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Myotonic dystrophy type 1 (DM1)3 is a genetic neuromuscular disease caused by expression of expanded CUG repeats in
the 3⬘ UTR of the dystrophia myotonica protein kinase (DMPK)
gene. Similar to DM1, myotonic dystrophy type 2 (DM2) is
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caused by expression of expanded CCUG repeats in an intron
of the CCHC-type zinc finger nucleic acid-binding protein
(CNBP) gene. DM1 and DM2 occur when the CUG/CCUG
repeats are expanded beyond 100 repeats, and patients can have
up to thousands of CUG/CCUG repeats (1, 2). A primary component of the currently accepted DM1 and DM2 disease mechanism is that expanded CUG/CCUG repeats sequester RNAbinding proteins (primarily the Muscleblind-like family), which
prevents these proteins from performing their functions in cells
(3, 4).
The members of the Muscleblind-like family of proteins
(MBNL1, MBNL2, and MBNL3) bind RNA and regulate several
RNA processing pathways, including alternative splicing, premiRNA biogenesis, mRNA localization, alternative polyadenylation, and circular RNA generation (5–9). MBNL proteins bind
to the consensus YGCY RNA sequence (6, 10). CUG and CCUG
repeats are composed of YGCY motifs creating hundreds or
thousands of perfect MBNL-binding sites resulting in large
numbers of MBNL proteins binding to the repeats and forming
nuclear foci (11). When MBNL proteins are sequestered, they
are unable to regulate RNA processing events, and consequently, many DM1 and DM2 symptoms are caused by misregulated alternative splicing and potentially the loss of other
MBNL activities (12). It is therefore important to understand
how MBNL proteins bind to their toxic and cellular RNA substrates to develop mechanisms to alleviate MBNL sequestration
in DM1 and DM2.
MBNL proteins have two sets of zinc finger domains that are
proposed to bind to RNA on opposing faces of the domain (13,
14). Teplova and Patel (15) published a crystal structure of one
of the zinc finger domains of MBNL1 in complex with a YGCYcontaining RNA, showing that MBNL1 interacts with the Watson-Crick face of the GC dinucleotide. This structure indicates
that at least this portion of the RNA must be single-stranded to
interact with MBNL1, as the Watson-Crick face interacts with
the opposing strand in double-stranded RNA.
Pseudouridine (⌿), the most abundant RNA modification, is
often referred to as the fifth RNA base. ⌿ is found in tRNA,
rRNA, and many spliceosomal RNAs, and it functions to stabilize the structure of these RNAs (16). ⌿ is a 5-ribosyl isomer of
uridine, with a C–C bond connecting the ribose to the base
instead of a C–N and an extra H-bonding donor on the N1 (Fig.
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Myotonic dystrophy type 2 is a genetic neuromuscular disease
caused by the expression of expanded CCUG repeat RNAs from
the non-coding region of the CCHC-type zinc finger nucleic
acid-binding protein (CNBP) gene. These CCUG repeats bind
and sequester a family of RNA-binding proteins known as Muscleblind-like 1, 2, and 3 (MBNL1, MBNL2, and MBNL3), and
sequestration plays a significant role in pathogenicity. MBNL
proteins are alternative splicing regulators that bind to the consensus RNA sequence YGCY (Y ⴝ pyrimidine). This consensus
sequence is found in the toxic RNAs (CCUG repeats) and in
cellular RNA substrates that MBNL proteins have been shown to
bind. Replacing the uridine in CCUG repeats with pseudouridine (⌿) resulted in a modest reduction of MBNL1 binding.
Interestingly, ⌿ modification of a minimally structured RNA
containing YGCY motifs resulted in more robust inhibition of
MBNL1 binding. The different levels of inhibition between
CCUG repeat and minimally structured RNA binding appear to
be due to the ability to modify both pyrimidines in the YGCY
motif, which is not possible in the CCUG repeats. Molecular
dynamic studies of unmodified and pseudouridylated minimally
structured RNAs suggest that reducing the flexibility of the minimally structured RNA leads to reduced binding by MBNL1.

Pseudouridine Inhibits MBNL1-RNA Interactions

Results
Replacing Uridine with ⌿ in CCUG Repeat RNA Increases
Structural Stability—Previous studies showed that ⌿ increased
the thermal stability of CUG repeat RNA in a helical conformation (20). Here, we determined whether ⌿ had a similar effect
on stabilization of CCUG repeats. Although both types of
repeats contain the MBNL1-binding motif YGCY, the additional cytosine in CCUG repeats renders them different from
CUG repeats. Uridine is only upstream of the GC dinucleotide,
so ⌿ substitutions can only change the 5⬘ side of the YGCYbinding site unlike the CUG repeats, where uridine is on both
sides. We designed a model CCUG repeat RNA containing two
sets of three CCUG repeats separated by a UUCG linker (Fig.
1C, RNA 1). This linker has been shown to favor stem-loop
formation (21) and was included to facilitate structural studies.
The most energetically favorable secondary structure for this
RNA, as predicted by several different software programs, is
one in which C-U and U-C mismatched base pairs are adjacent
to G-C base pairs (Fig. 1B). However, NMR studies suggested
that RNA 1 did not adopt a single defined structure. Unmodified CCUG repeats exhibited a melting temperature (Tm) of
47 ⫾ 1 °C (Fig. 1D, RNA 1), whereas the Tm for CCUG repeats
with ⌿ substitutions was 56 ⫾ 2 °C (Fig. 1D, RNA 2). These data
showed that ⌿ increases the thermal stability of CCUG repeats,
similar to what was found with CUG repeats. Melting temperatures were similar across a broad range of RNA concentrations, suggesting that intramolecular rather than intermolecular interactions are the dominant force determining thermal
stability (Fig. 1E and Table 1). The same trends were observed
whether Tm was measured from a curve of increasing or
decreasing temperatures, although in our spectrophotometer
we consistently obtained a slightly higher Tm when using a
curve of increasing temperature (Table 1).
MBNL1 Has a Slightly Reduced Affinity for CCUG Repeats
Modified with ⌿—Gel shift assays were used to determine
whether the ⌿ stabilization observed in the CCUG repeat
RNAs inhibited MBNL1 binding. The dissociation constant
(Kd) for MBNL1 binding to unmodified CCUG repeats is 118 ⫾
15 nM (Fig. 2, A and B, RNA 1), and modification of uridines to
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FIGURE 1. ⌿ increases thermal stability of CCUG repeat RNA. A, representative images of uridine and ⌿. B, secondary structure of CCUG repeat RNA 1
as predicted by RNAfold. C, sequence of the CCUG and CC⌿G repeat RNAs
(RNAs 1 and 2) used in the thermal melt and gel-shift assays. Repeats are
underlined. D, representative thermal melt curves of CCUG and CC⌿G repeat
RNAs. Absorbance at 260 nm was measured over the temperature range of
15–95 °C. Melting temperatures are shown to the right of each curve. Curves
were generated using 2 M RNA and increasing temperatures. Data are averages of three independent experiments. E, melting temperatures of CCUG
repeat RNAs across a range of RNA concentrations. Each point represents the
mean Tm for increasing (15–95 °C) and decreasing (95–15 °C) temperatures
for each experiment, averaged across three experimental replicates. Error
bars represent standard deviation. Data points for each RNA were fit to a line
through linear regression analysis. Neither line had a significantly non-zero
slope (RNA 1, p ⫽ 0.14, and RNA 2, p ⫽ 0.30).

⌿ in CC⌿G repeats resulted in a modestly increased Kd of
168 ⫾ 19 nM (Fig. 2, A and B, RNA 2). These results show that ⌿
has a modest inhibitory effect on MBNL1 binding to the YGCYbinding sites in the CCUG repeats. This effect is significantly
less than that observed with ⌿ modification of CUG repeats
(20).
MBNL1 Has Reduced Affinity for a Minimally Structured
RNA Modified with ⌿—We next asked whether ⌿ modification
would inhibit the ability of MBNL1 to bind to minimally structured RNA. We chose the model MBNL1 RNA substrate
(U4(GC)U11(GC)U4), which was previously demonstrated to
have little RNA structure (Fig. 3A, RNA 3) (14). We cannot
rule out the possibility that RNA 3 forms a weak hairpin
structure through non-canonical U-U base pairing (22–25).
However, such a structure would be much less stable than
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1A). Nuclear magnetic resonance (NMR), X-ray crystallography, and molecular dynamics (MD) simulations have shown
that ⌿ induces rigidity in both single- and double-stranded
RNA via base-stacking and hydrogen-bonding interactions
(16 –18). There is evidence that in some cases base-stacking
interactions are the primary stabilizing force in RNA containing ⌿ (19).
In our previous work, replacing uridines with ⌿ in the CUG
repeats induced structural stabilization, prevented MBNL1
binding, and rescued mis-splicing. X-ray crystallography data
suggested that ⌿ stabilized the CUG repeats through water
bridging via hydrogen bonding of the N1-H of ⌿ with the uridine on the opposing strand (20). In this work, we have
extended our studies to determine that ⌿ can stabilize CCUG
repeat RNA and minimally structured RNA containing YGCY
motifs and that this modification inhibits MBNL1 binding. MD
simulations indicate that ⌿ increases base-stacking interactions in minimally structured YGCY RNAs.

Pseudouridine Inhibits MBNL1-RNA Interactions
TABLE 1
CCUG repeat RNA melting temperatures
Melting temperatures are shown for modified and unmodified CCUG repeat RNAs across a range of RNA concentrations. Absorbance at 260 nm was measured over the
temperature range of 15–95 °C and then from 95 to 15 °C. For each concentration, the Tm for increasing temperature (up) and decreasing temperature (down) is shown.
Data are averages of three experimental replicates and error represents standard deviation.
0.5 M

1 M

1.5 M

2 M

2.5 M

5 M

RNA

Up

Down

Up

Down

Up

Down

Up

Down

Up

Down

Up

Down

RNA 1, CCUG repeat

45 ⫾ 1

45 ⫾ 3

47 ⫾ 2

46 ⫾ 2

47 ⫾ 1

45 ⫾ 1

47 ⫾ 1

44 ⫾ 1

46 ⫾ 1

46 ⫾ 2

48 ⫾ 1

45 ⫾ 2

RNA 2, CCG repeat

59 ⫾ 4

57 ⫾ 4

58 ⫾ 3

57 ⫾ 2

57 ⫾ 1

55 ⫾ 1

56 ⫾ 2

54 ⫾ 2

58 ⫾ 1

57 ⫾ 3

58 ⫾ 2

54 ⫾ 1

that formed through canonical base pairing in CCUG repeat
RNA 1 (Fig. 1B). The ⌿ modification was placed 5⬘ or 3⬘ of the
GC dinucleotide and flanking both GC dinucleotides in the
U4(GC)U11(GC)U4 RNA (Fig. 3A, RNAs 4 – 6). The dissociation
constant of MBNL1 binding to unmodified minimally structured RNA is 0.14 ⫾ 0.09 M (Fig. 3A, RNA 3). The addition of
⌿ modifications 5⬘ to the GC dinucleotides increased the Kd to
0.83 ⫾ 0.15 M (Fig. 3A, RNA 4), whereas ⌿ placement 3⬘ to the
GC dinucleotides increased the Kd to 3.2 ⫾ 0.66 M (Fig. 3A,
RNA 5). When four pseudouridines flank the two GC dinucleotides, the fraction of RNA bound does not reach 0.5 in these
assays, so the dissociation constant is ⬎3.2 M (Fig. 3A, RNA 6).
Binding curves used to calculate these values are shown in Fig.
3B. These results show that MBNL1 binding was generally
inhibited by ⌿ incorporation. The nucleotide 3⬘ to the GC
dinucleotide had a more pronounced effect on MBNL1 binding
than the nucleotide in the 5⬘ position, as the Kd for RNA 5 with
the 3⬘ ⌿ modifications is ⬃4-fold greater than for RNA 4 with
5⬘ modifications (Fig. 3).
⌿ Increases the Thermal Stability of Minimally Structured
YGCY RNAs—Melting studies were performed to determine
whether the ⌿ modifications would increase the thermal sta-
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FIGURE 3. MBNL1 has reduced affinity for minimally structured RNA containing pseudouridines. A, binding gels of MBNL1-U4(GC)U11(GC)U4 RNAs
with and without ⌿ modifications. MBNL1 concentration increased in 2-fold
steps from 3.125 nM to 3.2 M for RNAs 3, 5, and 6, and from 9.8 nM to 5 M for
RNA 4. Kd values were 0.14 ⫾ 0.09 M for RNA 3, 0.83 ⫾ 0.15 M for RNA 4,
3.2 ⫾ 0.66 M for RNA 5, and ⬎ 3.2 M for RNA 6. B, binding curves for
U4(GC)U11(GC)U4 RNA and ⌿-modified RNAs incubated with MBNL1. They
represent the mean of three independent experiments, and error bars represent standard error.

bility of the MBNL1 model minimally structured substrate,
RNA 3. Previous reports have shown that ⌿ can induce basestacking interactions in single-stranded RNAs, thereby predicting that increased base stacking might be observed with this
RNA (17). RNA 3 melted at a temperature of 29 ⫾ 1 °C, which is
presumably due primarily to the unstacking of the bases in the
minimally structured RNA, but could also reflect melting of a
hairpin containing non-canonical base pairs (Fig. 4A). The
RNA with the two pseudouridines 5⬘ of the GC dinucleotides
melted at 39 ⫾ 1 °C (Fig. 4A, RNA 4). The RNA containing
pseudouridines 3⬘ to the dinucleotide melted at 37 ⫾ 2 °C (Fig.
4A, RNA 5). The RNA containing ⌿ substitutions flanking the
GC dinucleotides melted at 45 ⫾ 1 °C (Fig. 4A, RNA 6). These
data indicate that ⌿ stabilizes minimally structured RNAs, possibly by increasing base stacking. Consistent with this interpretation is that additional ⌿ substitutions increased the melting
temperature (Fig. 4A). An increase in thermal stability of these
minimally structured RNAs is likely due to strand rigidifying via
VOLUME 292 • NUMBER 10 • MARCH 10, 2017
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FIGURE 2. MBNL1 has reduced affinity for pseudouridylated CCUG repeat
RNA. A, representative binding gels of MBNL1-CCUG repeat RNAs with and
without ⌿ modification. MBNL1 concentration increased in 2-fold steps from
20 nM to 5 M. The Kd for RNA 1 is 118 ⫾ 15 nM and the Kd for RNA 2 is 168 ⫾ 19
nM. Asterisk indicates the location of the wells. B, binding curves for unmodified and ⌿ modified CCUG repeat RNAs bound to MBNL1. They represent the
mean of five independent experiments, and error bars represent standard
error.

Pseudouridine Inhibits MBNL1-RNA Interactions

base-stacking interactions. Melting temperatures were similar
across a broad range of RNA concentrations, suggesting that
intramolecular interactions were the primary drivers behind
changes in thermal stability (Fig. 4B and Table 2). Like what was
observed with CCUG repeat RNAs, minimally structured RNA
melting temperatures measured from a curve of increasing
temperatures were consistently slightly higher than those from
a curve of decreasing temperatures, likely due to an artifact of
our measuring equipment (Table 2).
Molecular Dynamics Simulations Indicate That ⌿ Increases
Base Stacking in Minimally Structured YGCY RNAs—We conducted MD simulations to study whether ⌿ induces increased
base-stacking interactions in a fully atomistic explicit solvent
model of minimally structured YGCY RNA. MD simulations
allowed us to computationally investigate the dynamics of minimally structured U5(GC)U5 (RNA 7), U4⌿(GC)U5 (RNA 8),
U5(GC)⌿U4 (RNA 9), and U4⌿(GC)⌿U4 (RNA 10). There
were many differences in the conformational ensemble of the
unmodified RNA versus the pseudouridylated RNAs. Overall,
the pseudouridylated structures were much more compact and
stable than the ensemble of unmodified RNA structures. To
quantify base-stacking interactions, we calculated the relative
free energy of the distance between the U/⌿5-G6 and the
G6-C7 bases throughout the simulation (Fig. 5, A and B).
We define the distance between the bases to be the distance
between the C2 atom on the G6 base and the C2 (C4) atom on
the U5 (⌿5) base.
MARCH 10, 2017 • VOLUME 292 • NUMBER 10

U5-G6 bases had a global minimum in the stacked configuration but a very small barrier of 1.0 kcal/mol separating a range
of open states of nearly equal free energy to the stacked state
(Fig. 5B, RNA 7). Overall, the range of open conformations,
defined as structures with a U/⌿5-G base separation of greater
than 7 Å, was about four times more probable than closed conformations (Fig. 5B, RNA 7). The widespread distribution of
base separation distances in the U5(GC)U5 simulation indicates
that the bases are dynamic, without a strong preference for base
stacking. Furthermore, analysis of the ensemble of open structures of the U5(GC)U5 from the simulation show that G6 is
commonly unstacked from both neighboring bases (Fig. 5, A
and B, RNA 7). These open conformations can be easily docked
into the MBNL1-binding site similar to the bound conformation observed in the crystal structure (Fig. 5C), supporting the
model that effective MBNL1 binding requires the presence of
flexible conformations with the G of the YGCY-binding site
unstacked from both neighbors.
Although some pseudouridylated constructs displayed
slightly increased flexibility at small separations, open configurations with a stacking distance to the guanine base of greater
than 7 Å were highly disfavored in comparison with the
U5(GC)U5 construct for both constructs containing ⌿
upstream of G6 (Fig. 5B, RNAs 8 and 10). At the U-G base
separation distance of 10.7 Å, as measured in the crystal structure of bound MBNL1 and RNA, the difference in free energy
between the unmodified RNA and fully pseudouridylated RNA
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 4. Pseudouridine increases the thermal stability of minimally structured YGCY RNAs. A, melting curves for U4(GC)U11(GC)U4 RNA and RNA
modified with ⌿ as depicted in the legend. Absorbance at 260 nm was measured over the temperature range of 12–70 °C. Melting temperatures are shown to
the right of each curve. Curves were generated using 2 M RNA and increasing temperatures. B, melting temperatures of U4(GC)U11(GC)U4 RNAs across a range
of RNA concentrations. Each point represents the mean of the Tm for increasing (12–70 °C) and decreasing (70 –12 °C) temperatures for each experiment,
averaged across three experimental replicates. Error bars represent standard deviation. Data points for each RNA were fit to a line through linear regression
analysis. None of the lines had significantly non-zero slopes (RNA 3 p ⫽ 0.35; RNA 4 p ⫽ 0.74; RNA 5 p ⫽ 0.46; and RNA 6 p ⫽ 0.31).

Pseudouridine Inhibits MBNL1-RNA Interactions
TABLE 2
Minimally structured model RNA melting temperatures
Melting temperatures are shown for modified and unmodified U4(GC)U11(GC)U4 RNAs across a range of RNA concentrations. Absorbance at 260 nm was measured over
the temperature range of 12–70 °C and then from 70 to 12 °C. For each concentration, the Tm for increasing temperature (up) and decreasing temperature (down) is shown.
Data are averages of three experimental replicates and error represents standard deviation.
0.5 M
RNA

1 M

1.5 M

2 M

2.5 M

5 M

Up

Down

Up

Down

Up

Down

Up

Down

Up

Down

Up

Down

RNA 3, U4(GC)U11(GC)U4

28 ⫾ 1

29 ⫾ 2

32 ⫾ 2

29 ⫾ 2

31 ⫾ 1

28 ⫾ 1

29 ⫾ 1

28 ⫾ 1

31 ⫾ 1

28 ⫾ 1

30 ⫾ 1

28 ⫾ 1

RNA 4, U3(GC)U10(GC)U4

39 ⫾ 1

37 ⫾ 1

38 ⫾ 1

35 ⫾ 1

39 ⫾ 3

36 ⫾ 1

39 ⫾ 1

36 ⫾ 1

39 ⫾ 1

36 ⫾ 1

39 ⫾ 2

35 ⫾ 1

RNA 5, U4(GC)U10(GC)U3

34 ⫾ 3

37 ⫾ 3

36 ⫾ 3

33 ⫾ 1

39 ⫾ 2

36 ⫾ 2

37 ⫾ 2

35 ⫾ 1

39 ⫾ 1

35 ⫾ 2

37 ⫾ 1

35 ⫾ 2

RNA 6, U3(GC)U9(GC)U3

40 ⫾ 3

42 ⫾ 2

42 ⫾ 1

45 ⫾ 3

46 ⫾ 1

43 ⫾ 1

45 ⫾ 1

42 ⫾ 1

45 ⫾ 1

42 ⫾ 1

44 ⫾ 2

43 ⫾ 1

Discussion
Replacing the six uridines in CCUG repeats with pseudouridines (RNAs 1 and 2) increased the thermal stability of this
RNA by 9 °C (Fig. 1D). Surprisingly, this stabilization only
resulted in a modest ⬃1.5-fold inhibition of MBNL1 binding
(Fig. 2A). In contrast, stabilization of CUG repeats with two or
four ⌿s resulted in a larger increase in thermal stability (13 or
19 °C for two or four ⌿ modifications, respectively) (20) and
displayed a more dramatic effect on MBNL1 binding (⬎20-fold
loss of binding) compared with CCUG repeat binding. A possible explanation for the difference in MBNL1 binding observed
between CUG and CCUG repeats with ⌿ modification is that
CCUG repeats are relatively less stable compared with CUG
repeats (the observed Tm of (CUG)4 was ⬃59 °C (20) and that of
CCUG repeat RNA 1 was ⬃47 °C) and the increased stability
provided by the ⌿ modification to the CCUG repeats was not
sufficient to strongly inhibit MBNL1 binding. Another possibility is that modifying both pyrimidines of the YGCY motif is
necessary for robust inhibition of MBNL1 binding.
A model minimally structured RNA was used to probe the
difference between the two pyrimidine positions in the YGCY
motif. The modification studies with the minimally structured
RNA revealed that the ⌿ substitution 3⬘ to the GC dinucleotide
had a much more pronounced effect on MBNL1 binding affinity compared with the 5⬘ substitution (Fig. 3, RNAs 4 and 5).
This difference in binding affinity does not appear to be due to
thermal stability as the 5⬘ and 3⬘ modifications were similarly
stabilized by ⌿ modification (Tm of 39 and 37 °C, respectively;
Fig. 4A). This contrasts with findings in the context of duplex
RNA, in which the position of ⌿ within the duplex and the
identity of adjacent Watson-Crick base pairs influence thermodynamic stability (26, 27). The difference in MBNL1 binding
inhibition at the 5⬘- and 3⬘-pyrimidine positions in the model
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minimally structured RNA may be due to contacts made by the
zinc fingers of MBNL1 with the 3⬘-pyrimidine observed in the
crystal structure (15). The 3⬘ ⌿ modification likely adopts conformations with bases in stacked structures that are less compatible with MBNL1 binding. The double ⌿ modification that
nearly eliminated MBNL1 binding (Fig. 3, RNA 6) again favors
RNA conformations with single strand base stacking. These
studies are consistent with the crystal structure that showed
that the zinc fingers of MBNL1 interact primarily with the bases
in an unstacked conformation.
Consistent with the melting studies, molecular dynamics
simulations showed that ⌿ modification of the 5⬘- or 3⬘-uridine
increases the base-stacking interactions at the YGCY MBNL1binding site of minimally structured RNAs. Although the structure published by Teplova and Patel (15) in 2008 shows that the
3⬘-uridine in the YGCY motif makes contact with the protein,
this structure also shows that when the RNA is bound to the
protein, the G of the GC dinucleotide stacks with the amino
acids of the protein (Fig. 5C). These results impose a model in
which MBNL1 is able to form interactions with YGCY RNA
when it is flexible enough for the G to unstack with its neighboring pyrimidine. The MD simulations indicate that ⌿ causes
the RNA to prefer conformations in which the G is stacked with
its neighbor. Based on the distribution of base separation distances, unmodified RNA also tends to form stacking interactions, but the population of those conformations is much less
abundant than the range of open configurations. These data
and our previous work (20) suggest that ⌿ modifications can
generally be used to shift YGCY motifs into conformations with
increased base stacking that reduce binding by MBNL proteins.

Experimental Procedures
Thermal Melt Assays—Thermal melts were carried out in 20
mM PIPES buffer at a pH of 7.0 and 150 mM NaCl. PIPES buffer
was chosen because of its minimal change in pH with increasing
temperature (⫺0.0085 ⌬pKa/°C) (28). The buffer was de-gassed
before diluting RNA to a concentration of 0.5, 1, 1.5, 2, 2.5, or 5
M. The temperature was raised by 1 °C per min over a range of
12–70 °C for minimally structured model RNAs and 15–95 °C
for CCUG repeat RNAs, held at the highest temperature for 2
min, and then lowered by 1 °C per min to the lowest temperature. Absorbance at 260 nM was measured once per min by a
Cary UV-visible spectrophotometer. Absorbance was normalized by subtracting the absorbance at the lowest temperature
measured. The melting temperature (Tm) of CCUG repeat
RNAs was calculated as the temperature at which the derivaVOLUME 292 • NUMBER 10 • MARCH 10, 2017
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studied in the MD simulations was 1.9 kcal/mol (Fig. 5B, RNAs
7 and 10). This could be significant in a conformational selection model of binding. Pseudouridylation of only U5 resulted in
increased base stacking with G6 but a modest decrease in base
stacking between G6 and C7 (Fig. 5, A and B, RNAs 7 and
8). Conversely, pseudouridylation of the 3⬘ U8 alone led to
increased base-stacking between G6 and C7 but increased
U5-G6 base separation (Fig. 5, A and B, RNAs 7 and 9). Pseudouridylation of both U5 and U8 led to increased base stacking
on both sides of G6 (Fig. 5, A and B, RNAs 7 and 10). These data
suggest that ⌿ increases base-stacking interactions in these
minimally structured YGCY RNAs.

Pseudouridine Inhibits MBNL1-RNA Interactions

tive of the absorbance was the highest. The Tm of a minimally
structured RNA was calculated as the temperature at the halfway point between the minimum and maximum absorbance.
Protein Expression and Purification—GST-tagged MBNL1
(amino acids 2–260) was expressed in BL21 Star Escherichia
coli cells (Thermo Fisher Scientific), grown to an OD of 0.6 –
0.7, induced with 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside, and shaken for 2 h at 37 °C. Bacteria were pelleted by
centrifugation and lysed for 15 min at 4 °C with 4 ml/g B-PERTM
bacterial protein extraction reagent. 0.1 mg/ml lysozyme, 5
MARCH 10, 2017 • VOLUME 292 • NUMBER 10
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FIGURE 5. Molecular dynamics simulations indicate that ⌿ increases base
stacking in minimally structured YGCY RNAs. A, relative free energy of
constructs at different G6-C7 separation distances in U5(GC)U5 RNA modified
with ⌿ as depicted in the legend. Unmodified RNA has energy minima at
larger G6-C7 separation distances, whereas pseudouridylation of the 8th
position in the RNA highly favors small G6-C7 separation distances. B, free
energy of constructs at different U/⌿5-G6 separation distances. Unmodified
RNA has energy minima over a large range of U/⌿5-G6 separation distances,
whereas the U5 pseudouridylated constructs only have favorable conformations at short U/⌿5-G6 separation distances. C, typical open structure of the
unmodified U5(GC)U5 RNA from the simulations fit to the conformation of
the guanine of the bound RNA in the crystal structure of Teplova et al. (15).
The protein surface, which is not present in the simulations, is rendered in
light gray, to illustrate the proposed model that effective MBNL1 binding to
RNA requires the availability of conformations with the G in the YGCY-binding
site unstacked from both neighbors.

units/ml DNase I, 0.5 mM CaCl2, and 2.5 mM MgCl2 were added
to the lysate followed by incubation for 30 min at room temperature. An equal volume of 1⫻ PBS was added, and cells were
lysed for an additional 30 min on ice, followed by centrifugation
at 40,000 ⫻ g for 15 min. Supernatant was incubated for 2 h at
4 °C with 10 ml of a 50% slurry of glutathione-agarose (Sigma)
in 1⫻ PBS, followed by washing two times with 25 ml of 40 mM
Bicine, pH 8.3, and 50 mM NaCl; two times with 20 ml of 20 mM
Bicine, pH 8.3, and 1 M NaCl; and three times with 20 ml of 16
mM Bicine, pH 8.3, and 20 mM NaCl. Protein was eluted by
incubating three times with 5 ml of 16 mM Bicine, pH 8.3, 20 mM
NaCl, and 10 mM glutathione. Eluates were combined, run
through a 0.2-m filter, and concentrated to 250 l using an
Amicon Ultra-15 centrifugal filter unit with Ultracel-50 membrane. 10 ml of protein storage buffer (500 mM NaCl, 25 mM
Tris-HCl, pH 7.5, 5 mM ␤-mercaptoethanol, and 50% glycerol)
was added to the protein followed by concentration using an
Amicon Ultra 0.5-ml 50K centrifugal filter, flash freezing, and
storage at ⫺80 °C.
Gel Shift Binding Assays—RNA synthesized by Dharmacon
or IDT was radiolabeled with [␣-32P]ATP with a polynucleotide
kinase and stored at ⫺20 °C in low TE (10 mM Tris and 1 mM
EDTA). RNA oligonucleotides were diluted in buffer (20 mM
Tris, pH 7.5, 75 mM NaCl, and 5 mM MgCl2) and folded by
incubation at 95 °C for 2 min followed by incubation on ice for
5 min. RNA (final concentration 1 nM) was incubated together
for 30 min at room temperature with increasing concentrations
of GST-MBNL1 (from 20 nM to 5 M in 2-fold steps for RNAs 1
and 2, from 3.125 nM to 3.2 M for RNAs 3, 5, and 6, and from
9.8 nM to 5 M for RNA 4) in 115 mM NaCl, 20 mM Tris, pH 7.5,
1 mM ␤-mercaptoethanol, 0.01 mM EDTA, 10% glycerol, 5 mM
MgCl2, 0.1 mg/ml heparin, 2 mg/ml BSA, and 0.02% xylene
cyanol. RNA-protein complexes were separated from free RNA
on a 6% native acrylamide gel. Complex formation was quantified by exposure on a phosphorimager screen followed by analysis with ImageQuant from GE Healthcare. Affinity constants
were then calculated with the following equation: fbound ⫽
fmax([MBNL1]/([MBNL1 ⫹ Kd)). The images of the gels were
enhanced equally across each gel using Adobe Photoshop. No
specific feature was enhanced.
Molecular Dynamics Simulations—Atomistic explicit solvent
simulations of minimally structured U5(GC)U5, U4⌿(GC)U5,
U5(GC)⌿U4, and U4⌿(GC)⌿U4 RNA constructs were performed using the GROMACS (Groningen Machine for Chemical Simulations (29 –32) molecular dynamics package on the
local ACISS (Applied Computational Instrument for Scientific
Synthesis) cluster at the University of Oregon, using an AMBER
(Assisted Model Building with Energy Refinement) (33) force
field optimized for stem-loop RNA structures with modified
force-field parameters for the ⌿ base (34). All simulations were
performed in explicit solvent utilizing the spc/e water model and
150 mM NaCl with excess sodium ions to neutralize the system,
Ewald summation for the electrostatics, and standard force-field
cutoffs and parameters. The RNA was initially in an A-form structure that was energy-minimized after solvation. A 1-fs time step
was utilized in the simulation, which was equilibrated over the
course of a 5-ns period. An additional 10-ns simulation was performed in the production NVT ensemble at 300 K, from which 10
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random snapshots were taken to seed 10 production runs of 25 ns
each from which to collect statistics.
RNA Secondary Structure Prediction—The sequence of CCUG
repeat RNA 1 was run through the following secondary structure prediction software programs using default settings:
RNAfold (minimum free energy and centroid), IPknot
(NUPACK model), Mfold, RNAstructure (FOLD and MaxExpect), and Sfold (Ensemble Centroid and MFE). Each predicted the same structure as most energetically favorable.
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