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ABSTRACT

The muscleblind-like (MBNL) family of proteins are
key developmental regulators of alternative splic-
ing. Sequestration of MBNL proteins by expanded
CUG/CCUG repeat RNA transcripts is a major
pathogenic mechanism in the neuromuscular disor-
der myotonic dystrophy (DM). MBNL1 contains four
zinc finger (ZF) motifs that form two tandem RNA
binding domains (ZF1–2 and ZF3–4) which each bind
YGCY RNA motifs. In an effort to determine the dif-
ferences in function between these domains, we de-
signed and characterized synthetic MBNL proteins
with duplicate ZF1–2 or ZF3–4 domains, referred to
as MBNL-AA and MBNL-BB, respectively. Analysis
of splicing regulation revealed that MBNL-AA had up
to 5-fold increased splicing activity while MBNL-BB
had 4-fold decreased activity compared to a MBNL
protein with the canonical arrangement of zinc fin-
ger domains. RNA binding analysis revealed that the
variations in splicing activity are due to differences
in RNA binding specificities between the two ZF do-
mains rather than binding affinity. Our findings indi-
cate that ZF1–2 drives splicing regulation via recog-
nition of YGCY RNA motifs while ZF3–4 acts as a
general RNA binding domain. Our studies suggest
that synthetic MBNL proteins with improved or al-
tered splicing activity have the potential to be used
as both tools for investigating splicing regulation and
protein therapeutics for DM and other microsatellite
diseases.

INTRODUCTION

Alternative splicing (AS) is a complex and versatile pro-
cess of post-transcriptional gene regulation whereby exons
within a precursor RNA transcript are differentially joined

and introns removed to produce a mature mRNA. AS gen-
erates multiple mRNA isoforms from an individual gene
most often resulting in the expression of a diverse set of
protein products. Additionally, AS alters the fate of mR-
NAs through the inclusion of regions that impact RNA lo-
calization, translation, and turnover (1). It is now recog-
nized due to large-scale transcriptome based studies that
more than 90% of human protein coding genes undergo AS,
making regulation of this process critical for proper cellular
function (2,3). Trans-acting protein factors, including RNA
binding proteins (RBPs, reviewed in (4) and (5)), can func-
tion as regulators of AS by interacting with specific RNA
motifs, or splicing regulatory elements, to enhance or re-
press the inclusion of alternative exons. RBPs also act in
a spatio-temporal and developmentally dependent manner
to modulate the overall profile of mRNAs produced within
specific cell types, developmental stages, or in response to
varying environmental conditions (1,6).

Muscleblind-like (MBNL) proteins are a family of highly
conserved RBPs that regulate RNA metabolism during
tissue-specific development, most notably the activation or
repression of alternative exon inclusion (7,8). MBNL pro-
teins have been specifically implicated in regulating fetal to
adult mRNA isoform transitions in heart and muscle (9–
13). In addition, MBNL proteins have been linked to the
regulation of other RNA metabolic processes including lo-
calization (14), turnover (15), gene expression (16,17), al-
ternative polyadenylation (18) and micro-RNA processing
(19).

MBNL proteins, particularly MBNL1, have been the fo-
cus of intense study for the past 15 years due to their promi-
nent role in the pathogenesis of myotonic dystrophy (DM).
DM is a multi-systemic neuromuscular disorder caused by
expression of CTG or CCTG repeat expansions within the
3′ untranslated region of DMPK (DM Type 1) or intron 1 of
CNBP (DM Type 2), respectively (20,21). Once transcribed
into RNA, these expanded CUG or CCUG repeats se-
quester MBNL proteins into discrete nuclear RNA-protein
aggregates called foci (22–24). Sequestration of MBNL
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by these toxic, expanded RNAs leads to dysregulation of
MBNL-mediated AS linked to causing some of the disease
symptoms (25–28). Although most commonly associated
with DM, loss of MBNL1 function has also been associ-
ated with other disorders, specifically spinocerebellar ataxia
type 8 (SCA8) and Fuchs Endothelial Corneal Dystrophy
(FECD) (29,30).

In order to regulate specific splicing events, MBNL1 acts
as an enhancer or repressor of exon inclusion in a tran-
script dependent manner. In general, if MBNL1 binds up-
stream of a regulated exon it suppresses inclusion and if it
binds downstream it enhances inclusion (17,31,32). RNA
binding by MBNL1 is mediated via four highly conserved
CCCH-type (CX7CX4–6CX3H) zinc finger (ZF) motifs that
fold into two tandem RNA binding domains commonly
referred to as ZF1–2 and ZF3–4 (31,33). These two do-
mains are located within the N-terminal region of the pro-
tein and are separated by a flexible linker predicted to me-
diate MBNL1 binding to a wide variety of RNAs (33,34).
Studies have shown that MBNL proteins bind YGCY (Y =
C or U) motifs within their RNA targets (32,35). Crosslink-
ing immunoprecipitation (CLIP)-seq and RNA Bind-n-seq
(RBNS) experiments have identified several additional re-
lated motifs (14,36). The expanded CUG / CCUG repeat
RNA in DM patients contain many YGCY motifs, provid-
ing a sink for MBNL and the subsequent dysregulation of
RNA processing mediated by MBNL proteins.

Sequence alignment and secondary structural overlay of
the two ZF domains show that ZF1 / ZF3 and ZF2 / ZF4
have high sequence similarity and nearly identical structures
(31,33,37). The major differences between the domains is (i)
an extended �-helix at the end of ZF2, (ii) an interdomain
linker that is two amino acids shorter in the ZF1–2 domain
(Supplemental Figure S1), and (iii) a short N-terminal he-
lix before ZF1 absent in the ZF3–4 domain (31,33,37). Due
to the high degree of similarity between the two domains
as well as their physical separation via the linker, it has been
predicted that the ZF domains have the same or very similar
RNA binding activities and may be functionally redundant
(31,33). The hypothesis of functional redundancy is further
supported by studies with the Drosophila melanogaster and
Caenorhabditis elegans orthologs of the MBNL1 gene, mus-
cleblind (mbl). Mbl from these organisms contains only a
single ZF domain or the major isoform contains only a sin-
gle ZF domain orthologous to the human ZF1–2 and yet is
able to regulate splicing of many MBNL1 target transcripts
in mammalian cell culture (38–40).

Despite the similarity between these domains, combina-
torial mutagenic analysis of the four ZFs found that ZF1–2
and ZF3–4 are not functionally equivalent (31). Using this
approach it was discovered that a MBNL1 protein with a
single functional ZF1–2 bound with higher affinity to all
tested RNA substrates compared to a MBNL1 with only a
functional ZF3–4 (31). Additionally, a MBNL1 with only
an active ZF1–2 retained approximately 80% of splicing ac-
tivity while the MBNL1 mutant with only an active ZF3–
4 maintained 50% splicing regulation (31). Despite these
observations it still remained unclear if the ZF pairs truly
act as independent domains. Additionally, the function of
the individual ZF domains and whether they cooperate in

some manner through higher-order interactions to achieve
AS regulation remained ambiguous.

In order to address these questions, we utilized a syn-
thetic biology approach to generate chimeric MBNL1 pro-
teins with novel ZF domain organization. Specifically, we
hypothesized that a synthetic MBNL1 protein with higher
RNA binding affinity and subsequent splicing activity
could be engineered by replacing ZF3–4 with a second ZF1–
2. Additionally, we predicted that substitution of the ZF1–2
domain with a ZF3–4 would result in weakened RNA bind-
ing and reduced splicing regulation. To test these hypothe-
ses, two synthetic MBNL constructs were designed with du-
plicate ZF domains: (i) a MBNL in which the ZF3–4 do-
main is replaced with a ZF1–2 (defined as domain A) to
create MBNL-AA and (ii) MBNL-BB in which the ZF1–2
domain is substituted with a ZF3–4 (defined as domain B)
(Figure 1A).

Using this approach we discovered that the ZF1–2 and
ZF3–4 domains act as independent units with distinct char-
acteristics, most notably different RNA binding specifici-
ties. We also showed that the ZF domains can be organized
in novel ways to produce synthetic MBNL1 proteins with
different activities as assayed by AS and RNA binding as-
says. The creation and characterization of these synthetic
proteins has not only given us additional insights into the
function of the individual ZF domains, but also provides a
framework to develop novel MBNL proteins with the po-
tential to serve as tools to investigate AS regulation and
act as therapeutic biologics for DM and other microsatel-
lite diseases.

MATERIALS AND METHODS

Protein design, synthesis and cloning

The wild-type (WT) MBNL1 protein (amino acids 1–382;
splice isoform a; NCBI accession number NP 066368) was
used as a template for the construction of the MBNL-
AB, MBNL-AA and MBNL-BB constructs. Due to the
difficulty of purifying MBNL1 with the C-terminal re-
gion (amino acids 261–382) and to reduce the size of our
synthetic proteins, we chose to exclude this portion of
the protein in our synthetic design. Previous studies have
shown that the C-terminal region is not required for high-
affinity RNA binding (41,42). MBNL-AB was created using
primers to add the N-terminal HA tag and the C-terminal
nuclear localization signal (SV40 NLS). The sequence of
MBNL-AA and MBNL-BB was synthesized (GenScript).
All three proteins were cloned into pCI (Promega) for mam-
malian expression and pGEX-6P-1 (Amersham) for bac-
terial protein expression using XhoI and NotI sites. The
amino acid sequences of all MBNL constructs are reported
in Supplemental Figure S1A.

Creation of stable, inducible synthetic MBNL expression cell
lines

N-terminal GFP-tagged constructs encoding MBNL-AB
and MBNL-AA with the HA tag removed were cloned
into PB-PuroTet, a vector containing PiggyBac Transpo-
son sequences (43) flanking a PGK-driven puromycin cas-
sette and a minimal CMV promotor downstream of a TetR
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Figure 1. Zinc finger domain architecture and protein expression levels of synthetic MBNL proteins. (A) Schematic of synthetic MBNL proteins that shows
organization of zinc finger domains (ZF1–2 (Domain A) and ZF3–4 (Domain B)) and location of HA tag and nuclear localization signal (NLS). The length
of the individual segments are proportional to the size of each region of the protein. (B) Representative immunoblot comparing relative protein levels of
synthetic MBNL proteins in transfected HeLa cells. (C) Quantification of synthetic protein levels in HeLa cells via western blot against the HA tag (n =
4). Relative levels of each protein were normalized to GAPDH. MBNL-AB expression values were then set equal to 1 and MBNL-AA and MBNL-BB
protein levels normalized (data represented as mean ± standard error; **P < 0.01, ***P < 0.001, Student’s t-test).

response element (TRE) to drive doxycycline-inducible ex-
pression of the GFP-MBNL construct. The In-Fusion
cloning system (Clonetech) was utilized according to the
manufacturer’s instructions to clone the GFP-tagged con-
structs into the PB-PuroTet vector. At 60% confluency
in six-well plates, mbnl 1/2 double knockout mouse em-
bryonic fibroblasts (MEFs), gifted by Maurice Swanson,
were transfected with 1 �g of PB-PuroTet vector encod-
ing GFP tagged MBNL-AB or MBNL-AA, 1 �g of a PB-
Tet-On Advanced (vector containing PiggyBac Transposon
sequences (43) flanking rtTA Advanced (Clontech) under
CMV-driven expression as well as a puromycin selection
cassette), and 1 �g of PiggyBac transposase (total = 3 �g)
using TransIT-LT1 (Mirus) as per the manufacturer’s in-
structions. After 24 h, the cells were subjected to puromycin
selection (4 �g/ml), allowed to recover for several days,
and then exposed to 1000 ng/ml doxycycline (Sigma) for
24 h. Cells were then sorted for high GFP expression us-
ing the SH800S Cell Sorter (Sony). Individual clones were
isolated and the populations expanded in the presence of
puromycin. Individual clones for each cell line were se-
lected for experimental use based on GFP-MBNL expres-
sion across a range of doxycycline concentrations.

Cell culture and transfection

HeLa cells were cultured as a monolayer in Dulbecco’s
modified Eagle’s medium (DMEM)-Glutamax (Gibco)
supplemented with 10% fetal bovine serum (FBS) and
1X antibiotic-antimycotic (Gibco) at 37◦C under 5% CO2.
Prior to transfection, cells were plated in twelve-well plates
at a density of 8 × 104 cells/well. Cells were transfected ap-
proximately 36 h later at ∼80% confluency. Plasmids (400
ng/well) were transfected using 2 �l of Lipofectamine 2000
(Invitrogen) as per the manufacturer’s protocol. Cells were
placed in Opti-MEM I reduced serum media (Gibco) at

the time of transfection. Six hours later, the Opti-MEM
I was replaced with our supplemented DMEM. 18 hours
post-medium exchange cells were harvested using TrypLE
(Gibco) and pelleted using centrifugation.

For overexpression cell-based splicing assays (Figure 2)
and Western blots (Figure 1B), 200 ng of protein plasmid
or empty pCI vector (mock) were co-transfected with 200
ng of minigene. In the context of the plasmid dosing system
(both splicing assays and Western blots) (Figure 3 and Sup-
plemental Figure S6), 200 ng of a selected minigene was co-
transfected with increasing amounts of protein expression
plasmid up to 200 ng. In cases where less than 200 ng were
transfected, empty pCI vector was used to make up the re-
mainder of the total 400 ng transfected. When plasmid dos-
ing was performed in the context of CUG repeat RNA (Fig-
ure 7), the amount of protein expression vector remained
unchanged from previous dosing experiments, but only 100
ng of the selected minigene was transfected with 100 ng of
a DMPK-CUG960 expressing plasmid (34).

MEFs were regularly maintained in DMEM-Glutamax
supplemented with 10% FBS and 2 �g/ml puromycin at
37◦C under 5% CO2. To assay endogenous splicing regu-
lation (Figure 4B–D, Supplemental Figure S11) and GFP-
MBNL expression levels via western blot (Figure 4A and
Supplemental Figure S9), cells were plated in twelve-well
plates at a density of 6 × 104 cells/well. After 24 h, fresh
doxycycline was prepared at 1 mg/ml, diluted, and then
added to the cells at the appropriate concentrations to in-
duce a range of GFP-MBNL protein expression. 24 h post-
docycycline treatment cells were harvested using TrypLE
and pelleted using centrifugation.

Western blot analysis

Cell pellets were lysed in RIPA (25 mM Tris–HCl pH 7.6,
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
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Figure 2. Synthetic MBNL proteins regulate splicing of minigenes in HeLa cells with different activities. (A–F) Jitter plot representations of cell-based
splicing assays using INSR, ATP2A1, Vldlr, TNNT2, MBNL1, and Nfix minigenes, respectively. HeLa cells were transfected with empty vector (mock) or
MBNL protein expression plasmids and a single minigene reporter. Percent spliced in (PSI, � ) (i.e. percent exon inclusion) for each protein treatment was
then quantified. Each point is from a single experiment and the line represents the average of all experiments for that condition (at least n = 5 for each
protein treatment). Average � (± standard deviation) and percent splicing activity (displayed in white) are listed below the representative splicing gels. (oP
< 0.05 versus mock, #P < 0.0001 versus mock, •P < 0.05 versus MBNL-AB, †P < 0.0001 versus MBNL-AB, Student’s t-test).

SDS) (ThermoFisher) supplemented with 1 mM phenyl-
methylsulfonyl fluoride and 1X protease inhibitor cock-
tail (SigmaFAST, Sigma) by light agitation for 15 min via
vortex. Equal amounts of lysate were resolved on a 10%
(HeLa/HEK-293 cells, Figure 1B and Supplemental Fig-
ure S3A) or 4–15% (MEF cells, Figure 4A) SDS-PAGE gel
prior to transfer. For blots with lysates from HeLa/HEK-
293 cells, MBNL proteins were probed using a mouse anti-
HA antibody (1:1000 dilution, 6E2, Cell Signaling Tech-
nology) and goat anti-mouse secondary IRDye 800CW
(1:15,000 dilution, LI-COR). A GAPDH loading control
was probed using rabbit anti-GAPDH antibody (1:1000 di-
lution, 14C10, Cell Signaling Technology) followed by a
goat anti-rabbit secondary IRDye 680RD (1:15,000 dilu-
tion, LI-COR). Blots from MEF lysates were probed with
a rabbit anti-GFP (1:1000 dilution, D5.1, Cell Signaling

Technology) and a donkey anti-rabbit secondary IRDye
680RD (1:15,000 dilution, LI-COR). A GAPDH loading
control was probed using a chicken anti-GAPDH anti-
body (1:2000 dilution, ab14247, Abcam) followed by a don-
key anti-chicken secondary 800CW (1:15,000 dilution, LI-
COR). In both systems, fluorescence was measured using
a LI-COR Odyssey Fc or LI-COR Odyssey CLx Imaging
instrument. Quantification was performed using the associ-
ated Image Studio analysis software (LI-COR).

Cell-based splicing assay

RNA was isolated from HeLa and HEK-293 cells using
an RNeasy kit (Qiagen) or Aurum Total RNA Mini kit
(Bio-Rad). The isolated RNA was processed via reverse-
transcription (RT)-PCR and the percent spliced in (PSI, � )
(i.e. percent exon inclusion) for each minigene event upon
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Figure 3. MBNL-AA and MBNL-BB proteins regulate splicing at different relative protein levels compared to MBNL-AB in a plasmid dosing system.
(A–C) Plasmid dosing assays for MBNL1, ATP2A1, and TNNT2 minigene events, respectively. Increasing amounts of plasmid expressing MBNL-AB,
MBNL-AA, or MBNL-BB were transfected into HeLa cells along with a minigene reporter (n = 3–5 per plasmid dose). � values (data represented as
mean ± standard deviation) were then quantified, plotted against log [MBNL] levels, and fit to a four-parameter dose–response curve. Relative MBNL
expression levels for each protein were determined via immunoblot (n = 3) at each plasmid dose and normalized to GAPDH. MBNL-AB levels at the
highest plasmid dose (200 ng) were then set equal to 1 and all other values for MBNL-AB, MBNL-AA, and MBNL-BB normalized. Representative
immunoblots with quantification and splicing gels can be found in Supplemental Figure S6 and S7A, respectively. (D) Bar plots of log(EC50) values and
Hill slopes derived from the dose–response curves (table of exact values ± standard error are listed in Supplemental Figure S7B). Due to ambiguous curve
fitting of MBNL-BB, the bottom (MBNL1 and TNNT2) or top (ATP2A1) of the curve was constrained to match the average � value of MBNL-AB at
the highest plasmid dose. (*P < 0.05, ****P < 0.0001, Student’s t-test).

protein or mock treatment was determined as previously
described (31) (Figures 2-4 and 7 and Supplemental Fig-
ures S4, S11, and S15). The only differences from this pre-
viously published protocol was that for some RT steps Su-
perScript IV (Invitrogen) was utilized. Additionally, some
cDNA samples were visualized and the percent exon inclu-
sion (� ) values determined using the Fragment Analyzer
(DNF-905 dsDNA 905 reagent kit, 1–500bp, Advanced An-
alytical Technologies) and associated ProSize data analysis
software. No discernible differences in � quantification was
observed between samples visualized using 6% native gels
and SYBR green I nucleic acid stain (Invitrogen) and the

Fragment Analyzer system. In the plasmid dosing system
with and without CUG repeat RNA expression (Figures 3
and 7), � values were plotted against relative MBNL lev-
els as determined by immunoblot (Supplemental Figure S6)
and fit to a four-parameter dose-curve (� = � min + ((� max -
� min)/(1 + 10((log(EC50) – log[MBNL1]) * slope)))). Parameters that
correlate to biological data, i.e. concentration (EC50) and
steepness of response (slope), were then derived from these
curves (Figures 3D and 7C).

RNA was isolated from MEF cells using the Aurum To-
tal RNA mini kit and DNase treated on column. 1000 ng of
DNAsed RNA was reverse transcribed with SuperScript IV
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Figure 4. MBNL-AA regulates splicing at similar relative protein levels in
an inducible tet-on system in mbnl 1/2 double knockout MEFs. (A) Rep-
resentative immunoblots used to determine relative MBNL protein levels
across a gradient of doxycycline treatment (0–60 ng/ml for MBNL-AB and
0–2000 ng/ml for MBNL-AA). Relative MBNL protein expression levels
for each protein was determined via immunoblot (n = 3) at each doxy-
cycline dose and normalized to GAPDH. MBNL-AB levels at the high-
est dose were then set equal to 1 and all other values for MBNL-AB and
MBNL-AA normalized. Quantification of MBNL levels from triplicate
immunoblots can be can be found in Supplemental Figure S9. (B–D) Dose
curves of three endogenous splicing events Apbb2, Mta, and Depdc5, re-
spectively. MEFs were treated with increasing amounts of doxycycline (n
= 3) and � values quantified at each dose (representative splicing gels used
to quantify � values can be found in Supplemental Figure S10). These �
values (data represented as mean ± standard deviation) were then plotted
against log [MBNL] levels and fit to a four-parameter dose-curve. Due to
ambiguous curve fitting in some cases, for all dose–response curves, the
top or bottom (i.e. inclusion or exclusion event, respectively) of the curve
was constrained to match the average � at the highest doxycycline dose.
Additional dose–response curves and R2 values for each curve fit can be
found in Supplemental Figure S11. Quantitative parameters derived from
these dose curves can be found in Supplemental Figure S12.

with random hexamer priming according to the manufac-
turer’s protocol except that half of the recommended Super-
Script IV was utilized. cDNA was then PCR amplified for
25–32 cycles using flanking exon-specific primers. Primer se-
quences, annealing temperatures, and inclusion and exclu-
sion product sizes in base pairs are listed in Supplemental
Table S1. Samples were visualized and quantified using the
Fragment Analyzer system. � values were plotted against
MBNL levels (Figure 4B–D, Supplemental Figure S11) as
determined by Western plot (Figure 4A and Supplemental
Figure S9) relative to GAPDH and fit to a four-parameter
dose-curve as described above. Parameters that correlate to
biological data, i.e. concentration (EC50) and steepness of
response (slope), were then derived from these curves (Sup-
plemental Figure S12).

Protein expression and purification

All proteins were expressed as N-terminal glutathione S-
transferase (GST) fusions. Using BL21 Star (DE3) cells (In-
vitrogen), protein expression was induced using 0.5 mM
IPTG at an OD600 = 0.6–0.7 for 2 h at 37◦C. Following in-
duction, cells were lysed in B-PER (bacterial protein extrac-
tion reagent) (Pierce) supplemented with DNase I (5 U/ml)
and lysozyme (0.1 mg/ml) for 30 minutes at room tempera-
ture. The lysate was then diluted with 1 volume of 1× PBS
and incubated for 30 minutes on ice prior to centrifuga-
tion at 17,000 rpm. The supernatant was isolated and mixed
with glutathione agarose (Sigma) for 2 h at 4◦C. The resin
was washed twice with 5 volumes of GST buffer (40 mM
bicine pH 8.3, 50 mM NaCl), twice with 5 volumes of GST
buffer supplemented with 1 M NaCl, and finally 3 times
with 5 volumes of GST buffer – 20 mM NaCl. GST-tagged
MBNL-AB, MBNL-AA, and MBNL-BB were then eluted
with 10 mM glutathione in GST buffer – 20 mM NaCl. The
resulting elution was then concentrated and dialyzed into
storage buffer (25 mM Tris pH 7.5, 500 mM NaCl, 5 mM
�-mercaptoethanol (�-ME), 50% glycerol). Final purity of
the proteins was assessed via SDS-PAGE gel analysis and
no significant differences were detected. The GST-MBNL
fusions were the most prominent band with very few non-
specific carryover products from the purification. Working
concentrations were determined via the Pierce 660 nM pro-
tein assay reagent using BSA standards.

RNA radiolabeling and electrophoretic mobility shift assays
(EMSAs)

All RNA substrates were ordered from IDT or Dharmacon
and 5′ end-labeled using T4 PNK (NEB) with [� -32P] ATP.
All RNAs were purified on 10% polyacrylamide denaturing
gels. Prior to incubation with protein, these RNAs were de-
natured by incubation at 95◦C for 2 min followed by a 5 min
incubation on ice. Once cooled the RNA was mixed with in-
creasing concentrations of protein (final volume = 10 �l) to
yield final reaction conditions of 115 mM NaCl, 20 mM Tris
pH 7.5, 1 mM �-ME, 0.01 mM EDTA, 10% glycerol, 5 mM
MgCl2, 0.1 mg/ml heparin, 2 mg/ml bovine serum albumin
(BSA), and 0.02% xylene cyanol. This protein–RNA mix-
ture was incubated for 30 minutes at room temperature for
binding to reach equilibrium prior to electrophoresis. 3 �l
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of the sample was then loaded on a pre-chilled, 1.5 mm, 6%
native acrylamide (37.5:1) gel and run for 45 min at 150 V at
4◦C. Gels were dried for overnight exposure on phosphorus
plates (Figure 4B and D). Binding curves were quantified
using ImageQuant software (GE Healthcare Life Sciences).
The fraction of RNA bound was calculated as the ratio of
all RNA-protein complexes divided by total RNA signal in
each lane. The apparent Kd was then determined using the
following equation: fbound = fmax([MBNL]/([MBNL] + Kd))
(Figure 5C and E).

In vitro transcription of RNA Bind-n-seq (RBNS) random in-
put RNA

RBNS random input RNA was prepared by in vitro
transcription using the RBNS T7 template (5′-ACACTC
TTTCCCTACACGACGCTCTTCCGATCT(N)40GATC
GGAAGAGCACACGTCTGAACTCCAGTCACCCT
ATAGTGAGTCGTATTA-3′), a DNA oligo containing
a random 40mer sequence flanked by priming sites for
the addition of Illumina adaptors and the T7 promoter
sequence. To artificially create a double-stranded T7 pro-
moter, a T7 oligo (5′-TAATACGACTCACTATAGGG-3′)
was annealed to the region of the RBNS T7 template
corresponding to the T7 promoter sequence by heating the
template and T7 oligo in equal proportions up to 95◦C
and cooling down at a rate of 0.1◦C/s to 45◦C. The RBNS
input RNA pool was then in vitro transcribed using the
HiScribe T7 in vitro transcription kit (NEB). The produced
RNA was then bead purified using AMPure XP RNase
free beads (Beckman Coulter Inc.).

RBNS and computational analysis

RBNS was performed using the same proteins purified
as GST fusions for EMSAs. Eight concentrations of each
MBNL protein (nM = 0,16, 32,125, 250, 500, 1000, 2000),
including a no MBNL condition, were equilibrated in
binding buffer (25 mM Tris pH 7.5, 150 mM KCl, 3 mM
MgCl2, 0.01% Tween-20, 1 mg/ml BSA, 1 mM DTT, 30
�g/ml poly I/C (Sigma)) for 30 min at room temperature.
In vitro transcribed RBNS random input RNA was then
added to a final concentration of 1 �M with 40 U of
SUPERaseIn (Ambion) and incubated for 1 h at room
temperature. During this incubation 50 �l aliquots of
glutathione magnetic agarose beads (Pierce) were washed
four times with 0.2 ml of wash buffer (25 mM Tris pH
7.5, 150 mM KCl, 60 �g/ml BSA, 0.5 mM EDTA, 0.01%
Tween-20). The beads were then placed in 50 �l of binding
buffer until needed. To pull down the tagged MBNL and
interacting RNA, each RNA and protein solution was
added to 15 �l of equilibrated and washed glutathione
magnetic agarose beads and incubated for 1 hour at room
temperature. Unbound RNA was removed by washing
the beads three times with 0.2 ml of wash buffer. The
beads were incubated at 70◦C for 10 min in 100 �l of
elution buffer (10 mM Tris pH 7.0, 1mM EDTA, 1%
SDS) and the eluted material (bound RNA) collected with
AMPure XP RNase-free beads. The RNA was then reverse
transcribed into cDNA using SuperScript IV according to
the manufacturer’s protocol with a common primer (5′-

ACTGACCTCAAGTCTGCACACGAGAAGGCTAG-
3′). 0.5 pmol of RBNS input RNA was also reverse
transcribed to control for any nucleotide biases in the input
library. Illumina sequencing libraries were prepared using
primers with Illumina adaptors and unique sequencing
barcodes (to allow for multiplexing all samples) to amplify
the cDNA using Phusion high-fidelity DNA polymerase
(NEB) for 16 amplification cycles. Table of primers used
to index each sample library with unique barcodes are
listed in Supplemental Table S2. PCR products were bead
purified using AMPure XP RNase-free beads. Sequencing
libraries corresponding to all concentrations of a given
MBNL were pooled in a single lane and the random 40mer
sequenced using the Illumina NextSeq 500. Motif (kmer)
R values were calculated as the motif frequency in the
selected RBP pool over the frequency in the input RNA
library (Figure 6A–C). Frequencies were controlled for
the respective library read depth. The overall rate of kmer
enrichment in the no protein condition relative to the input
library was defined as the false-discovery rate (FDR). More
detailed methods and theoretical assumptions utilized have
been previously reported (36).

RESULTS

Synthetic MBNL1 proteins with modified zinc finger domain
organization possess different splicing activities

In order to evaluate the importance of ZF domain or-
ganization and content in MBNL proteins, two synthetic
MBNL proteins with different ZF domain content were cre-
ated, MBNL-AA and MBNL-BB, the activities of which we
planned to compare to an MBNL protein with the canoni-
cal ZF domain content and arrangement, MBNL-AB (Fig-
ure 1A). Using the extensively studied 41 kDa isoform (1–
382 amino acids) of MBNL1 as a platform for our synthetic
protein design, we defined the ZF1–2 domain (domain A)
from 9 to 101 (93 amino acids) and the ZF3–4 domain
(domain B) from 178 to 253 (76 amino acids). Although
the domain boundaries previously published were used as a
guide (33,44), we chose to extend the C-terminal sequence
of ZF1–2 to include the Q-rich region (amino acids 91–101)
downstream of ZF2, which we have shown previously to be
important for ZF1–2 splicing function (31). To reduce the
overall size of our synthetic proteins and facilitate in vitro
purification, the C-terminal region (amino acids 261–382)
was removed and replaced with an eight amino acid nu-
clear localization signal (SV40 NLS). Although predicted
to be relatively unstructured, the C-terminus of MBNL1
has been shown to contain several regions required for nu-
clear localization and potential MBNL1 dimerization (45).
However, previous work has shown that this region is not re-
quired for high-affinity RNA binding and MBNL1 proteins
with the C-terminus removed retain nearly full splicing ac-
tivity compared to full-length MBNL1 (41,46). Finally, a N-
terminal HA tag was also added for use in immunoblot and
immunofluorescence detection methods (see Supplemental
Figure S1A for the amino acid sequences of all MBNL pro-
tein constructs used in this study).

Prior to functional characterization of our synthetic
MBNL proteins, we evaluated relative protein expression
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Figure 5. Reorganization of zinc finger domains does not significantly impact RNA binding of synthetic MBNL proteins. (A) Sequence of four RNAs used
in EMSAs with synthetic MBNL proteins. The occurrence of specific UGCU motifs (bold and underlined) and mutated non-specific motifs (red, bold,
and underlined) within the RNA substrates are noted. (B) Representative EMSA gels to CUG4/CAG4 RNA substrates (n = 3 for each RNA). (C) Binding
curves of all synthetic MBNL proteins for CUG4. Apparent dissociation constants (Kds) (± standard error) for each MBNL1 are listed. (D) Representative
EMSA gels for NV11/NV2CC RNA substrates (n = 3 for each RNA). (E) Binding curves for each MBNL protein comparing the differences in affinity
between NV11 and the non-specific mutant NV2CC. Kd (± standard error) for each RNA are listed below each plot.

levels and subcellular localization. Immunofluorescence de-
tection in transfected HeLa cells showed predominant nu-
clear localization with a modest signal in the cytoplasm for
MBNL-AB and both synthetic proteins (Supplemental Fig-
ure S2A). This distribution is comparable to past results,
including those using full-length MBNL1 (31,39). The only
noticeable difference in the subcellular distribution of the
synthetic proteins was a lack of nucleolar definition in cells
expressing MBNL-BB. Surprisingly, we detected significant
differences in steady state protein levels in transfected HeLa
cells as determined by immunoblot (Figure 1B). When nor-
malized to MBNL-AB, MBNL-AA is expressed at an ap-
proximately 0.5-fold lower level while MBNL-BB is ex-
pressed at a 2.5-fold higher level (Figure 1C). This pattern

of expression was maintained in transfected HEK-293 cells
indicating that the observed relative expression levels ob-
served are independent of cell-type and transfection method
(Supplemental Figure S3A-B). These variations in protein
levels were not due to changes in mRNA expression as as-
sayed by RT-qPCR (Supplemental Figure S2B). Overall,
these data suggest that the ZF3–4 domain confers addi-
tional stability to MBNL1 compared to ZF1–2 in the con-
text of these protein constructs.

To explore how variation of ZF content within the syn-
thetic proteins would impact MBNL1 splicing activity, a
cell-based splicing assay was used with a series of splicing
reporter minigenes, many of which are derived from events
known to be mis-regulated in DM. These reporters in-
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Figure 6. RBNS analysis of engineered MBNL proteins indicates that the ZF domains have differential RNA binding specificity. (A–C) RBNS R values for
the top four kmers (k = 7) are shown as a function of MBNL1 protein concentration for MBNL-AB, MBNL-AA, and MBNL-BB, respectively. Top four
kmers for each protein are determined based on concentration of protein that shows the greatest R values (250, 500 and 1000 nM for MBNL-AB, MBNL-
AA, and MBNL-BB, respectively). R values at all other concentrations for the respective kmers were then determined to create the unimodal enrichment
plots shown. (D) Percent nucleotide occurrence within the top 100 kmers for each MBNL protein. (E) Area-proportional Venn diagram showing overlap
in top 50 kmers for each MBNL protein. Values listed represent number of kmers within each sub-population. [RBNS data can be accessed via Sequence
Read Archive SUB2513163; RNA Bind-N-Seq for Synthetic MBNL.]

clude (i) human insulin receptor exon 11 (INSR) (44,47,48),
(ii) human cardiac troponin T type 2 exon 5 (TNNT2)
(35,41), (iii) human sarcoplasmic / endoplasmic reticulum
Ca2+-ATPase 1 exon 22 (ATP2A1) (32,49), (iv) mouse nu-
clear factor I/X exon 8 (Nfix) (17), (v) mouse very-low-
density lipoprotein receptor exon 16 (Vldlr) (17), and (vi)
human MBNL1 exon 5 (50). HeLa cells were co-transfected
with synthetic MBNL-expression plasmids or empty vec-
tor (mock) and a single minigene reporter. Inclusion levels
of each alternative exon were then quantified via RT-PCR
and expressed as percent spliced in (PSI, � ) (i.e percent exon
inclusion). Splicing activity of MBNL-AA and MBNL-BB
were then determined as a percentage of activity relative to
MBNL-AB for each minigene event.

The data for the six minigenes tested revealed that
MBNL-AA regulated splicing at a level equivalent to or bet-
ter than MBNL-AB. MBNL-BB, while still functional, had
significantly reduced splicing activity (Figure 2A-F). These
patterns of splicing regulation were maintained for both in-
clusion (INSR, ATP2A1 and Vldlr) and exclusion (TNNT2,
MBNL1 and Nfix) events, indicating that the splicing activ-
ity of these synthetic proteins is independent of RNA target
and regulation type. Overall, these observations are consis-
tent with our hypothesis that the splicing activity of MBNL-
AA would be high while that of MBNL-BB would be low.
Importantly, disruption of the canonical ZF domain orga-

nization and removal / replacement of specific ZF domains
did not render our synthetic MBNL proteins dysfunctional,
indicating that (i) MBNL proteins are amenable to major
sequence alterations and substitutions, and (ii) the splicing
activity of the individual ZF domains can be uncoupled.

The only reporter that showed large differences in regula-
tion was TNNT2. Within the context of this event, MBNL-
AA displayed enhanced activity (147%) while MBNL-BB
had only minimal splicing activity (16% activity) (Figure
2D). In contrast, all three proteins were able to regulate
splicing of the MBNL1 reporter with similar activity (Fig-
ure 2E). For all other reporters utilized, MBNL-AA reg-
ulated splicing at equivalent levels to MBNL-AB while
MBNL-BB retained ∼50% of MBNL-AB splicing activity
(Supplemental Figure S5A). These trends were maintained
in HEK-293 cells despite changes in �� for each minigene
between the two different cell types (Supplemental Figures
S4A-F and S5B).

An important point regarding these results is that equal
amounts of plasmid were transfected into cells and this re-
sulted in differences in the amount of each MBNL protein
expressed (Figure 1B-C for HeLa, Supplemental Figure S3
for HEK-293). Interestingly, the high levels of MBNL-BB
were not sufficient to regulate splicing as well as MBNL-
AB. In contrast, MBNL-AA maintained comparable splic-
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ing regulation to MBNL-AB with half the amount of pro-
tein present.

Controlled dosing of synthetic MBNL proteins in two differ-
ent systems reveals significantly different activities for splic-
ing regulation

To gain further insight into MBNL-AA and MBNL-BB AS
regulation, especially as it relates to protein concentration,
we performed the same cell-based splicing assays previously
utilized across a gradient of MBNL expression. We found
that this experimental analysis was necessary as our syn-
thetic proteins had different expression profiles (Figure 1B-
C, Supplemental Figure S3). To create the range of protein
levels required within this system, HeLa cells were trans-
fected with increasing amounts of protein-expression plas-
mid for each synthetic MBNL protein tested. Immunoblot
analysis against the HA tag was then used to quantify
relative MBNL1 levels at each concentration of plasmid
transfected (see Supplemental Figure S6 for representative
blots and quantification). As expected, MBNL-BB main-
tained relatively high levels of expression across the gradient
while MBNL-AA protein levels remained lower compared
to MBNL-AB.

Next, � values for three different minigenes (TNNT2,
MBNL1 and ATP2A1) for each individual point along the
protein gradient were determined (representative images
used to calculate � are shown in Supplemental Figure S7A).
These values were then plotted against log [MBNL] to cre-
ate dose–response curves for each protein. MBNL1 and
ATP2A1 were selected from the pool of mingene reporters
to test in this system because (i) these two minigenes dis-
played a robust splicing response (large �� ) in the cell-
based splicing assay (Figure 2B and E), (ii) they represent
both MBNL1-regulated inclusion and exclusion events, re-
spectively, (iii) both minigenes have been well-characterized
(32,50) and (iv) MBNL-AA and MBNL-BB both show sim-
ilar splicing activity and maximal � compared to MBNL-
AB (Figure 2B and E). TNNT2 was chosen as an additional
reporter to test in this dosing system because it displayed the
largest difference in splicing activity between the synthetic
MBNL proteins (Figure 2D). Creation of these dose curves
allowed for the derivation of several quantitative parame-
ters that describe the splicing regulation of each event, i.e.
EC50 and slope. The slope of the response curve provides a
relative measure of cooperativity while the EC50 value pro-
vides a relative measure of how much protein is required to
obtain splicing regulation at 50% of maximum � .

Results from these experiments revealed different dose–
response curves for each MBNL protein tested and for
each minigene assayed (Figure 3A–C). Both MBNL-AB
and MBNL-AA displayed typical dose response curves that
show a plateau in � for all three minigene events tested (Fig-
ure 3A–C). Based on the EC50 values derived, MBNL-AB
required ∼5-fold more protein compared to MBNL-AA to
achieve similar levels of splicing regulation (Figure 3D). For
all three events tested the slope of the dose response curves
for MBNL-AB was steeper compared to MBNL-AA (Fig-
ure 3D). Interestingly, this indicates that while less MBNL-
AA protein is required to reach the maximum � , there is
an apparent loss in cooperative splicing regulation. In con-

trast to MBNL-AB and MBNL-AA, the dose–response
curves for MBNL-BB revealed that, as expected, high ex-
pression levels are required to achieve modest splicing reg-
ulation (Figure 3D). Almost no change in � was observed
for TNNT2 (Figure 3C). Even for minigene events assayed
in which MBNL-BB was able to achieve splicing regulation
in the overexpression system (ATP2A1 and MBNL1, Fig-
ure 2B and E), the EC50 values are high and the slopes are
shallow compared to the other two proteins (Figure 3D).
Overall, the controlled dosing of our synthetic MBNL1 pro-
teins in this system revealed that as predicted, MBNL-BB
has significantly reduced splicing activity while MBNL-AA
should be considered a high activity, synthetic derivative of
MBNL-AB with a 5-fold increase in splicing activity.

To expand our analysis of synthetic MBNL AS regu-
lation as a function of protein concentration, we estab-
lished stable cell lines expressing GFP-tagged MBNL-AB
or MBNL-AA controlled with tet-on regulation. A cell
line with MBNL-BB was not generated due to its weak
splicing activity. Both a constitutively expressed rtTA and
an N-terminal GFP-tagged synthetic MBNL protein un-
der control of a tet-response element were stably integrated
into mbnl 1/2 double knockout mouse embryonic fibrob-
lasts (MEFs). Integration of both cassettes was driven by
puromycin selection. After selection and treatment with
doxycycline to activate GFP-MBNL protein expression,
fluorescent-activated cell sorting was used to isolate and se-
lect individual clones for each cell line that have high ex-
pression of the synthetic MBNL protein in response to drug
treatment. The fluorescence of the GFP tag was utilized to
show that as in the transfected HeLa system, MBNL-AB
and MBNL-AA co-localize in the nucleus of doxycycline
treated cells (Supplemental Figure S8).

In this system, the concentration of synthetic MBNL pro-
teins can be precisely controlled as a function of doxycycline
(0–60 ng/ml for MBNL-AB, 0–2000 ng/ml for MNBL-
AA). In both cell lines, MBNL expression covered a broad
range (Figure 4A, Supplemental Figure S9). In contrast to
the plasmid dosing system in HeLa cells, expression levels of
MBNL-AB and MBNL-AA at matched doxycycline doses
are statistically equivalent except at the highest dose, where
MBNL-AA expression levels were slightly increased (Sup-
plemental Figure S9). The differences in protein expression
levels in the two systems are likely due to the presence of
the N-terminal tag (GFP versus HA) and possibly the dif-
ferent cellular environments. Next, we tested the AS activity
of the synthetic MBNL proteins for 15 endogenous splicing
events across a range of protein expression generated via
doxycycline gradient. These 15 endogenous events (9 inclu-
sion, 6 exclusion) were selected from RNAseq data sets pre-
viously published from the mbnl 1/2 knockout MEFs (39).
RT-PCR was then performed to determine � of each indi-
vidual point along the protein gradient (representative im-
ages to calculate � are shown in Supplemental Figure S10)
and plotted against log [MBNL] levels to generate dose–
response curves (Figure 4A–C, Supplemental Figure S11).
EC50, slope, and �� values were then derived from these
dose–response curves (Supplemental Figure S12).

MBNL-AB and MBNL-AA displayed nearly identical
dose–response curves with similar EC50 and slope values
(Figure 4B–D and Supplemental Figure S11). In most cases,
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the dose–response curves overlapped (Figure 4B, Supple-
mental Figure S11C-G, S11J, and S11L). For a few select
events, while the overall shape / � � of the dose–response
curves was similar, the minimal and maximal � for MBNL-
AB or MBNL-BB was shifted (Figure 4C and Supplemen-
tal Figure S11B, S11E, S11I and S11K). These shifts in the
curves did, for some events (Mta, Add3, and Exoc1) result in
increased EC50 values for MBNL-AA compared to MBNL-
AB (Supplemental Figure S12A-B). Depdc5 (Figure 4D)
was the only event for which MBNL-AA showed a signifi-
cantly lower EC50 and reduced slope compared to MBNL-
AB, the same pattern of activity displayed in the HeLa
plasmid dosing system. Overall, MBNL-AB and MBNL-
AA showed similar activities across many splicing events
suggesting these two proteins regulate most or all splicing
events with similar activities within the context of this sys-
tem.

Synthetic MBNL proteins possess distinct RNA binding
specificities

To determine if enhanced or disrupted RNA binding cor-
related with the observed splicing activities of MBNL-AA
and MBNL-BB, electrophoretic mobility shift assays (EM-
SAs) were performed with purified MBNL proteins and
short model RNAs. The first tested was a CUG4 RNA
substrate which contains two UGCU motifs (Figure 5A)
predicted to form a short hairpin designed to mimic the
structure CUG repeats are proposed to adopt in DM1
(41). Surprisingly, MBNL-AB and MBNL-BB possessed
nearly identical binding affinities to the CUG4 RNA while
MBNL-AA had a slightly higher KD (Figure 5B). As ex-
pected, all three proteins had no observable binding to the
CAG4 RNA substrate (Figure 5A) in which the UGCU mo-
tifs were mutated to AGCA to weaken MBNL1-RNA inter-
actions (Figure 5B) (all Kds > 2500 nM).

Second, we assayed binding to NV11, a 24-nucleotide,
single-stranded RNA substrate that serves as a model for
sites in pre-mRNAs with minimal RNA structure (34). This
RNA contains two GC dinucleotides separated by an eleven
uridine spacer creating two UGCU binding motifs (Figure
5A) (34). In conjunction we tested the NV2CC substrate
in which both GC dinucleotides are mutated to CC (Fig-
ure 5A). This modification to the sequence leads to disrup-
tion of the YGCY binding motifs (UGCU to UCCU) and
has been shown to significantly weaken MBNL1 binding
(34). MBNL-AB and MBNL-AA had nearly identical, low
nanomolar binding affinities to the NV11 substrate (Fig-
ure 5D-E). In a manner similar to CAG4, both proteins dis-
played a substantial decrease in RNA binding affinity to
the NV2CC construct (Figure 5D-E). Differential protein–
RNA complex migration was observed for NV2CC com-
pared to NV11. We suggest these differences are due to al-
terations in the binding mode of the MBNL proteins for
specific vs. non-specific binding motifs. Overall, these re-
sults indicate that MBNL-AB and MBNL-AA both recog-
nize YGCY motifs with relatively high levels of specificity
(59-fold increased recognition of specific motifs for MBNL-
AB and 18-fold for MBNL-AA).

MBNL-BB exhibited a 6-fold decrease in RNA binding
affinity for the NV11 RNA substrate compared to MBNL-

AB (Figure 5D-E). Interestingly, MBNL-BB only displayed
a 2-fold decrease in RNA binding affinity for NV2CC com-
pared to NV11 (Figure 5D-E). This result indicates that
MBNL-BB partially lost the ability to specifically recog-
nize target YGCY motifs in the context of a pyrimidine
rich RNA. This pattern is significantly different from both
MBNL-AA and MBNL-AB, as both proteins exhibit high
affinities for NV11 with significantly increased KDs for
NV2CC (Figure 5D-E). Overall, these data suggest that
MBNL-BB is primarily a non-specific RNA binding pro-
tein. Although we originally predicted that the differences
in splicing activity observed between the synthetic MBNL1
proteins would be due to changes in RNA binding affinity,
the results from our EMSA analysis suggested that differ-
ences in RNA binding specificity might be responsible.

To more broadly test the RNA binding specificities of the
synthetic MBNL proteins, we performed RNA Bind-n-Seq
(RBNS), a comprehensive, next-gen sequencing based ap-
proach to characterize sequence specificity of RBPs (36).
MBNL-AB, MBNL-AA and MBNL-BB were incubated at
increasing concentrations with a pool of random 40-mer
RNAs. The bound RNA, as well as a sample of the un-
processed input RNA, was then used to produce cDNA li-
braries for deep sequencing (36). Following sequencing, for
each protein at each of the tested concentrations, motif read
enrichment, or ‘R’ values, were calculated for each kmer (k
= 7) as the ratio of the frequency of the kmer in the experi-
mental pool as compared to that of the input RNA library.
Using this approach, a higher R value is indicative of in-
creased enrichment of a specific motif in the bound RNA
pool where R = 1 indicates no significant enrichment.

First, we compared data from our RBNS analysis
of MBNL-AB to that of a previously published RBNS
MBNL1 data set (36). We observed many of the same top
kmers in both RBNS analyses as well as similar R-values
with correlations across the range of protein concentrations
(Supplemental Figure S13B-C). This indicates that (i) our
MBNL-AB protein had similar levels of binding activity
compared to the truncated MBNL1 protein utilized in other
independent studies and (ii) there is only a modest differ-
ence between the experiments likely due to the use of dif-
ferent tags in the experimental methodology and changes
in the washing step of the protocol (GST versus a strepta-
vidin binding peptide (36), see Materials and Methods for
additional information about experimental design).

Next, we compared the unimodal enrichment profiles of
the top four kmers for MBNL-AB and the two synthetic
MBNL derivatives (Figure 6A-C). Analysis of these plots
revealed several interesting patterns. First, the top three
kmers identified were the same for MBNL-AB and MBNL-
AA (GCUUGCU, CGCUUGC and UGCUUGC). All
three kmers contain either YGCU or GCUU motifs, with
the top kmer of GCUUGCU containing both motifs. Over-
all, there was significant overlap in the top 50 kmers iden-
tified for both proteins as well as similar nucleotide occur-
rence in the selected motifs (Figure 6D-E). This indicates
that both MBNL proteins recognize and bind similar RNA
motifs.

Interestingly, the R values for many top kmers are sig-
nificantly increased for MBNL-AA compared to MBNL-
AB (10 versus 7), albeit at different protein concentrations
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Figure 7. Dose curves of synthetic MBNLs are altered in the presence of toxic RNA expression. (A and B) Plasmid dosing assays were performed using
the MBNL1 and ATP2A1 minigenes, respectively, in the presence of CUG repeat RNA expression. HeLa cells were transfected with the same increasing
amounts of plasmid to create a gradient of protein expression as done in Figure 3. Cells were transfected with a minigene reporter and a CTG960 repeat
expressing plasmid. � values at each plasmid dose were quantified (n = 3–4 for each plasmid dose), plotted against log [MBNL] levels, and fit to a four-
parameter dose–response curve (data represented as mean ± standard deviation). Representative splicing gels can be found in Supplemental Figure S14.
(C) Bar plots of log (EC50) values and slopes derived from the dose–response curves (table of exact values ± standard error are listed in Supplemental
Figure S15C). Due to ambiguous curve fitting of MBNL-BB, the bottom (MBNL1) or top (ATP2A1) of the curve was constrained to match the average �
value of MBNL-AB at the highest plasmid dose. These values are compared to those determined in the absence of toxic RNA expression (Figure 3D and
Supplemental Figure S7B). Comparison of the dose curves in the presence and absence of CUG960 RNA expression can be found in Supplemental Figure
S15A-B for MBNL1 and ATP2A1, respectively (*P < 0.05, **P < 0.01, Student’s t-test).

(500 nM vs 250 nM) (Figure 6B and A). Although this
is the most striking difference between these two proteins,
the overall pattern is that at lower concentrations, MBNL-
AA has lower R values compared to MBNL-AB until these
R values dramatically increase at 500 nM, and then drop
to nearly identical levels at higher protein concentrations
(Figure 6B). In contrast, R values for MBNL-AB increase
modestly at lower concentrations, peaking at 250nM and
then staying relatively constant (Figure 6A). This overall

pattern suggests that higher concentrations of MBNL-AA
may be needed to achieve specific sequence binding relative
to MBNL-AB, potentially due to loss of cooperative bind-
ing as was suggested by the shallower slopes of the splic-
ing dose–response curves generated using minigene reporter
substrates (assuming RNA binding correlates to splicing).
Despite changes in the shape of the enrichment profiles,
there is high correlation in the R values across the pro-
tein gradient (Supplemental Figure S13A). Overall, RBNS
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analysis indicates that while MBNL-AA and MBNL-AB
bind and recognize similar RNA motifs, MBNL-AA has in-
creased RNA binding specificity for many of these motifs.

MBNL-BB selected a different set of top kmers that
contain fewer uridines (GCGCUGC, GCUGCGC,
CGCUGCU, and CUGCUGC) (Figure 6C). Percent
nucleotide occurrence within the top 100 kmers showed
a reduction of uridines and a modest enrichment in
guanosines and cytosines (Figure 6D). Due to this change
in the distribution of nucleotides in the enriched MBNL-
BB kmers, fewer YGCU and UGCU motifs were identified.
As such, fewer overlapping motifs were found between the
top 50 kmers of MBNL-BB and the other MBNL pro-
teins (Figure 6E). Consistent with modest RNA binding
specificity, the enrichment profiles for MBNL-BB have low
R values across the gradient of protein concentrations,
peaking at R = 3 at 1000 nM for the most enriched motifs
(Figure 6C). Overall, the EMSA and RBNS data for
MBNL-BB indicate that this synthetic MBNL1 has signifi-
cantly reduced RNA binding specificity while maintaining
general RNA binding affinity. This is in sharp contrast to
MBNL-AA in which RBNS revealed that this synthetic
protein has enhanced YGCY RNA sequence recognition
over MBNL-AB. These overall changes in binding speci-
ficity are consistent with a model in which ZF1–2 confers
specific sequence recognition while ZF3–4 acts as a more
general RNA binding domain in the context of MBNL
proteins and our synthetic derivatives.

Synthetic MBNL proteins rescue CUG-dependent mis-
splicing in a DM1 cell model

Given the differences in splicing activity and RNA bind-
ing specificity of the synthetic MBNL proteins, we sought
to determine if these proteins could rescue CUG-mediated
mis-splicing like that found in DM1. This was accomplished
by expressing CUG repeats from a plasmid containing 960
interrupted CTG repeats (DMPK-CTG960, a.k.a. CUG960)
in culture (51). Interrupted repeats were used due to chal-
lenges with the instability of pure repeats (52) and within
previous studies, the use of these long repeats with in-
terruptions in HeLa cells leads to MBNL co-localization
with CUG repeat RNA in nuclear foci and mis-splicing of
MBNL-regulated minigenes (32,41,50). The same plasmid
dosing system used previously (Figure 3) was used with co-
transfection of the CUG960 repeat plasmid, minigene re-
porter, and synthetic MBNL expression construct to mon-
itor � changes across the gradient of protein expression
for the MBNL1 and ATP2A1 minigenes (representative im-
ages used to calculate � shown in Supplemental Figure
S14). These results were also compared to those generated
in the absence of CUG repeat RNA expression (Supplemen-
tal Figure S15).

Co-expression of CUG960 led to reduced splicing ac-
tivity for all three proteins at low protein levels (Figure
7A-B), presumably due to sequestration of endogenous
MBNL proteins. At higher protein expression levels, all
three MBNL proteins were able to reach maximal splicing
regulation (maximal � ) equivalent to that in the absence of
CUG repeats (Figure 7A-B, Supplemental Figure S15A-B).
The addition of CUG repeats had no effect or only a mod-

est effect on the EC50 values for all three proteins for both
minigene reporters (Figure 7C). An increase in the slopes
of the dose–response curves for MBNL-AB for both events
studied was significant (Figure 7C). The overall effects on
the dose–response curves with the addition of CUG repeats
are consistent with a model in which at low levels of MBNL
all of the protein is sequestered by the CUG repeats and
unable to regulate splicing. As the concentration of MBNL
increases binding to the CUG repeats is saturated, leading
to a replenishment of free, active MBNL in the nucleus and
effective splicing rescue. Despite the changes in the dose–
response curves in the presence of toxic RNA, MBNL-AA
remained the most active protein (lowest EC50 values) for
both minigene reporters (Figure 7C).

DISCUSSION

Synthetic MBNL proteins with altered RNA binding speci-
ficity have differential splicing activity

To gain insight into the function of the individual ZF do-
mains, we utilized a synthetic biology approach to engineer
and biochemically characterize two synthetic MBNL pro-
teins with altered ZF domain content, i.e. MBNL-AA and
MBNL-BB. Using this system we determined that ZF1–
2 has increased RNA binding specificity over ZF3–4 that
led to enhanced AS activity of the synthetic MBNL-AA
protein. Additionally, we showed that MBNL-AA was ca-
pable of rescuing CUG-dependent mis-splicing in a DM1
cell model at lower protein concentrations than MBNL-AB,
indicating that these synthetic proteins could potentially
be used as therapeutics to replace or displace sequestered
MBNL from foci in DM patient cells.

Splicing assays, in vitro EMSAs, and RBNS analysis
revealed that MBNL-AA is a more active derivative of
MBNL1 and can regulate AS of RNA targets at reduced
protein concentrations (Figures 3 and 7). Overall, MBNL-
AA had either equivalent or 5-fold increased activity com-
pared to MBNL-AB depending on the splicing assay and
cell-system utilized. We predict that the differences in activ-
ity observed for MBNL-AA in the transfection experiments
versus the inducible-expression system in the mbnl 1/2 dou-
ble knockout MEFs is likely due to (i) differences in the
N-terminal tag (HA versus GFP, respectively) and/or (ii)
assessing AS with minigene events versus endogenously ex-
pressed pre-mRNA substrates in the two systems. Fusion of
MBNL-AB and MBNL-AA to a large protein tag has the
potential to alter the proteins’ overall activity and ability
to load onto RNA substrates for effective regulation. Addi-
tionally, it is possible that the differences in MBNL-AB and
MBNL-AA activity are magnified with RNA substrates
at high cellular concentrations produced from transfected
minigenes. Overall, these results indicate that protein modi-
fications (tags), cellular environment and substrate concen-
trations can affect MBNL1 protein activity, but RNA bind-
ing specificity of MBNL1 is a primary determinant of its
splicing regulation.

In contrast to MBNL-AA, MBNL-BB, while still func-
tional, had 4-fold weaker activity compared to MBNL-AB.
We predicted that these variations in splicing activity would
be due to altered binding affinity to RNA targets, but we
found through EMSA and RBNS studies that changes in
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Figure 8. Model summarizing differences between synthetic MBNL pro-
teins. MBNL-AA is a more active alternative splicing regulator while
MBNL-BB is significantly weaker compared to MBNL-AB. These differ-
ences in activity are represented by the size of the arrows showing how each
MBNL protein promotes exon inclusion / exclusion. In the context of the
canonical arrangement of ZF domains within MBNL proteins (MBNL-
AB), ZF1–2 binds YGCY motifs with high specificity while ZF3–4 has a
modest preference for YGCY motifs but will sample and bind many mo-
tifs with similar affinities. This activity is represented by the dotted lines
illustrating ZF3–4 binding to both canonical and non-canonical RNA mo-
tifs. MBNL-AA possesses two high-specificity ZF1–2 motifs driving RNA
recognition and subsequently increased splicing regulation at lower protein
concentrations. MBNL-BB has significantly reduced RNA binding speci-
ficity and samples many specific and non-specific RNA motifs. Due to the
reduced motif recognition, regulatory sites are not bound until high con-
centrations of protein are present leading to an overall reduction in splic-
ing regulation. Structures of domains shown here are derived from PDB
ID 3D2N (ZF1–2) and PDB 3D2Q (ZF3–4) (33).

RNA specificity appear to be primarily responsible for the
observed alternations in splicing regulation (Figures 5 and
6). MBNL-AA retained the ability to recognize YGCY mo-
tifs with increased specificity compared to MBNL-AB (Fig-
ure 6). In contrast, MBNL-BB had very low RNA binding
specificity overall with diminished recognition of canonical
YGCY motifs (Figure 6).

Overall, our working model (summarized in Figure 8)
is that in the context of the canonical arrangement of ZF
domains in MBNL proteins (MBNL-AB), ZF1–2 drives
splicing activity via specific binding to YGCY motifs in
the appropriate sites of pre-mRNA substrates. ZF3–4, with
its modest preference for YGCY motifs, will sample and
bind many RNA motifs providing general binding affin-
ity for MBNL. We propose that MBNL-AA with two high
specificity domains has heightened recognition of MBNL1
YGCY regulatory elements leading to increased splicing ac-
tivity. In contrast, our model is that MBNL-BB will bind
many off-target sites leading to reduced occupancy at the
sites needed for regulation of AS by MBNL1, resulting in
the need for high concentrations of this protein for splic-
ing regulation. In this model, the addition of a third ZF1–2
domain to create the synthetic protein MBNL-AAA would
lead to enhanced interactions with multiple YGCY motifs
and improved specificity of RNA recognition and regula-
tion.

The results from the cell-based splicing assays are consis-
tent with our proposed model of AS regulation by the syn-
thetic MBNL proteins. In general, MBNL-BB weakly reg-

ulated all tested minigene events, but achieved nearly com-
plete splicing regulation with MBNL1 and ATP2A1. Both
events possess many functional clusters of YGCY motifs
(32,53), and MBNL-BB with its low specificity may bind the
high density sites with sufficient occupancy to regulate splic-
ing. The TNNT2 substrate contains only two UGCU motifs
separated by the polypyrimidine tract within intron 4 (41),
and these two sites may not be sufficient to recruit MBNL-
BB to this substrate accounting for the acutely weak regu-
lation of this event. Alternatively, it is possible that the syn-
thetic MBNL proteins have altered recognition of specific
RNA structural elements. Recognition of a structured ele-
ment within the TNNT2 pre-mRNA and its subsequent dis-
ruption into a single-stranded segment is proposed to be re-
quired for regulation by MBNL1 (37,41). MBNL-AA may
have enhanced recognition of structured RNAs, which may
account in part for its increased splicing regulation of this
event. An alternative possibility is that the ZF1–2 domain
interacts with other splicing factors that bind the TNNT2
pre-mRNA and the duplication of the ZF1–2 domain im-
proves recruitment and leads to the higher level of splicing
activity observed (Figures 2D and 3C).

ZF1-2 and ZF3-4 possess distinct RNA binding activities that
modulate MBNL1 activity

Previous work in the field had attempted to determine the
activities and RNA binding of the individual ZF1–2 and
ZF3–4 domains and how each contributes to the overall
function of MBNL1 (31). Truncated MBNL1 proteins pos-
sessing only ZF1–2 or ZF3–4 bind weakly to RNA sub-
strates, suggesting that the tandem ZFs work cooperatively
to bind their RNA targets (54). Other studies have utilized
point mutations to eliminate the RNA binding function of
one ZF pair while leaving the other functional (31). It was
shown using this strategy that ZF3–4 binds RNA with lower
affinity than ZF1–2 (31). While these results are consistent
with our binding studies and RBNS analysis, previous stud-
ies had not addressed questions of RNA binding specificity.
The duplication of the ZFs in this study was important be-
cause it allowed us to study MBNL proteins that main-
tained nanomolar binding affinity for RNA targets and re-
vealed significant differences in specificity. This duplication
strategy should be useful for other domains that bind RNA
with low affinity in isolation, assuming the domains operate
independently.

Overall, the results with our synthetic MBNL proteins
indicate that ZF1–2 and ZF3–4 are independent domains
and can be reorganized without obvious negative impacts
on protein function. Our studies indicate that ZF1–2 drives
splicing regulation (Figures 2–4) via specific recognition of
YGCY motifs (Figure 6). This activity is consistent with ob-
servations that MBNL1 orthologs in D. melanogaster and
C. elegans which contain only a single ZF pair orthologous
to ZF1–2 can regulate exon inclusion in a manner similar to
human MBNL1 in mammalian cell culture (39). The differ-
ential protein levels of the synthetic proteins (Figure 1B-C,
Supplemental Figure S3), suggest that the ZF3–4 domain
may confer stability to MBNL1. Consistent with this hy-
pothesis, increased mammalian and bacterial protein ex-
pression levels were observed for MBNL-BB; in contrast
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levels of MBNL-AA were reduced in both systems except
for the inducible-MEF system where fusion to a GFP tag
may stabilize relative protein levels. Interestingly, in many
of the immunoblots performed in this study, two bands for
MBNL-BB, and to a lesser extent, MBNL-AB, can be visu-
alized. These bands could represent incorrectly processed
protein or differential levels of post-translational modifica-
tions, which may in part account for the MBNL-BB’s re-
duced activity.

We propose that the differential activities between ZF1–
2 and ZF3–4 activity observed in this study, namely the
difference in RNA binding specificity and splicing activ-
ity, are due to subtle changes in the architecture and se-
quence of the ZF domains (Supplemental Figure S1B).
Specifically, the N-terminal helical turn of ZF1 and the
slightly extended C-terminal helix of ZF2 that are both ab-
sent in the ZF3–4 domain. Both of these structural ele-
ments were shown to be important for coordinating RNA
in the binding pocket observed in the NMR solution struc-
ture of ZF1–2 bound to a short, human TNNT2 RNA frag-
ment containing YGCY MBNL1 binding sites (37). We pro-
pose that the coordination and packing of RNA along the
extended C-terminal helical element aids in specific-RNA
recognition, making this region of the ZF act as a RNA
discrimination domain. Although the structures of ZF1–
2 and ZF3–4 are similar (33,37), due to the absence of
the N-terminal helical turn in ZF3 and the shortened C-
terminal helical region of ZF4 (33,37), we predict that spe-
cific RNA binding by this domain is diminished, poten-
tially due to reduced RNA coordination in the predicted
binding pocket. These changes in domain architecture be-
tween ZF1–2 and ZF3–4 are conserved in all three human
MBNL homologs (MBNL1/MBNL2/MBNL3) (see Sup-
plemental Figure S1C for sequence alignment). We predict
that the differences in activity between these domains are
maintained across MBNL1, MBNL2 and MBNL3 and po-
tentially more broadly across MBNL proteins throughout
metazoans (39).

Modular architecture of MBNL1 ZF domains provides a
unique platform for RNA recognition

Although RBPs have a broad range of functions, they are
often built from relatively few RNA binding domains. To
increase the functionality and specificity of their target in-
teractions, multiple RNA binding domains are frequently
found in RBPs. A classic example of this is the Pumilio
(PUF) family of RBPs, where up to 8 tandem domains that
each recognize a single nucleotide can be combined in a
single polypeptide chain to create a highly specific RNA
interaction surface (55). In a similar manner we propose
that the modular architecture of MBNL1 with its two tan-
dem ZF pairs increases the protein–RNA binding surface.
Our working model is that ZF1–2 drives splicing regulation
through specific recognition of YGCY motifs and the ZF3–
4 domain binds secondarily to a broader range of motifs
to allow MBNL1 to recognize a wide range of substrates
(Figure 8). Additionally, the domain organization and dif-
ferences in RNA binding specificity between the ZF pairs
may explain the relative levels of cooperativity observed in
the dosing experiments (Figures 3–4, 7), assuming bind-

ing of the MBNL proteins correlates to splicing. One pos-
sible mechanism for cooperativity is that binding of one
MBNL protein facilitates the binding of one or more ad-
ditional MBNL proteins or other splicing factors to a pre-
mRNA substrate. These additional binding events mediated
by MBNL may shift splicing decisions over tighter protein
gradients compared to MBNL-AA and MBNL-BB, which,
in general, had less cooperative splicing curves.

This model of a modular RBP containing multiple do-
mains, one for specific RNA recognition and the other with
broader target binding, has been utilized by several other
RBPs, including those containing CCCH zinc finger mo-
tifs. One example is the neuronal protein Unkempt, a highly
conserved RBP that binds to its target mRNAs to reduce
translation and is required for the establishment of neu-
ronal morphology in development (56,57). Unkempt con-
tains six CCCH ZF domains that form two tandem clus-
ters, each with three ZFs (ZF1–3 and ZF4–6) (56,57). Both
CLIP and structural data confirm that ZF1–3 binds to a
UAG trinucleotide while ZF4–6 binds to a more variable U-
rich motif (56,57). Mutational analysis of RNAs bound to
Unkempt in vitro revealed that the UAG motif was manda-
tory for binding while alterations to the downstream U-rich
element were more tolerated (57). These data suggest that
in a manner similar to MBNL1 ZF1–2, Unkempt ZF1–3
drives RNA recognition via binding to the UAG sequence
while binding to the less ‘specific’ U-rich motif by ZF4–6
allows for recognition of a wider array of RNA substrates
in a manner similar to MBNL1 ZF3–4. The similar modes
of MBNL1 and Unkempt RNA interactions indicate that
this might be a common strategy for RNA binding proteins
with ZF domains.

Engineered MBNL1s as protein therapeutics in neuromuscu-
lar disorders

The creation of designer RBPs has increased over the past
several years as a means to modulate RNA function (58,59).
Although the traditional methodology of engineering these
proteins often focuses on combining domains to target a
specific RNA sequence of interest, such as with the PUF
proteins (58,59), we choose to utilize a different synthetic
design strategy. We focused on enhancing the pre-existing
activity and specificity of MBNL by re-combining its ZF
domains. No such designer RBP has previously been cre-
ated that focuses on enhancement of protein function via
duplication of specific modular RNA binding domains.
This design strategy may be the most effective for engineer-
ing RBPs as protein therapeutics in which the function of a
target protein is decreased or absent such as in DM.

MBNL1 overexpression has been proposed as a thera-
peutic strategy in the DM field to ameliorate symptoms
caused by the loss of free MBNL1 in CUG/CCUG RNA
foci. Delivery of MBNL1 through adeno-associated virus
(AAV) has been shown to rescue mis-splicing events in a
DM1 mouse model and reverse disease associated symp-
toms in skeletal muscle, including myotonia (60). Addition-
ally, MBNL1 overexpression has been shown to be well-
tolerated in non-disease mice (61), suggesting that ther-
apies designed to increase levels of free, active MBNL1
in the cell could be an effective strategy for treatment of
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DM. Delivery of a synthetic MBNL with increased activ-
ity, such as MBNL-AA, could be a powerful approach to
correct disease-specific mis-splicing. The use of a synthetic
MBNL as a protein therapeutic is potentially ideally suited
for Fuchs Endothelial Corneal Dystrophy where the pro-
tein would only need to be delivered to single tissue, the eye
(30). Our work to create a synthetic MBNL serves as a proof
of principle that MBNL proteins tolerate domain reorga-
nization and can be manipulated while retaining function.
Further rational design strategies to modify MBNL could
be utilized moving forward to continue to create a smaller,
more stable, and higher activity synthetic MBNL for use
in disease therapies. Overall, our studies indicate that engi-
neered RNA binding proteins with improved splicing activ-
ity may represent a therapeutic avenue for DM and other
microsatellite diseases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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