector (Bio-Rad).
FLuc cDNA levels were quantitated and compared with
levels of the endogenousACT1 gene. The primer pairs used
for FLuc and ACT1 amplification were BJBOL233/234
and ACT1F/ACT1R, respectively (Supplementary Table
S2). The qPCR reactions were performed in 20 ml and

contained: 1�Standard Taq Buffer (New England
Biolabs), 2.5mM MgCl2, 200 mM each dNTP, 100 nM
each primer, 0.4� SYBR Green I (Invitrogen), 0.4U Taq
DNA polymerase (New England Biolabs) and 10 ml
template solution. Reactions were performed by
denaturing at 95�C for 2min, followed by 40 cycles of:
95�C for 30 s, 60�C for 30 s and 72�C for 30 s. SYBR
Green I fluorescence was measured at the end of each
cycle, and relative quantitation was performed as described
(22).

Preparation of polysome fractions

S. cerevisiae W303-1B cells harboring both a repressor
(YCpSUP-TetR) and an integrated 5–1.2-vYFP reporter
were grown to saturation at 30�C in SD1+20 g/l glucose.
Cells were diluted 1:300 into 250ml SD1+20 g/l galactose,
in the presence or absence of 22 mM Dox, and grown until
the cultures reached OD600=0.6. Prior to cell lysis, flow
cytometry analysis was performed to confirm that vYFP
expression under induced and uninduced conditions was

Aptamer Kd ± S.D. (nM)

5-1.13 0.37 ± 0.04

5-11.13 1.5 ± 0.51

5-14.13 1.4 ± 0.52

5-18.13 0.35 ± 0.28

5-29.13 2.9 ± 1.5

5-1.2 1.5 ± 0.85

5-1.2m2 No binding detected
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Figure 2. Genetically encoded TetR aptamers enable translational regulation in RRL and in yeast. (a) Aptamers bind TetR with high affinity. The
aptamer 5–1.2m2 contains two point mutations that eliminate specific binding to TetR. (b) Only aptamers 5–1.13 and 5–11.13 function to repress
translation in RRL in vitro and in yeast in vivo. Relative translation was calculated by dividing FLuc signal in the absence of aTc by FLuc signal in
the presence of aTc. (c) TetR dose-dependently represses RRL translation of synthetic FLuc mRNA containing the minimized aptamer 5–1.2, but
not the mutant 5–1.2m2. Addition of 1mM Dox completely relieves repression. (d) Inducible expression in yeast requires a functional TetR-binding
aptamer and TetR expression. In all figures, data represent the mean±s.d. of at least four experiments. A two-tailed, unpaired t-test was used
to calculate the significance (a=0.005) of the difference between induced and uninduced conditions. *P=5.1� 10�7; $P=2.0� 10�7;
#P=4.9� 10�12 yP=2.2� 10�11.
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identical to previous experiments. Once the proper cell
density was reached, cycloheximide was added to 0.1mg/
ml and incubated at 30�C with shaking for 2min. Cells
were pelleted by centrifugation (12 000g, 4�C, 5min) and
resuspended in 40ml of cold Polysome Lysis Buffer (PLB,
20mM HEPES-K, pH 7.4, 2mM magnesium acetate,
100mM potassium acetate, 0.1mg/ml cycloheximide,
3mM DTT, 10ml/l Triton X-100). Cells were pelleted
again (2200g, 4�C, 5min), resuspended in 30ml PLB and
pelleted again. The supernatant was removed and cells
were weighed. For each gram of cell mass, 1.5ml of
PLB and 5 g of 0.5-mm glass beads were added. The
cells were lysed by vortexing for 2min. The crude lysate
was centrifuged (2200g, 4�C, 5min) and the supernatant
subsequently centrifuged again (15 800g, 4�C, 20min). The
final supernatant was frozen in liquid nitrogen, and stored
at �80�C until fractionation.

For polysome fractionation, 15 A260 units of yeast
lysate were loaded onto a 10–50% sucrose gradient in
Polysome Gradient Buffer (20mM HEPES-K, pH 7.4,
2mM magnesium acetate, 100mM potassium acetate,
0.1mg/ml cycloheximide, 3mM DTT). The samples were
centrifuged in a Beckman SW-41 rotor for 3 h at
35 000 rpm at 4�C. Individual fractions were collected on
a Gradient Station (BioComp Instruments) and frozen at
�20�C until further analysis.

cDNA preparation and qPCR analysis of
polysome fractions

RNA from each polysome fraction was isolated with an
RNeasy kit (Qiagen) according to the manufacturer’s
protocol. Prior to RNeasy purification, 1 fmol of in vitro
transcribed FLuc RNA was added to each sample as an
internal control. RNA was DNase-treated (TURBO
DNA-free kit, Ambion) and reverse transcribed as
described above for other qPCR experiments. The qPCR
measurements were performed with the PrimeTime primer
and 50 hydrolysis probe sets listed in Supplementary Table
S6 (Integrated DNA Technologies). qPCR measurement
of FLuc was duplexed with measurement of either vYFP
or ACT1. Each reaction included 1�Thermopol Buffer
(New England Biolabs), 0.2mM dNTPs, 500 nM each pri-
mer, 250 nM each probe, 1 ml cDNA, and 0.1 ml Taq DNA
polymerase (New England Biolabs). Thermocycling was
performed on a Roche LightCycler 480 II for 40 cycles
according to the following protocol: initial denaturation:
95�C for 20 s; denature: 95�C for 3 s; anneal/extend: 60�C
for 30 s; fluorescence measurement. Raw data were color
compensated and threshold cycle values were determined.
Standard curves were generated from purified vYFP,
ACT1 or FLuc DNA to calculate amplification efficiencies
and to ensure that FLuc internal standard and cDNA
template concentrations were within the linear detection
range. The vYFP or ACT1 qPCR measurement from each
sample was then normalized to the duplexed FLuc qPCR
measurement from the same sample.

Western blot analysis

Yeast lysates were prepared by heating cell pellets in 2�
Laemmli sample buffer for 10min at 95�C. Proteins were

then separated by 12% SDS–PAGE and transferred to a
PVDF membrane. TetR was detected using an anti-His6
tag antibody (Abcam #ab18184). An anti-GAPDH
antibody (Genscript #A00191) was used to quantify
glyceraldehyde 3-phosphate dehydrogenase levels as a
loading control.

RESULTS AND DISCUSSION

Introduction of TetR aptamers into a eukaryotic
50-UTR context

Previously, we described a series of RNA aptamers that
bind TetR tightly, but only in the absence of tetracycline
(17). Here, we report using TetR aptamers to regulate
eukaryotic translation in a mammalian cell-free extract
[Rabbit reticulocyte lysate, (RRL)] and S. cerevisiae
(yeast). Translation repression based on the TetR–
aptamer system is directly relieved by aTc or Dox,
which disrupts the TetR–aptamer interaction (Figure
1a), and no manipulation at the transcriptional level is
required. To determine the regulatory effect of TetR–
aptamer interaction in the 50-UTR, we chose five RNA
aptamers derived from a library selected for tight,
Tc-regulated TetR binding (17). We eliminated an AUG
codon present in a dispensable region of these aptamers to
obtain 5–1.13, 5–11.13, 5–14.13, 5–18.13 and 5–29.13
(Supplementary Table S1). We were unable to modify
the AUG located within the conserved Motif 1, known
to be crucial for TetR binding (17), without sacrificing
high binding affinity (Figure 1b). The modified aptamers
bound TetR with low nanomolar affinity, similarly to their
parents (Figure 2a).
In order to test translation repression with the system,

we inserted TetR aptamers into a short 50-UTR upstream
of the firefly luciferase gene (FLuc), a context used previ-
ously to study protein–UTR interactions (23). We
co-transformed yeast with a plasmid encoding TetR
under the control of a galactose-inducible promoter, and
a plasmid containing FLuc regulated by either a
TetR aptamer or the iron-responsive element (IRE) as a
structured, non-TetR-binding control. We then measured
FLuc activity after growth in the presence or absence of
aTc. We also prepared each mRNA construct by in vitro
transcription and tested for translational regulation in
RRL supplemented with recombinant TetR in the
presence and absence of aTc (Figure 2b). Although all
five aptamers bound TetR with similarly high affinity
(Figure 2a), they did not similarly regulate translation.
In the presence of TetR, only 5–1.13 inhibited FLuc syn-
thesis in both RRL (�50% repression) and yeast (�80%),
while 5–11.13 inhibited FLuc synthesis only in yeast
(�67%). Regulation, when observed, was always fully
aTc-modulated as expected based on Figure 1a.

Aptamer minimization and functional validation

Since 5–1.13 regulated translation most effectively in both
test systems, we selected it for further optimization. We
constructed the more minimal aptamer 5–1.2 by retaining
the conserved loop region and flanking it with a predicted
RNA stem that lowered the folding stability relative to the
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starting aptamer (�Gfold=�22.6 versus �25.2 kcal/mol).
This potentially reduces the negative impact that
structured RNA within the 50-UTR can have on transla-
tional efficiency(24). We also introduced two point muta-
tions in the conserved Motif 2 to produce 5–1.2m2, which
has an identical predicted secondary structure, but no
longer binds TetR.
We performed RRL translation regulation experiments

using fixed mRNA and titrated TetR concentrations.
Translation of mRNA containing aptamer 5–1.2, but
not 5–1.2m2, was dose-dependently repressed by TetR,
reaching �70% repression at a 5:1 TetR:mRNA ratio
(Figure 2c). This indicates that TetR-dependent transla-
tional repression is specific to mRNA containing an
aptamer competent for binding TetR and definitively
occurs post-transcriptionally. Repression was fully
relieved by Dox (22 mM), consistent with inducibility of
the TetR–aptamer interaction. Next, we tested the speci-
ficity of inducible translation in yeast using the experimen-
tal design described above, but including either a
non-functional RNA (5–1.2m2) or an unrelated protein
(the iron-responsive element binding protein, IRP) as sub-
stitutes for 5–1.2 and TetR, respectively (Figure 2d). We
observed aTc-inducible regulation of FLuc synthesis
(�80%) only in strains simultaneously carrying 5–1.2
and expressing TetR. Importantly, TetR was only ex-
pressed in galactose-containing media and its abundance
was not decreased by aTc, as confirmed by western blot
(Supplementary Figure S1). For the above experiments,
we used galactose-inducible transcription to control
TetR expression, allowing us to test isogenic strains.
However, even when TetR was expressed constitutively
from the TDH3 promoter, we found identical
Tc-dependent translational regulation (Supplementary
Figure S2). These data underscore the potential for
using this system in biological contexts where transcrip-
tional control is not accessible. qPCR analysis showed
that increased FLuc reporter expression in the presence
of aTc was not accompanied by an increase in FLuc
mRNA, as would be expected if a transcriptional
response or a significant change in mRNA stability were
responsible for inducible expression (Supplementary
Figure S3). Altogether, these data demonstrate that the
observed in vivo regulation occurs at the translational
level and is due to a specific interaction between TetR
and an RNA aptamer competent for binding TetR.
Lastly, we replaced FLuc with Venus yellow fluorescent
protein (vYFP), and this reporter was either expressed
episomally or integrated at the TRP1 locus. Flow
cytometry showed quantitatively that inducible expression
is homogeneous across a yeast cell population, and similar
in dynamic range irrespective of the gene being regulated
(Figure 3).

In vivo selection of functional aptamer–protein
interactions

Different implementations of the translation regulatory
system may necessitate discovering TetR aptamers
with unique binding characteristics. Therefore, it is
important to define a strategy for rapidly identifying

new functional aptamer variants. To support this effort,
we devised a positive/negative selection scheme capable of
distinguishing between TetR-binding and non-binding
RNA sequences (Figure 4a). To establish proof-
of-concept, we constructed plasmids containing the yeast
URA3 gene (encoding orotidine-50-phosphate decarboxyl-
ase, Ura3p) with either 5–1.2 or 5–1.2m2 within the
50-UTR context used earlier. We co-transformed each sep-
arately with a TetR-encoding plasmid into a yeast ura3
mutant auxotrophic for uracil. These strains exhibited
similar growth on nutrient-rich YPD media (Figure 4b).
For the negative selection, we plated cells on media con-
taining 5-fluoroorotic acid (5-FOA), which is converted to
the cytotoxic 5-fluorouracil by Ura3p. These conditions
only permit growth of cells containing a functional
TetR/5–1.2 interaction that can repress Ura3p synthesis
(Figure 4c). For the positive selection, we plated cells in
the presence of aTc on uracil-deficient media. Cells
surviving this selection step have been induced to synthe-
size Ura3p to complement the uracil auxotrophy. This
ensures that interactions identified by negative selection
are aTc inducible (Figure 4d). As expected, the cells con-
taining a functional TetR–aptamer system exhibit a signifi-
cant growth defect when plated in the absence of aTc on
uracil-deficient media (Figure 4e). To further establish the
utility of this selection scheme, we mixed TetR-expressing
cells containing URA3 controlled by either 5–1.2 or 5–
1.2m2 in a ratio of 1:104, respectively. From this
mixture, we plated �1.5� 105 cells on media containing
5-FOA, and 17 large colonies were grown. Sequencing
the 50-UTR of plasmid DNA isolated from 10 of these
colonies revealed that all carried the 5–1.2 sequence.
These data demonstrate that this selection strategy can
specifically recover functional TetR aptamers from a
large non-functional background, which should prove
useful for identifying aptamer or TetR variants with
novel regulatory characteristics.

Inversion of Tc dependence with a TetR variant

Several engineered RNA regulatory schemes are based on
direct interactions between small molecule ligands and
RNA(25–27). However, a unique and compelling basis
for using protein–RNA interactions is the potential to
take advantage of protein engineering strategies to
expand the scope of regulatory behavior achievable
while maintaining the aptamer as a validated and
defined component. To illustrate this principle, we chose
revTetR-S2, a TetR variant previously derived through
protein mutagenesis (20) that binds the cognate tetO
DNA operator, but only in the presence of Dox. Our
earlier work established that TetR aptamers compete
with tetO for binding to TetR, indicating that both
likely interact with the TetR nucleic acid binding
domain (17). Therefore, provided that the amino acid
residues involved in the interaction between TetR and its
aptamers are retained in revTetR-S2, the latter is reason-
ably expected to bind these aptamers, but with an
inverse dependence on Dox. We first determined that
purified revTetR-S2 bound 5–1.2 tightly in vitro
(Kd=3.1±1.0 nM). Similarly to TetR, revTetR-S2
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repressed translation of aptamer-containing mRNA in
RRL, but as expected, only in the presence of
Dox (Figure 5a). Upon expressing revTetR-S2 in yeast
with 5–1.2-regulated vYFP, Dox enabled 50% repression
of vYFP (Figure 5b). Expectedly, 5–1.2m2 did not
regulate vYFP expression, emphasizing the retained
requirement for a specific revTetR-S2–aptamer inter-
action. Interestingly, another previously reported
revTetR based on the TetR(BD) hybrid repressor,
revTetR r1.7 (28), did not demonstrate aptamer- and
aTc- dependent translation repression activity (data not
shown). The mutations present in the nucleic acid
binding domains of revTetR-S2 and revTetR r1.7 are
distinct. Whereas both proteins support tetO binding,

our data suggest that the aptamer 5–1.2 discriminates
between these two TetR variants. Thus, in cases where
modifying TetR can potentially disrupt the binding inter-
face with the aptamer, it is important to confirm that the
protein–aptamer interaction is preserved.

Aptamer engineering to reduce inhibition of translation
in the induced state

A noteworthy challenge associated with placing an
aptamer in the 50-UTR is that this may decrease the
maximal protein expression levels of the regulated ORF.
Indeed, we observe that aptamer 5–1.2 causes a significant
decrease in maximal reporter gene expression levels
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Figure 3. Population measurements of yeast gene expression regulated by TetR aptamers.Flow cytometry histograms show population-wide expres-
sion levels of aptamer-regulated vYFP. The aptamer located within the 50-UTR of vYFP and the expression status of TetR are indicated. In (a), the
vYFP reporter is episomal, and in (b) integrated at the TRP1 locus. Shaded gray histograms represent the auto-fluorescence of the background yeast
strain. Measurements for yeast grown in the absence (red) and presence (blue) of Dox are indicated. Data for each histogram are representative of
four independent experiments.
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compared with when no aptamer is present. Therefore, in
optimizing our system to ensure its broadest utility, it is
desirable to define functional aptamer elements that min-
imally impact the maximum protein output attainable for
any given 50-UTR while preserving regulatory dynamic
range. In addressing this need, we surmised that the
observed translation inhibition caused by aptamer 5–1.2
could be due to: (i) the stability of its stem structure and/
or (ii) the putative start codon and its sequence context
within the aptamer (29). To test the effect of secondary
structure stability on translation levels, we scrambled the
first 25 bases of 5–1.2 to obtain 5–1.2half (Supplementary
Table S4). This removed substantial predicted secondary
structure within the 50-UTR, but left the start codon
sequence context intact. Placing 5–1.2half upstream of
vYFP minimally increased basal vYFP expression
compared with 5–1.2, suggesting that the stability of the
aptamer stem was not the major determinant of reduced
expression of the downstream reporter (Supplementary
Figure S4).
The 5–1.2 aptamer contains an AUG start codon

followed immediately by a stop codon and a second
start codon that is out of frame with the first, but in

frame with the downstream reporter gene. Because
previous studies have demonstrated that short upstream
ORFs can inhibit translation of a downstream ORF (29),
we investigated whether the sequence 43AUGUGAUG50

within a predicted loop region of 5–1.2 (Figure 1a) could
be primarily responsible for the translation efficiency of a
downstream ORF. While keeping The rest of 5–1.2
constant, we introduced an A!G mutation at position
48 in the loop region above to generate 5–1.4d containing
the sequence 43AUGUGGUG50. This change simultaneously
eliminated the stop codon and the second start codon
within the aptamer loop. Replacing 5–1.2 with 5–1.4d
(and placing the regulated ORF in frame with the single
start codon in 5–1.4d) resulted in modestly higher expres-
sion levels, but maintained TetR-dependent regulation
(Figure 6a). To further increase expression of the
aptamer-regulated ORF, we systematically reduced
aptamer stem strength by successively eliminating base–
pair interactions at the stem base while retaining
sequence downstream of the initiator AUG within the
aptamer (Supplementary Table S4). When we used these
aptamers (5–1.30, 5–1.31, 5–1.32, 5–1.33) to control trans-
lation as described previously, we measured a large
increase in maximal expression level. Furthermore,
TetR-dependent regulation was preserved at the �80%
repression level previously observed (Figure 6a). To deter-
mine the expected upper limit of expression when using 5–
1.4d, we scrambled the first 25 bases of the aptamer to
remove substantial predicted secondary structure (5–
1.4dhalf). When used to control gene expression, this
modification produced a maximal expression level com-
parable with that of 5–1.31, but with no TetR-dependent
regulation (Figure 6a), indicating that further destabiliza-
tion of the aptamer was unlikely to yield further increases
in maximal expression levels. Overall, replacing 5–1.2 with
5–1.31 increases maximal expression by �25-fold, and
with no adverse impact on the magnitude of Dox indu-
cible, TetR-dependent regulation.

Assessing the modularity of the system

Lastly, to validate the utility of the TetR-aptamer system
in different native 50-UTR contexts, we transcriptionally
fused 5–1.31 with several yeast promoters of varied
strength. We retained the sequence downstream of the
aptamer used in previous experiments. Despite the
expected variation in the maximal expression levels due
to differences in promoter strength, FLuc expression was
regulated with over 85% repression in all contexts (Figure
6b and Supplementary Table S5). We found similar, albeit
slightly reduced, regulation when using vYFP as the
reporter. Similarly, 5–1.2 in the same 50-UTR contexts
yielded strong, inducible repression. In these experiments,
the TDH3 50-UTR context produced 97% repression
when paired with the 5–1.2 aptamer. This led us to hy-
pothesize that the TDH3 50-UTR/5–1.2 combination
might be a superior sequence context module that in-
creases the regulatory efficiency of our TetR-aptamer
system. To test this, we fused the combined TDH3
50-UTR–5–1.2 sequence downstream of the other
50-UTR contexts tested above. Although we did not
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Figure 4. Positive/negative selection of yeast mediated by TetR
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scheme showing the predicted growth phenotypes of the strains under
indicated conditions. (b) TetR-expressing strains in which Ura3p syn-
thesis is controlled by either 5–1.2 or 5–1.2m2 grow similarly on YPD.
(c) Negative selection on 5-FOA only permits growth of strains capable
of repressing Ura3p translation. (d, e) When 5–1.2 controls Ura3p
translation, aTc is required for growth in the absence of uracil. In
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were imaged after growth at 30�C for 2 days (YPD) or 3 days
(synthetic defined media).
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achieve equally high repression levels as in the
original TDH3 50-UTR context, robust regulation
was nonetheless seen in every case (Supplementary Table
S5). Altogether, these data strongly support the feasibility
of using our optimized TetR–aptamer regulatory
system in endogenous 50-UTR contexts of diverse RNA
sequence, even when little information about the targeted
50-UTR’s size, sequence and structural characteristics is
available.

Polysome analysis

Our data from cell-free translation and qPCR experiments
firmly support a post-transcriptional regulatory mechan-
ism that does not act via a decrease in mRNA levels.
Therefore, using polysome analysis, we sought to define
whether the aptamer–TetR interaction modulates initi-
ation or some downstream step in the translation
process. For these experiments, vYFP regulated by 5–1.2

was used as a representative target transcript. If TetR
interaction with 5–1.2-vYFP mRNA predominantly
inhibits translation initiation, in the absence of Dox,
this should reduce 5–1.2-vYFP mRNA ribosome occu-
pancy and lead to the transcript’s accumulation in non-
polysomal fractions. Conversely, disrupting the
TetR–5–1.2 interaction by adding Dox would result in
more efficient translation initiation and increased accumu-
lation of 5–1.2-vYFP mRNA in polysomal fractions.
However, we consistently found no significant difference
in 5–1.2-vYFP mRNA ribosome occupancy between
the condition where the TetR–5–1.2 interaction is intact
(� Dox) or disrupted (+ Dox) (Figure 7 and
Supplementary Figure S5). This suggests that either: (i)
standard polysome profiling is insufficiently sensitive to
detect a small but functionally important shift in
ribosome occupancy that may be occurring and/or (ii)
the aptamer–TetR interaction inhibits translation mainly
downstream of initiation. Our polysome profiling results
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indicate that both the translationally repressed and actively
translated 5–1.2-vYFP mRNA are similarly associated
with the polysomal fractions. While polysome-associated
mRNAs are generally considered to be actively translated,
some of these mRNAs are known to be translationally re-
pressed (30–34). The specific molecular details underlying
repression of polysome-associated mRNA are still gener-
ally unclear, but they could involve mRNA decapping,
mRNA deadenylation, altered elongation kinetics,
nascent polypeptide degradation and impaired ribosome
release (35). Understanding exactly how the aptamer–
TetR interaction and its disruption by Dox facilitate differ-
ential partitioning of aptamer-containing target transcripts
between translationally repressed and actively translated
pools is an intriguing problem that will require more
detailed study beyond the scope of the present work.
However, such efforts could provide additional insight
into regulation mechanisms downstream of translation ini-
tiation, which are increasingly being recognized to be of
broad biological importance (33,35–38). Furthermore,
this knowledge can further enable engineering improved
versions of our presently described system for inducibly
regulating protein expression.

SUMMARY

We have developed a new system for directly and
transcript-specifically controlling protein expression that
requires a small number of defined, genetically-encoded
components and no knowledge of transcriptional regu-
lation. Induction is achieved using inexpensive, cell per-
meable and well-tolerated tetracycline analogs. Both the

magnitude and stringency of the regulation attainable
permit modulation of a survival phenotype in yeast
under highly selective growth conditions, indicating
that this approach is sufficiently robust so as to be
biologically useful. Furthermore, this system functions
equally well within the context of several natural
50-UTRs, and we have optimized it such that transla-
tional repression due to the presence of structured RNA
within the 50-UTR is minimal. Because key aspects of
translation are well conserved among eukaryotes, and as
we have demonstrated translation control in both yeast
and mammalian contexts, this system may be broadly ap-
plicable in controlling gene expression. We anticipate this
system could be specifically useful in organisms with
poorly understood transcriptional regulatory mechanisms
and few inducible gene expression options. Overall, we
have described a modular, inducible framework for bio-
logical control that provides a direct interface with
protein synthesis. We foresee that the minimal nature of
this system will enable investigation of previously intract-
able problems in cell biology, such as the role of
gene-specific translational regulation in early development
and neurobiology. Additionally, the modularity and host
cell independence of the system make it particularly suited
for use in the construction of synthetic biological circuits
that operate independently of transcription.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–6 and Supplementary Figures
1–5.

(a)

(b) (c)

Figure 7. Polysome profiles of aptamer-containing mRNA indicate regulation is independent of translation initiation. (a) Polysomes were
fractionated from yeast expressing both TetR and a 5-1.2-containing vYFP reporter mRNA, which were grown in the absence or presence of
Dox. Polysome profiles for both the�Dox and+Dox growth conditions are shown. (b) qPCR measurements of the relative amounts of reporter
mRNA within each polysome fraction, both for the�Dox and+Dox conditions. (c) qPCR measurements of relative amount of ACT1 mRNA in
each polysome fraction, under�Dox and+Dox conditions. For both (b) and (c) error bars indicate the range of values for technical replicates. The
data are representative of two independent, biological replicates.
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