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ABSTRACT

The —1 programmed ribosomal frameshifting (—1
PRF) has been explored as a gene regulatory cir-
cuit for synthetic biology applications. The -1
PRF usually uses an RNA pseudoknot structure
as the frameshifting stimulator. Finding a ligand-
responsive pseudoknot with efficient —1 PRF ac-
tivity is time consuming and is becoming a bot-
tleneck for its development. Inserting a guanine to
guanine (GG)-mismatch pair in the 5-stem of a
small frameshifting pseudoknot could attenuate —1
PRF activity by reducing stem stability. Thus, a
ligand-responsive frameshifting pseudoknot can be
built using GG-mismatch—targeting small molecules
to restore stem stability. Here, a pseudoknot re-
quiring stem-loop tertiary interactions for potent
frameshifting activity was used as the engineering
template. This considerably amplified the effect of
mismatch destabilization, and led to creation of a
mammalian —1 PRF riboswitch module capable of
mediating premature translation termination as a
synthetic regulatory mode. Application of the syn-
thetic circuit allowed ligand-dependent ATF6N mimic
formation for the activation of protein folding-related
genes involved in the unfolded protein response
without an ER-stress inducing agent. With the avail-
ability of mismatch-targeting molecules, the tailored
module thus paves the way for various mismatch
plug-ins to streamline highly efficient orthogonal
ligand-dependent —1 PRF stimulator development in
the synthetic biology toolbox.

INTRODUCTION

Synthetic biology has been used to solve complicated prob-
lems, such as those related to biofuel production and

food shortage, and treat complex diseases including im-
munotherapeutic applications for cancer (1-3). A main
theme in synthetic biology is the development of regula-
tory gene expression circuits that perform specific functions
in a timely manner. Because the advantage of an approach
can be specific to a particular problem, diversifying avail-
able regulatory modes with as many circuits as possible in
the toolbox is crucial. In addition to transcriptional con-
trol, posttranscriptional regulation involving RNAs has at-
tracted considerable interest because of its rapid response in
protein synthesis regulation (4). RNA circuits capable of di-
rectly regulating translation can respond to stimuli without
delay for transcription and mRNA export stages in mam-
malian systems. Because the regulation of translation initi-
ation is frequently observed in nature, it has been the most
widely adopted for synthetic purposes (5-7). By contrast,
the regulation of translation elongation is less addressed
and used.

Programmed —1 ribosomal frameshifting (—1 PRF) oc-
curs during translational elongation and is used by vari-
ous viruses and bacteria to synthesize two or more pro-
teins at a fixed ratio starting at a single translation initia-
tion site (8,9). Efficient eukaryotic —1 PRF requires two in
cis RNA elements: a hepta nucleotide slippery sequence of
X XXY YYZ, where the frameshifting occurs, and a down-
stream stimulator RNA structure located 5-7 nucleotides
(a spacer) away from the slippery sequence. In the slippery
sequence, X can be any of the three identical nucleotides,
whereas Y represents A or U, and Z represents A, U or
C (10). The most commonly observed downstream RNA
stimulator is an H-type RNA pseudoknot in which nu-
cleotides from the loop of a stem—loop hairpin form contin-
uing base pairs with a single-stranded region downstream
of the hairpin (11). However, not all RNA pseudoknots can
stimulate —1 PRF. It has been suggested that a —1 PRF
stimulating pseudoknot might act as a roadblock to resist
duplex-unwinding activity of an elongating ribosome and
thus perturb its reading frame maintenance to facilitate —1
frameshifting at the slippery sequence (from XXY YYZ to
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XXX YYY) (12,13). In response to the —1 PRF signal in
the mRNA template, some ribosomes are induced to slide
one nucleotide backward and then continue translation in
the —1 reading frame until reaching a stop codon in the new
reading frame. Thus, —1 PRF can either lead to the forma-
tion of an extended C-terminal domain or the premature
termination of translation depending on the relative posi-
tions of the —1-frame and O-frame stop codons. In either
case, the shifted and non-shifted translation products share
the same amino acid sequences in their N-terminal polypep-
tides coded by the 0 frame. By contrast, amino acid compo-
sitions coded by sequences downstream of the slippery site
differ between the shifted and non-shifted products. There-
fore, the effect of a new function gained from —1 PRF is
determined by the frameshifting efficiency. Although the
frameshifting efficiency is largely dependent on the potency
of a stimulator, it is also affected by other parameters such
as the spacer length and proximal sequence identity up-
stream of a slippery sequence (14,15). A viral protein ca-
pable of binding with signals downstream of a slippery se-
quence has been reported to stimulate —1 PRF (16,17), sug-
gesting that trans-acting factors can be used to regulate
the —1 PRF efficiency.

Studies attempting to exploit —1 PRF as a regula-
tory posttranscriptional gene expression circuit have re-
ported that several RNA pseudoknots found in bacte-
rial riboswitches can act as a ligand-dependent —1 PRF
stimulator upon binding with their native ligands (18,19).
However, because these pseudoknot-responsive ligands are
cell metabolites, their applicability is limited. Alterna-
tively, RNA pseudoknots capable of responding to non-
metabolite small molecules for —1 PRF stimulation in trans
have been generated through rational design or an in vitro
selection process with limited success (20-22). However,
both approaches can be time consuming. A simple and
straightforward approach that uses ligands targeting the
guanine to guanine (GG) mismatch within a duplex to
stimulate —1 PRF was reported (23). This approach was
based on the sensitivity of —1 PRF activity to the sta-
bility of the ribosome unwinding-resistant stem of a —1
PRF stimulator (24). Rationally designed and synthesized
naphthyridine carbamate dimer (NCD) derivatives can act
as a guanine-targeting ligand because they possess hydro-
gen bond—forming functional groups mimicking those ob-
served in the Watson—Crick face of a cytidine base (25). The
tetramer generated using two linked NCDs (NCTn, ‘n’ rep-
resents the number of methylene units in the spacer) can tar-
get a GG mismatch within a 5'-CGG-3'/3'-GGC-5" motif.
The binding mode of NCTn with the motif-inserted duplex
might result from the formation of four GC pairing mim-
ics between NCTn and the four guanines in the motif while
repelling the two cytidine bases into solution. This mode is
similar to that of naphthyridine—azaquinolone (NA) bind-
ing to the AA mismatch within a DNA duplex (26,27).
Nuclear magnetic resonance (NMR) analysis of an NCD-
bound 5-GGA-3'/3'-AGG-5 GG-mismatch RNA motif
consistently indicated the formation of two bulged adenines
upon the formation of four GC pair mimics between two
NCDs and this motif (28). Thus, the replacement of base
pairs in the first stem (steml) of a —1 PRF pseudoknot

with a 5'-CGG-3'/3'-GGC-5 motif can reduce —1 PRF ac-
tivity because of the destabilization of stem1. However, —1
PRF stimulation can be restored upon the addition of the
GG mismatch—targeting ligands because of the compensa-
tion for stability by the four GC base-pair mimics formed
within the ligand—-RNA complex. However, the GG mis-
match motif-mediated stem destabilization still led to sub-
stantial residual —1 PRF activity that impaired the dynamic
range of ligand-dependent —1 PRF stimulation. All of these
approaches lacked the required efficient —1 PRF activity
for practical application in regulating the cellular factors of
mammalian cells that are tightly controlled in physiologi-
cal conditions such as those in unfolded protein response
(UPR).

A UPR is triggered by proteostasis imbalance in the en-
doplasmic reticulum (ER) when unfolded protein accumu-
lation occurs in the ER (ER stress). The pathway is me-
diated by three ER-resident sensor proteins, PERK, IRE1
and ATF6 responsible for the activation of three down-
stream signaling cascades (29). Both PERK and IREI arms
reduce the protein production load, with PERK acting
as an attenuator of translation initiation and IRE1 con-
trolling the decay of mRNA as well as the cytoplasmic
splicing of the XBP-1 transcription activator mRNA. By
contrast, the ER membrane-anchored ATF6 increases the
protein-folding capacity through the ER stress—activated
Golgi translocation of ATF6. The subsequent posttrans-
lational cleavage releases a part of itself (ATF6N) to en-
ter the cellular nucleus for the transcriptional activation of
folding-related genes (30). Selective activation of the ATF6
axis without ER stress can be beneficial for the tailored pro-
duction of specific secretory proteins because prolonged ER
stress can harm cells, whereas the activation of the other
two ER-stress branches tends to reduce the protein load.
However, the specific transcriptional activation of isolated
ATFO6N to a physiologically relevant level has been difficult
(31).

To overcome the bottleneck of ligand-dependent —1 PRF
stimulator development, a straightforward approach with-
out state-of-art selection or rational design for a specific
ligand-stimulator pair is crucial. In this regard, the mis-
match insertion approach might enable the creation of or-
thogonal —1 PRF stimulators responsive to distinct lig-
ands by the swapping of different mismatch motifs. Such a
plug-in strategy will benefit from a common stimulator scaf-
fold possessing both a high frameshifting efficiency and rea-
sonable dynamic range. A proof-of-principle study demon-
strated that engineered mouse mammary tumor virus —1
PRF pseudoknot (MMTV-PK) mutants harboring a 5'-
CGG-3/3'-GGC-5 motif at steml responded to NCTn
with frameshifting efficiencies of 1.5%-3% and a narrow
dynamic range (23). We used a —1 PRF stimulator requir-
ing stem-to-loop tertiary interactions for potent frameshift-
ing activity as an engineering template to create an effi-
cient and dynamic NCTn-dependent —1 PRF riboswitch.
Subsequently, we used the optimized —1 PRF module to
construct an RNA circuit to generate the ATF6N mimic
through —1 PRF-mediated premature translation termina-
tion activated by GG mismatch—targeting ligands in the ab-
sence of an ER stress—inducing agent. The robust scaffold



established in this study can facilitate the creation of effi-
cient orthogonal —1 PRF stimulators consisting of various
mismatches that can be regulated by their targeting ligands
for numerous applications in synthetic biology.

MATERIALS AND METHODS
Plasmid construction and mutagenesis

Standard cloning procedures were used to construct re-
porters, and the resultant recombinant vectors were trans-
formed into the DHSa strain of Escherichia coli cells for
maintenance and selection by antibiotics. Mutagenesis was
performed using the quick-change mutagenesis kit from
Stratagene according to the manufacturer’s instructions.
Four sets of vectors were used in this study, and their con-
structions are described briefly below. The —1 PRF re-
porter plasmids were prepared through the following steps:
amplified DNA fragments encoding mCherry were cloned
into the EcoRI and Sall sites of super-fold GFP (sfGFP)-
N1 (Addgene #54737) (32) to generate a dual-fluorescent
reporter; nucleotide fragments containing the slippery se-
quence, spacer, and designed NCT7-responsive elements
were generated through overlap extension polymerase chain
reaction (PCR) as described previously (33); and purified
blunt-ended fragments were digested using Sall and BamHI
and then inserted between the Sall and BamHI sites of the
dual-fluorescent reporter or p2luc vector (34). The M1 con-
struct was generated by cloning the M1-VPK containing —1
PRF signal (23) into p2Luc. The in-line probing assay con-
structs were developed through the following steps: DNA
fragments containing the T7 RNA polymerase promoter,
sequences of the pseudoknot derivatives of interest, and
the sequences of Bbsl sites were generated using appropri-
ate forward and reverse primers (Supplementary Table 1)
through overlap extension PCR.

The DNA fragments obtained from overlap extension
PCR were digested using HindIII and EcoRI restriction
enzymes, and were cloned into PUCI8 vectors to create
pUCI18-D1, pUCI18-D4, pUC18-D5 and pUCI8-DU177
as the templates for in vitro transcription. ATF6 related
expression vectors were developed through the following
steps: The pEGFP-ATF6-S1P was obtained by site-directed
mutagenesis (R415A/R416A) using pEGFP-ATF6 (Ad-
dgene #32955) as the template (30). By contrast, DNA se-
quence of full-length ATF6 (amino acids 1-670) was ampli-
fied from pEGFP-ATF6 and cloned into the mammalian
expression vector pFLAG-CMV2 to generate pFLAG-
ATF6. The pFLAG-ATF6(2A) (F62A/L64A), pFLAG-
ATF6-S1P (R415A/R416A) and pFLAG-ATF6(2A)-S1P
were generated by PCR based site-directed mutagenesis
using pFLAG-ATF6 as the template. The restriction se-
quences of Sall and Pstl sites were then inserted between
the coding sequences of amino acids 373 and 374 of ATF6
in pEGFP-ATF6-S1P, pFLAG-ATF6-S1P and pFLAG-
ATF6(2A)-S1P by site-directed mutagenesis. Finally, the
nucleotide fragments of D58 -1 PRF module were cloned
between Sall and Pstl sites of these three plasmids to
form pEGFP-ATF6-S1P-FS, pFLAG-ATF6-S1P-FS and
pFLAG-ATF6(2A)-S1P-FS, respectively. Plasmids for es-
tablishment of stable cell lines were generated through the
following steps: The PB-T-PAF, PB-RN and the helper
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plasmid PBCy43 that expresses PB transposase were gifts
from Prof. JM. Rini at the University of Toronto, Canada
(35). The plasmid PB-T- Flag-ATF6-S1P-FS used for sta-
ble cell-line construction was generated by inserting the
Flag-ATF6-S1P-FS fragment into the Nhel and Notl sites
downstream of the tetracycline responsive element (TRE)
promoter of transposon-based PB-T-PAF vector. The lu-
ciferase gene of pSXATF6GL3 (Addgene #11976) (36) con-
taining five repeats of ATF6 consensus DNA binding sites
was replaced by mCherry ORF to generate the pSxATF6-
mcherry reporter construct. The five ATF6 binding sites
fused mCherry fragment of pSxATF6-mcherry was then
cloned between BamHI and Notl sites of PB-RN to sub-
stitute for sequences of the CM V-rtTA region in PB-RN to
generate PB-PSXATF6-mCherry.

In vitro and in vivo —1 PRF assays

In vitro -1 PRF assay was performed as described be-
low: Capped reporter mRNAs were prepared by in vitro
transcription. The in vitro transcription reaction mixtures
containing Notl-digested p2luc-based reporter plasmid,
methylated cap analogue (Epicentre) and T7 RNA poly-
merase were incubated at 37°C for 2 h. After adding DNa-
sel (RNase-free) (Ambion) to digest reporter plasmid, the
capped reporter mRNAs were precipitated with ethanol
and then recovered. The capped reporter mRNAs and Rab-
bit Reticulocyte Lysate, Nuclease-Treated (Promega) were
used to generate in vitro translation protein products. The
reaction was modified as followed: 100 ng capped reporter
mRNA, 2.7 pl rabbit reticulocyte lysate, 0.1 pl amino
acid mixture minus methionine, 0.1 pl of RNase inhibitor
(40 U/ wl), 0.1 pl of 10 wCi/ pl [*°S]-labeled methionine
(NEN) and 1pl of NCT-ligands of varied concentrations
were mixed in a final 5 pl of in vitro translation reaction.
The reaction mixtures were incubated at 30°C for 2 h be-
fore loading into 12% SDS-PAGE. The dried gels were ex-
posed using Typhoon FLA 7000 phosphorimager (GE) to
measure the radioactivity of separated translation products.
Frameshifting activity was calculated through dividing ra-
dioactive intensity of full-length shifted protein product by
the sum of radioactive intensity of shifted and non-shifted
protein products with the calibration of the methionine con-
tent of each protein as described before (20). We presented
the effect of ligand on radioactivity-based -1 PRF activ-
ity in terms of relative —1 PRF activity by assuming simi-
lar extent of ribosome drop-off tendency during translation
elongation (34) with or without ligand binding. Dual lu-
ciferase assay in cells was performed through the following
steps: HeLa cells or HEK293T cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (Gibco), and
grown in 24-well plate (0.5 x 10° or 1 x 10° cells per well).
After growth at 37°C for 16-18 h, the cells were trans-
fected with the mixture of 500 ng plasmidd and FuGENE®
HD Transfection Reagent (Promega) according to manu-
facturer’s instructions and incubated for 24 h. The tran-
sient transfected cells were distributed into 96-well plate
(2 x 10* cells per well) and cultured for 24 h. The cells
were treated with NCT7, Z-NCTS or NCD and then incu-
bated for 24 h. Dual luciferase assays were performed using
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the Dual-Glo® Luciferase Assay System (Promega). The
procedure followed manufacturer’s instructions with mod-
ification as below: after removing the medium, each well
was added with 10 pl I x PBS and then mixed with 10 pwl
Dual-Glo®) Luciferase Reagent. The 96-well plate was in-
cubated for 10 min at room temperature before detected by a
Victor3 multi-label counter (PerkinElmer). Dual-luciferase
based frameshifting efficiency of a specific construct was
calculated as (Fluc/Rluc)/(Fluccol/Rluccol) x 100% ac-
cording to previously described procedures by comparison
with p2luci (34) or individual in-frame control construct as
a control.

RNA preparation

The pUCI18-D1, pUC18-D4, pUCI18-D5 and pUCI8-
DU177 plasmids were linearized by Bbsl digestion and
used as templates to synthesize DU177-PK and engineered
pseudoknot RNAs using T7 RNA polymerase. The GGAL1
RNA was transcribed by T7 RNA polymerase using an-
nealed top strand (5-TAA TAC GAC TCA CTA TA-3)
and template strand (5-GTA CTT CCA CAT GAA ACA
TGT TCC AGT ACC TAT AGT GAG TCG TAT TA-3)
oligonucleotides that can hybridize to form T7 RNA poly-
merase promoter upstream of the DNA template (37). The
RNA was purified from 15% denaturing polyacrylamide gel
(29:1 acryl:bisacryl ratio) containing 8 M urea in the 1x
TBE (Tris-borate-EDTA) buffer. The separated RNAs of
interested were recovered from the gel and ethanol precipi-
tated.

Non-denaturing gel-electrophoresis and In-line probing assay

The un-labelled RNAs were treated with calf intestine al-
kaline phosphatase (Roche), inactivated by heating and
followed by the addition of T4 polynucleotide kinase
(NEB) in the presence of [y->*P] ATP sequentially. The
5'-32P -labelled RNAs were then purified and recovered
by procedures described above. The non-denaturing gel-
electrophoresis was performed as described below. The 5'-
32P _labelled D5-PK RNAs were heated at 95°C for 5 min
and then were incubated with the NCT7 in 50 mM Tris—HCI
pH 7.5, 50 mM NaCl and 10% glycerol at room temperature
for 30 min. The mixtures were loaded into 10% (19:1) native
polyacrylamide gels in 0.5X TBE buffer and were run for 10
min at 100 V and 35 min at 250 V at 4°C.

In-line probing assays were performed as described (22).
In brief, the 3?P-labeled RNAs were incubated with or with-
out GG-mismatch targeting ligands in in-line probing reac-
tion buffer (50 mM Tris—-HCI, pHS8.3, 20 mM MgCl,, 100
mM KCl) at 25°C for 40 h after boiling at 95°C for 2 min.
The RNA ladders were generated by partially digestion of
each labeled RNA through incubation in Alkaline Hydrol-
ysis Buffer (Ambion) or with RNase T1 (Ambion) in 1x
RNA Sequencing Buffer (Ambion). All reactions were ter-
minated by adding gel loading buffer (95% formamide, 18
mM EDTA, 0.025% SDS, 0.025% xylene cyanol, 0.025%
Bromophenol Blue) and then separated by 12% denaturing
polyacrylamide gel (19:1 acryl:bisacryl ratio) in the 1 x TBE
buffer. The dried gels were exposed on a Typhoon FLA 7000
phosphorimager (GE).

Western blotting

HEK293T cells (1 x 10° per well) in 0.5 ml DMEM were
grown in a 24-well plate for 16-18 h. After adding transfec-
tion mixture for 6 h, the medium was changed with DMEM
containing 0.1 wM NCT7 or 0.3 wuM Z-NCTS and incu-
bated for 18 h. For the detection of EGFP-fused or FLAG-
tagged ATFO, the cells were treated byl0 wuM MG-132 for
4 hr to block proteolytic activity before lysing the cell. The
cells were lysed with RIPA lysis buffer (50 mM Tris—HCI,
PH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, cOmplete Protease
Inhibitor Cocktail (Roche)) on ice for 10 min before 10
s sonication. The lysed cells were mixed with SDS sam-
ple loading buffer before loading into 8% SDS-PAGE and
then analyzed by immunoblotting. By contrast, the protein
products of fluorescence reporter were detected by proce-
dure below: the transfected cells treated with NCT7 or Z-
NCTS for 24 h were lysed with 60 wl IP lysis buffer (50
mM HEPES-pH 7.5, 100 mM NacCl, 1 mM EDTA, 0.5%
Triton X-100, 10% glycerol), and centrifuged to recover
cell lysates. The supernatants were mixed with SDS sam-
ple loading buffer before loaded into 8% SDS-PAGE elec-
trophoresis for separation. The gel with separated proteins
was then transferred to a PVDF membrane (PerkinElmer)
by a Trans-Blot semidry blotting system (Bio-Rad). Af-
ter blocking treatment, the membrane was treated with
the primary antibody mouse anti-FLAG (monoclonal anti-
body, 1:3000; SIGMA), mouse anti-mCherry (monoclonal
antibody, 1:3000; Taiclone), chicken anti-GFP (polyclonal
antibody, 1:3000; abcam) or mouse anti -actin (mono-
clonal antibody, 1:5000; Proteintech), and followed by in-
cubation with HRP-conjugated secondary antibody (anti-
chicken IgG, 1:5000; Jackson or anti-mouse IgG, 1:5000;
Jackson). The blot was then visualized by the addition of
Western lighting plus ECL (PerkinElmer) and detected by
a LAS-3000 luminescent image analyzer (FUJIFILM).

Fluorescent image analysis of fluorescent protein expression
and Immunofluorescence

HEK293T cells were transfected onto coverslips in 24-well
plate with 500 ng of pFLAG-ATF6(2A)-S1P-FS. The cells
were incubated for 6 h and then treated with 0.1 uM NCT7
for 24 h. After washing once with 1xPBS for 5 min, the cells
were fixed in 4% paraformaldehyde for 10 min at room tem-
perature, washed twice with 1x PBS for 5 min, and blocked
with blocking buffer (0.1% Triton X-100 and 1% bovine
serum albumin in PBS) for 30 min at room temperature.
The cells were treated with anti-FLAG (1:250) monoclonal
antibody in blocking buffer for 1 h at room temperature.
The cells were then washed three times with 1x PBS for 5
min before incubating with Goat anti-Mouse IgG (H + L)
Highly Cross-Adsorbed Secondary Antibody (Alexa Fluor
Plus 488 conjugated) (Invitrogen) (1:500) in blocking buffer
for 1 h at room temperature. After washing three times with
1xPBS for 5 min, the coverslips were mounted on micro-
scope slides. The fluorescence images were observed by an
epifluorscence microscope (Olympus BX51) and recorded
with an Olympus DP71 camera system or by a confocal
laser scanning microscopy (FV 3000, Olympus) using a
100 x oil immersion objective lens with 405 and 488 nm laser



excitation. Transmitted light images were used for monitor-
ing cell morphologies.

Stable cell line construction

Stable cell lines were established using a PiggyBac trans-
poson system by the procedure described before (22,35).
After growth in 24-well plate at 80% confluent, HEK293T
cells were transfected with 400 ng PBT- Flag-ATF6-S1P-
FS, 50 ng PB-RN and 50 ng PBCy43, and then selected
by 250 wg/ml G418 and 5 wg/ml puromycin. After selec-
tion, surviving cells were treated with 4 pg/ml tetracycline
for 24 h and the expression of Flag-ATF6 was examined
by immunofluorescence. This stable cell line was named
HEK?293T-FS1. By contrast, Hela cells were first trans-
fected with mixed plasmid DNA (450 ng PB-p5 xATF6-
mcherry and 50 ng PBCy43), and selected by culturing in
DMEM containing G418 (250 pg/ml) for 2 weeks. The
mCherry expression was confirmed by fluorescent micro-
scope after adding 2 wg/ml Tunicamycin (Tm) for 24 h. The
mCherry positive cells were then co-transfected with 400 ng
PBT- Flag-ATF6-S1P-FS, 50 ng PB-RN and 50 ng PBCy43,
selected and examined as above. The resultant stable cell line
was named HeLa-FS1.

Quantitative RT-PCR

HeLa-FS1 and HEK293T-FS1 cells were treated at 37°C
with 4 pg/ml tetracycline and 0.1 wM NCT7 or 0.3 pM
Z-NCTS for 24 h or with 10 pwg/ml Tunicamycin (Tm)
for 6 h. After purifying total cellular RNA by using the
GENEzol™ TriRNA Pure Kit (Geneaid), the first strand
cDNA was prepared from 1 pg of total cellular RNA using
the SuperScript™ III First-Strand Synthesis SuperMix for
gRT-PCR (Invitrogen) following manufacturer’s instruc-
tions. The cDNA, KAPA SYBR® FAST Universal Kit
(Roche) and 0.15 pM forward and reverse primers (Sup-
plementary Table 2) (31) were used for amplification (6 min
at 95°C then 45 cycles of 10 s at 95°C, 30 s at 60°C) in a
Bio-RAD CFX96 Real Time PCR system. Gene expression
values for all ATF6 and XBP1 targeted genes were normal-
ized to the expression value of reference gene Gapdh before
further analysis (31).

Statistical analysis of experimental data

Experiments were performed at least in triplicate unless in-
dicated, and the relative frameshifting activity was reported
as one standard deviation from the mean. The statistical sig-
nificance was analyzed by two-tailed Student’s z-test com-
paring between two groups and performed with SigmaPlot
12.5.

RESULTS

Identification of an efficient NCT7-dependent —1 PRF stim-
ulator

Because the small size of MMTV-PK hindered further en-
gineering, we looked for a potent —1 PRF pseudoknot
stimulator with structure information and more engineer-
ing margins as the template for improvement. The DU177
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pseudoknot (DU177-PK; Figure 1A) derived from the hu-
man telomerase RNA component (38) is a potent —1 PRF
stimulator and thus a promising candidate (39,40). In ad-
dition to the hairpin-type pseudoknot topology, DU177-
PK possesses extra base triples and cooperative tertiary
stem1-to-loop2 interactions (Figure 1A) that contribute to
its high activity (39-41). We speculated that inserting a
5'CGG3'/3’GGCS motif in the steml of DU177-PK can
interfere with the formation of tertiary networks required
for high —1 PRF activity in addition to the stem desta-
bilization that weakens ribosome-unwinding resistance. A
combination of both effects can further reduce basal —1
PRF activity, thus increasing the dynamic range of ligand-
dependent —1 PRF activation. Therefore, this artificial —1
PRF stimulator can be an ideal template to examine the po-
tential of the mismatch insertion approach for creating effi-
cient ligand-responsive —1 PRF stimulators.

The same strategy used in engineering MMTV-PK mu-
tants (M1-VPK and M2-VPK) (23) was adopted for de-
sign. This strategy involved inserting a 5CGG3'/3'GGCY
GG mismatch motif into DU177-PK steml and disrupt-
ing the terminal base pair of the stem to reduce stem sta-
bility (Figure 1A). However, residual frameshifting activity
could still be high and compromise the dynamic range of
ligand-induced —1 PRF as before. Unpublished works have
indicated that the —1 PRF efficiency of DU177-PK is sen-
sitive to stem?2 integrity. Thus, we designed three DU177-
PK mutants with distinct mismatch motif insertion pat-
terns in stems to investigate the effect on residual —1 PRF
activity reduction. The mismatch motif was inserted into
the terminal end of DU177-PK stem2 (D1-PK) or DU177-
PK steml (D2-PK) to prevent interference with the for-
mation of base triples in the mutants, and D3-PK pos-
sessed two such motifs, with one in each stem (Figures 1A
and 2A).

Each of the designed pseudoknots with an upstream UU-
UAAAC slippery sequence and a spacer was cloned into
a dual-luciferase —1 PRF reporter, p2Luc (34) to generate
D1-D3 constructs for the in vitro translation assay. The —1
PRF signal was placed between the coding sequences of Re-
nilla and firefly luciferase, with the firefly luciferase being
placed in the —1 reading frame (Figure 1B). Therefore, the
translation of firefly luciferase was used to monitor the oc-
currence of —1 frameshifting. NCT7 (Figure 1C) was used
as the GG mismatch—targeting ligand for its higher binding
affinity than that of other NCT derivatives (42). A compar-
ison of the —1 PRF activity of the D1-D3 constructs be-
fore and after NCT7 treatment indicated a slight enhance-
ment in —1 PRF activity in the presence of NCT7 for the
D1 and D2 constructs (Figure 2B and C). The results also
indicated that the basal —1 PRF activity of D2 was low,
suggesting that the stem destabilization effect was achieved.
By contrast, a synergistic -1 PRF activity enhancement
was observed in the NCT7-treated D3 construct, implicat-
ing interaction between D3-PK and NCT7, although in-
efficient —1 PRF activity was observed in the presence of
NCT7. On the basis of the binding model of the NCT7-
bound 5CGG3'/3’GGCS motif, four GC-pairing mimics
were formed within the complex (Supplementary Figure
S1). Therefore, an extra base pair could form in the steml
of NCT7-bound D2- and D3-PK compared with the stem1
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of DU177-PK. We speculated that the extended stem1 of
the NCT7-bound D2 or D3-PK can misalign the regis-
tered tertiary steml-loop2 interaction required for the ef-
ficient activation of —1 PRF (41). To test this hypothesis,
the bridging CG base pair between the mismatch motif and
minor-groove base triples was deleted in D2-PK to gen-
erate D4-PK (Figure 2A). This deletion substantially im-
proved the NCT7-induced frameshifting activation of the
D4 construct compared with that of the D2 construct (Fig-
ure 2B and C). Subsequently, both the frameshifting ac-
tivity and dynamic range improved in D5-PK, which had
one 5CGG3'/3'GGCY mismatch motif inserted into the
stem2 of D4-PK. This result is consistent with the synergis-
tic effect observed in the D3 construct. The formation of an
adenine-mediated minor-groove base triple requires only a
Watson—Crick base pair in the stem. Therefore, we replaced
the AU base pair of the first base triple in D4-PK with a GC
base pair to generate D6-PK to increase the unwinding re-
sistance of stem1. Although the resulting D6 construct out-
performed the D4 construct, inserting a 5CGG3'/3'GGCY
motif into the stem2 of D6-PK (D7-PK) suppressed almost
all —1 PRF activity. This phenomenon can be attributable
to the change in overall structure resulting from the pres-
ence of many G and C nucleotides in both stems. The dose-
dependent —1 PRF activation of the D5 and D6 constructs
by NCT7 was examined and confirmed in vitro (Supple-
mentary Figure S2). The in vivo NCT7-dependent —1 PRF
activation of the D1-D6 constructs was examined in HeLa
cells using p2Luci as a control (34) (Figure 2D). The re-
sults were consistent with those of the in vitro studies, except
for the D6 construct. Therefore, D5-PK was used to verify
the interaction with NCT7 because of its promising ligand-
dependent —1 frameshifting activation both in vitro and in
vivo.

D5-PK is an NCT7-responsive riboswitch

The interaction between D5-PK and NCT7 was exam-
ined using the non-denaturing gel-electrophoresis with 3?P-
labeled D5-PK RNA in the presence of different NCT7 con-
centrations. The free D5-PK RNA was observed as a single
band in a nondenaturing gel (Supplementary Figure S3),
suggesting the existence of a major conformation. At least
two new bands with faster mobility appeared after NCT7
treatment, and the slower-mobility free RNA band was
completely converted into faster-mobility bands in the pres-
ence of 0.1 wM NCT7, indicating formation of complexes.
Given the larger combined molecular weights of these com-
plexes compared with free D5-PK RNA, the faster-mobility
bands indicated the presence of more compact conforma-
tions, suggesting that NCT7 binding stabilized the struc-
ture.

Next, we determined whether the NCT7-D5-PK as-
sociation was mediated by the SYCGG3'/3’GGCS motif.
The flexibility of an RNA nucleotide in a single-stranded
or duplex (less flexible) environment can be distinguished
by different cleavage patterns in the in-line probing as-
say on the basis of the correlation between the flexibil-
ity and cleavage level of the internucleotide linkage un-
der alkaline conditions (43). We reasoned that mismatch
motif insertion would disrupt helical continuity, whereas
mismatch targeting-ligand binding would restore the pair-
ing. Therefore, we speculated that the interaction between a
5'CGG3'/3'GGCS motif-inserted pseudoknot and NCT7
could be analyzed by comparing the in-line cleavage pat-
terns of the pseudoknot before and after ligand treatment.
The high-resolution structure of DU177-PK (38) can serve
as a standard for comparison. Thus, in-line probing was ap-
plied to the pseudoknot region of the D5 construct (D5-
PK) and DU177-PK before and after NCT7 treatment. The
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spacers. The sequences different from those in DU177 construct are typed in red. The spacer sequences used in designed pseudoknots were different from
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2’0OH-mediated cleavages of DU177-PK alone were mainly
located at the loopl and loop?2 regions, whereas nucleotide
linkages in stem regions were relatively resistant to the cleav-
age (Figure 3). In addition, the major loopl and loop2 in-
line cleavages of DU177-PK were located in 4 of the 14 loop
nucleotides, indicating their higher flexibility. This contrasts
the lower flexibility of the other 10 loop nucleotides but
is consistent with the involvement of these 10 loop nu-
cleotides in base-triple formation and tertiary stem—loop
interactions (38,41). By contrast, extensive in-line cleav-
ages in the mismatch motif-inserted stem regions were ob-
served in D5-PK, with the most intense cleavages noted in
the stem1-loop2 junction. Such differences between D5-PK
and DU177-PK are consistent with the destabilization of
the stem caused by the inserted mismatch motifs in D5-PK.
In-line cleavages became more prominent for almost all the
loop sequences of the free D5-PK, implicating the distor-

tion of tertiary interactions upon mismatch motif insertion
in the stems. Finally, the cleavage pattern of NCT7-treated
DU177-PK remained virtually unchanged. However, the
above mentioned in-line cleavages in the stem1-loop2 junc-
tion of D5-PK were markedly reduced upon NCT?7 treat-
ment (see the GGGA sequence spanning from the 3'-side
of stem1 to loop2 in Figure 3). This result is consistent with
the formation of GC pairing mimics between NCT7 and the
mismatch motif.

A previous NMR analysis of the NCT7-bound DNA du-
plex containing the 5'-CGG-3'/3'-GGC-5 motif indicated
that both GG mismatch—flanking cytosines were bulged out
in the solution (Supplementary Figure S1) (26, 27). Two en-
hanced in-line cleavages corresponding to the first cytosine
that flanks the GG mismatch in the 5-CGG-3'/3'-GGC-
5" motif in each stem (C2/C16 and typed boldly) were ob-
served in NCT7-treated D5-PK but not for the other two
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Figure 3. Spontaneous RNA hydrolysis analyses reveal NCT7 dependent
conformational changes in 5CGG3'/3’GGC5 GG-mismatch motifs of
D5 pseudoknot. 12% denaturing gel analyses of in-line probing results of
DU177-PK and D5-PK. Labels on the top of lanes in the gel image are
experimental conditions described as the following: T1, partial digestion
with RNase T1 (cleaves after G residues); OH, partial digestion with al-
kaline (cleaves at each internucleotide linkage); N, no reaction; 0, without
NCT7; and 1, I M NCT7. The assigned sequences for DU177-PK and
D5-PK were based on the guanine-specific T1 ribonuclease cleavages, and
are listed in the left and right of the image, respectively. * represents the flex-
ible CUC sequences in the loopl of each pseudoknot. An open circle rep-
resents reduced cleavage upon NCT7 treatment, whereas a dot represents
enhanced cleavage upon NCT?7 treatment. Triangle symbols indicate the
enhanced internucleotide cleavages corresponding to the bulged-out cy-
tosines (typed in red) in NCT7-bound 5CGG3'/3’GGC5 GG mismatch
motifs.
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flanking cytosines (C26/C42). Although enhanced cleav-
ages in C2 and C16 are consistent with higher flexibility
caused by bulge formation upon NCT7 binding, the in-line
probing results indicated that only one cytidine bulged out
in each NCT7-bound mismatch motif within the complex.
To further clarify these observations, the in-line probing

analyses of D1-PK and D4-PK under different NCT7 con-
centrations were performed; the results were compared with
that of D5-PK (Supplementary Figures S4A-C). The DI1-
PK possessed identical stem2 sequence to that of D5-PK. A
comparison of the in-line probing results of ligand-treated
D1-PK and D5-PK revealed a similar NCT7-induced cleav-
age pattern variation in the 5'-side sequences of the inserted
motif within each stem?2. In particular, enhanced cleavage in
the mismatch-flanking cytosine corresponding to the C16 in
the stem?2 of D5-PK was also observed in D1-PK. The D4-
PK possessed identical stem1 sequence to that of D5-PK. A
comparison of the in-line probing results of NCT7-treated
D4-PK with those of D5-PK revealed a similar NCT7-
induced cleavage pattern variation within the sequences of
the inserted motif in each steml. Furthermore, a marked
cleavage reduction in the GGGA sequences spanning stem1
to loop2 and a cleavage enhancement in the first mismatch-
flanking cytosine (C2) that appeared in the steml of D5-
PK were observed in D4-PK, too. Thus, NCT?7 interacted
with the inserted mismatch motifs within these engineered
DU177-PK mutants.

To determine whether the difference between the results
of in-line probing and those of the NMR structure model
was due to the limitation of in-line probing, we performed
in-line probing on a derivative of SCA31-HP RNA (GGA1)
with or without NCD treatment. The NMR analysis of
the NCD-bound SCA31-HP RNA possessing a 5-GGA-
3'/3-AGG-5 GG mismatch motif in the middle of the
hairpin stem indicated the formation of two bulges (28).
The probing results revealed decreased cleavages in the
four guanosines and increased cleavages in A9 and A25 of
GGA1 RNA upon NCD treatment; the level of enhance-
ment was higher for A25 than for A9 (Supplementary Fig-
ure S5A and B). This result indicated that in-line prob-
ing could detect the formation of GC pairing mimics and
bulges in NCD-bound SCA31-HP RNA observed through
NMR. Thus, the NCT7 binding modes of 5-CGG-3'/3'-
GGC-Y motifs within D5-PK could differ from those in
a normal DNA or RNA duplex on the basis of the in-
line probing results of the three analyzed DU177-PK mu-
tants. However, the results of in-line probing analysis and
dose-dependent —1 PRF activation by NCT7 (Supplemen-
tary Figure S2) indicated that the NCT7-mediated confor-
mational rearrangement in D5-PK was directly related to
the observed NCT7-dependent —1 PRF stimulation, sug-
gesting that D5-PK is a —1 PRF riboswitch stimulator. To-
gether with the compact RNA-ligand complexes observed
through non-denaturing gel-electrophoresis, these results
indicated that the observed —1 PRF activation by NCT7
was caused by the stabilized D5-PK RNA through interac-
tion with the inserted mismatch motifs.

Optimization of NCT-dependent —1 PRF riboswitch activity
in mammalian cells and ligand expansion

In addition to a stimulator, the slippery sequence, spacer
length and proximal sequence identity upstream of the
slippery sequence can affect —1 PRF efficiency (10,14,15).
Therefore, we adjusted these parameters in the D5 con-
struct to determine whether the ligand-dependent activa-
tion efficiency and dynamic range of —1 PRF could be im-



proved. Changing the slippery sequence to UUUUUUA or
AAAAAAC and the upstream E-site sequence to CGC or
UCC did not increase but rather decreased the NCT7 de-
pendent —1 PRF activity (data not shown). However, de-
creasing the spacer length from 6 to 5 (D58 construct) in-
creased the —1 PRF efficiency by almost two folds, with a
compromised dynamic range in the HEK293T cells (Sup-
plementary Figure S6A and B). In vitro —1 PRF analy-
ses of D5 and D58 constructs revealed a similar range of
improvement in -1 PRF efficiency with reduced dynamic
range for the D58 construct (Supplementary Figure S6C
and D). To expand the range of cellular applications, the D5
and D58 constructs were investigated in different cell lines
by using two other GG mismatch—targeting NCT analogs,
namely NCD and Z-NCTS (44-46) (Supplementary Figure
S6E and F). However, the performance of NCD was poorer
than that of NCT7 in both constructs (Supplementary Fig-
ure S5B). By contrast, the level of —1 PRF stimulated by
0.3 wM Z-NCTS (with low toxicity) (47) for the D58 con-
struct was similar to that stimulated by 0.1 uM NCT7 in
both HeLa and HEK293T cells (Figure 4 A), thus provid-
ing an alternative for ligand selection.

Spacer length adjustment resulted in a difference in the
amino acid composition encoded by a downstream pseu-
doknot because of changes in the reading frame. Because
the amino acid composition encoded by the pseudoknot
could affect the folding and activity of its nearby luciferases
(48), the frameshifting efficiency calculation based on the
measurement of fused luciferase activity could be inaccu-
rate due to the interference of luciferase activity. To clarify
this concern, an in-frame control for the D58 construct was
generated for measuring the —1 PRF efficiency in vivo. The
in-frame control construction involved disrupting the slip-
pery sequence consensus and inserting an extra nucleotide
in the spacer to reframe downstream sequences to the —1
frame. This led to the translation of a fusion protein mim-
icking the —1 PRF product without the occurrence of —1
PRF. Such a control can calibrate the potential interfering
effect of the pseudoknot-encoded amino acid composition
during the in vivo —1 PRF efficiency calculation (34). The
in vivo —1 PRF efficiency of the D58 construct measured
against the in-frame control (Supplementary Figure S6G)
remained similar to that measured against the p2luci control
(34) in Supplementary Figure S6B. Finally, the in vivo —1
PRF efficiency of M1-VPK (23) was measured using its own
in-frame control (Supplementary Figures S6H) and com-
pared with that of the D58 construct. Highly improved —1
PRF efficiency as well as dynamic range was achieved in the
D358 construct.

The extension of the —1 frame C-terminal polypeptide is
most frequently adopted in —1 PRF-mediated cellular ac-
tivity in eukaryotic cells (19-22). To evaluate the applica-
tion of an NCT-dependent —1 PRF stimulator in the ex-
tension mode, two fluorescent proteins were used to gen-
erate a —1 PRF reporter for the cellular imaging observa-
tion of NCT-dependent —1 PRF activity. To this end, a —1
PRF signal embedded with a 0 frame stop codon was in-
serted between the coding sequences of mCherry and sftGFP
arranged in the 0 frame and —1 frame, respectively (Fig-
ure 1B). Without —1 PREF, the translation terminated be-
fore sSftGFP, whereas sftGFP formation required the occur-
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rence of —1 PRF. Therefore, NCT7-induced —1 PRF could
be monitored on the basis of sSfGFP fluorescent activity in
cells transfected with this reporter. The —1 PRF signal of
the D58 construct was used in the extension mode dual-
fluorescent reporter because of its efficient —1 PRF effi-
ciency measured in HEK293T and HeLa cells (Figure 4A).
The —1 PRF signal of the D58 construct successfully in-
duced sfGFP expression upon NCT7 or Z-NCTS treat-
ment in HEK293T cells, as demonstrated by cell fluores-
cent imaging and the Western blotting of the cell lysate
of reporter-transfected cells (Figures 4B, C). Thus, the —1
PREF signal of the D58 construct could efficiently respond
to NCT ligands in the extension mode in different hu-
man cell lines. Together, these findings indicated that the
use of DU177-PK as the engineering template substantially
improved NCT-dependent —1 PRF activity, thus making
the application of ligand-dependent —1 PRF for mediating
mammalian cellular functions more realistic.

Premature translational termination as a regulatory gene ex-
pression mode in mammalian cells

Premature translation termination mediated by —1 PRF is
frequently observed in prokaryotic systems (49-52). How-
ever, the adoption of this functional mode in mammalian
cells has not been established. We explored the possibility of
applying the D58 module to build a circuit capable of trig-
gering premature translation termination to overcome the
restriction imposed on other mammalian cellular pathways
not involving —1 PRF. The ER membrane-bound ATF6
consists of an N-terminal bZIP domain, a transmembrane
domain, and a C-terminal luminal domain. Unfolded pro-
tein accumulation in the ER triggers the delivery of ATF6
to the Golgi for sequential cleavages (first in the S1P site and
then in the S2P site) by Golgi-resident proteases (31) (Fig-
ure SA). Such cleavages cause the release of the N-terminal
bZIP to enter the nucleus and activate specific UPR genes
for the expansion of the protein-folding capacity in the ER.
We speculated that the protease cleavage—dependent release
of ATF6N could be mimicked by —1 PRF-mediated pre-
mature translation termination to sidestep the ER stress
requirement. This means that a —1 PRF-mediated circuit
could be built to boost the ER protein-folding capacity in
an ER-stress independent manner.

To this end, an EGFP-fused ATF6 (a wild-type con-
struct) was mutated at the first protease cleavage site (S1P)
that traps the mutant (the S1P construct) in the Golgi under
ER stress conditions (Supplementary Figure S7TA). A de-
signed D58 module capable of inducing premature transla-
tion termination upon NCT7 treatment was inserted before
the protease cleavage sites in the transmembrane domain of
the S1P construct (the FS construct). With this design, lig-
and treatment resulted in translation termination before the
ribosome reached the membrane domain, thus mimicked
physiological ATF6ON released during ER stress. Western
blotting analysis of the cell lysates of 293T cells trans-
fected by these constructs was performed. The results re-
vealed a low—molecular weight product, presumably EGFP-
ATF6N, in the WT construct treated with MG132, a pro-
teasome inhibitor, and an ER stress—inducing reagent (53).
By contrast, little EGFP-ATF6N was observed in the S1P
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collected after the treatment of NCT ligands for 24 h.

construct treated with MG132 in addition to the full-length
product, indicating that the S1P construct was resistant to
the ER stress—mediated protease cleavage. The appearance
of the EGFP-ATF6N mimic was prominent only when the
FS construct was treated with NCT7 or Z-NCTS (Sup-
plementary Figure S7B); these results are consistent with
the occurrence of ligand-dependent —1 PRF-mediated pre-
mature translation termination. Therefore, this proof-of-
principle pilot study demonstrated that —1 PRF-mediated
premature translation termination was functional in a
mammalian cell.

Non-ER stress—mediated ATF6 activation by a ligand-
dependent —1 PRF circuit

Because the fused EGFP of EGFP-ATF6N could hinder
entry into the nucleus, a set of new constructs was pre-
pared by replacing fused EGFP with a FLAG tag for further
analysis of the ATFO6N mimic generation (Figure 5B). A
readthrough control (the RT construct) that could generate
FLAG-ATFO6N as the main product was designed as a pos-
itive control. No FLAG-ATF6N was detected in the West-
ern blotting analysis when the anti-FLAG antibody was
used (data not shown). One study reported that the released
ATF6N is unstable and can be stabilized with mutations
in two residues (F62/L64) within ATF6N; however, such
mutations can attenuate transcriptional activation (54). To
ensure the formation of —1 PRF-mediated ATF6N mim-
ics, F62A /L64A mutations were introduced into all FLAG-

tagged, ATF6-related constructs (with 2A designation).
With such modifications, the Western blotting analysis of
the cell lysates of HEK293T cells transfected with these
FLAG-tagged 2A expression constructs was performed
again. The results (Figure 5C) indicated that ATF6(2A)-
S1P-FS-transfected cells possessed very low level of pre-
mature translation termination product in relative to cells
transfected with the readthrough control (RT). However,
treatment with NCT7 or Z-NCTS enhanced the level of
the premature translation termination product, indicating
activated —1 PRF activity by the ligand-dependent —1
PRF circuit. The nucleus localization of released FLAG-
ATF6N(2A) was examined by comparing the immunofluo-
rescent imaging of the FS construct-transfected HEK293T
cells with or without NCT7 treatment with a confocal mi-
croscope (Figure 5D). By contrast with the evenly dis-
tributed FLAG-ATF6N(2A) within the nucleus, the sig-
nal of FLAG-ATF6(2A) was mainly localized in the cy-
toplasm in cells without NCT7 treatment. Therefore, the
ATFO6N mimic generated by ligand-dependent —1 PRF-
mediated premature termination was capable of entering
the nucleus. Next, a tetracycline-inducible 293T stable cell-
line (HEK293T-FS1) harboring the FLAG-ATF6-S1P-FS
construct (without 2A mutation to prevent transcription
activity attenuation) was established. HEK293T-FS1 was
examined for ATFO6N mimic expression through Western
blotting in the presence of both tetracycline and NCT.
The formation of —1 PRF-mediated ATF6N mimics upon
tetracycline induction and either NCT7 or Z-NCTS treat-
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Scheme of FLAG-ATF6-S1P construct derived translation products by engineered NCT7-induced —1 PRF. The positions of FLAG-tag, bZIP domain,
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FLAG-tagged ATF6N mimic and full-length ATF6 chimera, respectively. (C) Western blot analyses of FLAG-ATF6N mimic formation in HEK293T cells
transfected with FLAG-ATF6(2A) -S1P-FS related expression vectors. The cells transfected with plasmid (pFLAG-ATF6(2A)-S1P-FS), containing S1P
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(D) Immunofluorescence analyses of nucleus localizing FLAG-ATF6N mimic in transfected HEK293T cells by confocal microscope. Cells on slide glasses
transfected with pFLAG-ATF6(2A)-S1P-FS were treated with NCT7 (0.1 wM). The cells were fixed and stained with anti-FLAG antibody and secondary
antibody conjugated Alexa Fluor@®) Plus 488 sequentially (right panel) and DAPT (left panel). Bar, 10 wm. (E) Western blot analyses of NCT-induced
FLAG tagged ATF6N mimics in a —1 PRF circuit harboring HEK293T-FSI stable cell line. The expression of —1 PRF circuit was under the control of
the tetracycline promoter Ptrg. The cell line was treated with tetracycline (4 wg/ml) and NCT7 (0.1 wM) or Z-NCTS (0.3 wM) for 24 h. The proteins
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The qRT-PCR values are relative to the cell line without ligand treatment and the value for each bar is the mean with standard deviation of the mean.
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ment could be observed without 2A mutation modification
(Figure 5E). The expression pattern was similar to that of
the transient expression of 2A modification (Figure 5C),
although the expression level was lower in HEK293T-FS1
cells. ATF6N and XBP1 are basic leucine zipper transcrip-
tion factors that can increase the expression of distinct but
overlapping sets of genes. Therefore, real-time quantitative
PCR (qRT-PCR) was performed using primers designed for
specific ATF6 or XBP1 downstream genes (Supplementary
Table 2) to examine the specificity of ATF6N mimic. Con-
sistent with the entry of the ATF6N mimic into the nucleus,
the results revealed the expression of the ATF6-specific Her-
pUD mRNA over the XBP1-specific Erdj4 mRNA as well
as Hyoul mRNA that was targeted by both ATF6 and
XBP1 in the presence of tetracycline and either NCT ligand
(Figure 5F). Thus, the premature termination—mediated
mimic of the ATFON polypeptide was functional within
HEK293T cells.

To evaluate the transcriptional activity of the —1 PRF-
generated FLAG-ATF6N mimic for its general applica-
tion in different cell types, we constructed a fluorescent re-
porter encoding an mCherry gene driven by an upstream
UPR promoter (UPR-mCherry). A HeLa stable cell line
(HeLa-FS1) harboring the UPR-mCherry reporter as well
as a tetracycline-inducible FLAG-ATF6-S1P-FS circuit
was established. Treatment of HeLa-FS1 with tunicamycin
(Tm), an ER stress-inducing drug, led to the expression
of mCherry without the nucleus localization of the FLAG-
ATF6N mimic; this finding is consistent with the activation
of the UPR promoter—driven mCherry by Tm-mediated en-
dogenous ER stress (Figure 6A). Treatment with tetracy-
cline and either NCT7 or Z-NCTS led to the detection
of the fluorescent imaging of both the UPR-mCherry and
nucleus-localized FLAG-ATF6N mimic. This contrasts the
cytoplasm retention of the full-length FLAG-ATF6-S1P-
FS-encoded protein when only tetracycline was adminis-
tered (Figure 6A). In addition, HeLa-FS1 was treated with
NCT7 or Z-NCT alone without tetracycline, and the ex-
pression of neither UPR-mCherry nor FLAG-ATF6 was
observed (Supplementary Figure S8). Thus, the observed
ATFO6N activation was not caused by NCT7 or Z-NCTS
itself but by ligand-mediated —1 PRF. To examine the
specificity of the —1 PRF-generated FLAG-ATF6N mimic,
gRT-PCR was performed using primers designed for spe-
cific genes targeted by the different branches of UPR to
compare relative mRNA expression levels under different
conditions. Three ATF6-targeting genes (Bip, HerpUD and
Pdia4), two XBP1-targeting genes (Erdj4 and Satt3a), and
one gene targeted by both (Hyoul) were examined (31). The
results of qRT-PCR revealed that all three ATF6-specific
genes could be activated by the ATFO6N mimic, with Her-
pUD exhibiting the highest mRNA expression level, fol-
lowed by Bip, Pdia4, and Hyoul. By contrast, the mRNA
levels of XBPl-specific Erdj4 and Satt3a were not af-
fected by ATFON mimic formation (Figure 6B). Therefore,
the results indicated that the —1 PRF-mediated ATFO6N
mimic was both functional and specific, although the in-
duced mRNA expression levels were weaker than those ob-
served after Tm treatment (Figure 6C). Together, these re-
sults demonstrated that the —1 PRF-mediated RNA cir-
cuit could activate the functional ATF6N mimic without

the use of an ER-stress-inducing agent in both 293T and
HeLa cells.

DISCUSSION

Based on the NCTn-dependent —1 PRF stimulation in en-
gineered MMTV-PK mutants containing an inserted 5'-
CGG-3'/3-GGC-5 motif in stem1, we demonstrated that
the same approach can be applied to a different pseudoknot
with substantial improvement in both the dynamic range
and efficiency of —1 PRF activity. This was achieved by se-
lecting a potent —1 PRF stimulator, DU177-PK, that re-
quires both stem integrity and stem-loop tertiary interac-
tions to stimulate —1 PRF activity as the building template.
With the insertion of the 5'-CGG-3'/3-GGC-5 motifin the
stems of such a template, the intricate tertiary interaction
network between stem1 and loop2 could be disrupted in ad-
dition to the destabilization of the stem. Therefore, both the
effects could suppress the —1 PRF efficiency synergistically,
thus further reducing basal —1 PRF activity. By contrast,
the restoration of stem1-loop2 interaction could be coupled
to base pairing reformed in the stem upon interaction with
the GG-mismatch targeting ligand to amplify the compen-
sation effect of complex formation. However, the in vitro —1
PRF efficiency of NCT7-bound D5-PK was <50% that of
DU177-PK, although the dynamic range was markedly im-
proved (Figure 2 and Supplementary Figure S2). One pos-
sible reason is that the stem reformation mediated by ligand
binding is not capable of fully restoring the stem1-loop2 in-
teraction required for high —1 PRF efficiency considering
that ligand binding might lead to the formation of bulge-
out cytidine to interfere with proximal tertiary interactions.
Consistently, although the change in the in-line cleavage
pattern in D5-PK upon NCT?7 treatment supported NCT7
binding and stem restoration, the enhanced cleavage in the
AC step within the AAAC sequences in loop2 (Figure 3)
suggested a more flexible conformation in both nucleotides
within the complex compared with free D5-PK. By con-
trast, the same region of DU177-PK was less accessible to
cleavage; this is consistent with the formation of tertiary
stem1-loop2 interactions. Nevertheless, the performance of
D5-PK was sufficient for the application purpose.

In studies examining the application of ligand-
dependent —1 PRF activity, the C-terminal extension
mode with fluorescent activity detection was usually used
as the model (19-22) probably because the extended
domain can provide a gain of function activity even
when —1 PRF activity is low. The increase in —1 PRF
efficiency to 25% observed in this study can help build an
applicable ligand-dependent —1 PRF circuit for synthetic
gene regulation in mammalian cells. The premature trans-
lation termination mode of —1 PRF was evaluated and
applied successfully to a real mammalian cellular pathway
in different cell types. Because premature termination—
mediated regulatory gene expression is not observed in
mammalian systems, it is ideal for synthetic purposes to
regulate cellular processes involving the C-terminal domain
function of a protein. In this study, it was used to mimic
the protease cleavage-mediated release of ATF6N from
the membrane-anchored domain of ATF6. We found that
the ATF6N mimic was detected only in the presence of the
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Figure 6. Activation of ATF6-specific gene expression by ATFO6N mimic generated from NCT-dependent —1 PRF circuit in HeLa-FS1 stable cell line. (A)
Fluorescence microscopy images of —1 PRF circuit mediated gene expression in HeLa-FS1. The cell line was treated with tetracycline (4 pg/ml) and NCT7
(0.1 pM) or Z-NCTS (0.3 uM) for 48 h or with 2 pg/ml Tm for 1 day. The cells were fixed and stained with DAPI (upper panel), anti-Flag antibody and
secondary antibody conjugated Alexa Fluor® Plus 488 sequentially (middle panel). The images of ATF6N-induced mCherry were showed in lower panel.
Bar, 10 wm. (B) The qRT-PCR analyses of ATF6 and XBP1s target genes in the HeLa-FS1 in (A) following expression of —1 PRF circuit and treatment
with NCT7 (0.1 puM) or Z-NCTS (0.3 wM) for 24 h. The qRT-PCR values are relative to the cell line without ligand treatment, and are presented as mean
with standard deviation of the mean. ** means P < 0.001 as determined by student’s z-test. (C) The qRT-PCR analyses of ATF6 and XBP1 targeting genes
of HeLa-FSI in (A) following treatment with 10 wg/ml Tm for 6 h. The relative expression levels are calculated by comparing with those without ligand
treatment after normalization, and the value for each bar is the mean with standard deviation of the mean.

proteasome inhibitor MG132 in Western blotting analysis,
indicating its existence is under stringent regulation. This
result suggested that high —1 PRF efficiency is crucial
for successful application in tightly regulated processes
when the active form of a factor of interest must be rapidly
inhibited within cells. The two modes of —1 PRF (pre-
mature termination and C-terminal extension) may have
unique advantages in the toolbox of synthetic circuits to
address problems involving the inclusion or exclusion of
a C-terminal membrane—anchoring domain as well as an
organelle-targeting signal.

The binding mode of NCTn with the 5-CGG-3'/3'-
GGC-5 motif within D5-PK was assumed to be similar to
those of the NMR-based structural models of complexes
formed between NCD-derived ligands and a 5-CGG-3'/3'-
GGC-5 or a 5-GGA-3'/3-AGG-'5 GG mismatch motif
within a duplex (26-28). Although the in-line probing anal-
ysis of NCT7-bound D5-PK in this study provided confor-

mational rearrangement information in the NCT7-D5PK
complex, only enhanced cleavages corresponding to the first
guanosine-paired cytosine flanking the GG mismatch in
5'-CGG-3'/3-GGC-5 motif was observed in each stem.
By contrast, in-line cleavage patterns corresponding to the
counterpart cytosines were not enhanced by NCT7 treat-
ment, suggesting a low-flexibility environment for these two
cytosines (Figure 3). Such differences could result from
the base-triple interaction network within the pseudoknot
topology of D5-PK because the NMR analysis of ligand-
bound GG-mismatch motifs was performed within a nor-
mal duplex context. Therefore, the exact binding mode of
the GG-mismatch targeting ligand within D5-PK should be
characterized through a high-resolution structural analysis
with NMR or X-ray crystallography.

We noticed stimulated HerpUD expression by Z-NCTS
alone from the qRT-PCR results in HeLa-FS1 (Figure 6B),
whereas no similar stimulation was observed in other genes
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or in HEK293T-FS1 (Figure 5F). However, the successful
adoption of Z-NCTS in D58 construct stimulation (Figure
4) indicates that a similar binding mode could be conserved
in this class of GG mismatch—targeting ligands, thus war-
ranting modification to reduce the cellular toxicity of the
ligand and achieve further improvement. Several other ds-
DNA mismatch (AA/CC)-targeting ligands are available
and could be converted to an RNA mismatch-targeting lig-
and with modification (25,55). Within this context, the D5-
PK established in this study can be used as the scaffold
with plug-in potential by different mismatch compositions
to generate a versatile platform for building orthogonal
ligand—specific —1 PRF stimulators. Such a platform can
help promote the development of other synthetic mismatch-
targeting ligands by using rational design.
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