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ABSTRACT

Nucleic acid triplexes may regulate many important
biological processes. Persistent accumulation of the
oncogenic 7-kb long noncoding RNA MALAT1 is de-
pendent on an unusually long intramolecular triple
helix. This triplex structure is positioned within a
conserved ENE (element for nuclear expression) mo-
tif at the IncRNA 3’ terminus and protects the entire
transcript from degradation in a polyA-independent
manner. A requisite 3’ maturation step leads to triplex
formation though the precise mechanism of triplex
folding remains unclear. Furthermore, the contribu-
tions of several peripheral structural elements to
triplex formation and protective function have not
been determined. We evaluated the stability, confor-
mational fluctuations, and function of this MALAT1
ENE triple helix (M1™) protective element using in
vitro mutational analyses coupled with biochemi-
cal and biophysical characterizations. Using fluores-
cence and UV melts, FRET, and an exonucleolytic
decay assay we define a concerted mechanism for
triplex formation and uncover a metastable, dynamic
triplex population under near-physiological condi-
tions. Structural elements surrounding the triplex
regulate the dynamic M1™ conformational variability,
but increased triplex dynamics lead to M1™ degra-
dation. Taken together, we suggest that finely tuned
dynamics may be a general mechanism regulating
triplex-mediated functions.

INTRODUCTION

Nucleic acid triplex formation using RNA, DNA and
RNA-DNA hybrids are thought to be an essential ele-
ment of several biological regulatory processes (1,2). Re-
cent discoveries have elucidated evidence for diverse mech-
anisms of triplex-mediated gene regulation including chro-
matin rearrangement, recruitment of epigenetic modifiers,
and inhibition of translation initiation (1,3-8). Addition-

ally, intramolecular RNA triplexes are requisite for the
function of the spliceosome (9), telomerase RNA (10,11),
—1 programmed ribosomal frameshifting elements (12) and
the Campylobacter jejuni trans-activating CRISPR RNA
(13). These intramolecular triplex interactions are short
(typically <6 base triples) and often require additional
intramolecular structural interactions, cations, or protein
binding partners to support their functional roles. Even
relatively long DNA or DNA-RNA triple helices ex-
hibit limited stability due to charge repulsion stemming
from the close proximity of the three polyanionic strands.
Necessarily, studies designing triplex forming oligonu-
cleotides for therapeutic intervention have explored the role
of (poly)cations and chemical modifications to promote
triplex stability and function (14-19).

Recently, a new class of long intramolecular RNA
triplexes was identified at the 3’ termini of several viral
and human long noncoding RNAs (IncRNA) (20-22). A
conserved core, called the element for nuclear expression
(ENE) (23-25), contains two U-rich sequences which form
a parallel pyrimidine-purine-pyrimidine triplex upon as-
sociation with a 3’ terminal A-rich sequence. Sequestra-
tion of the IncRNA 3’ end within this triplex protects the
entire transcript from 3’-5" exonucleolytic degradation in
a deadenylation-independent manner (20-22). The ENE
triplex is a transferable stability element, conferring signif-
icant stabilization to mRNA transcripts when encoded in
the 3 UTR (20,22,23). The 3'-terminal 94 nucleotides of
the human IncRNA MALAT1 adopt this protective ENE
triplex, leading to the high cellular abundance and per-
sistent oncogenic activity of the 7-kb IncRNA in several
cancer types. Specific triplex-disrupting mutations lead to
MALATI1 degradation and loss of accumulation (20,22)
and reduced levels of the IncRNA significantly inhibit tu-
mor formation, migration, and metastasis (26,27). There-
fore, this triplex is an important target for therapeutic dis-
covery and selective triplex inhibition may slow prolifera-
tion and metastasis in several cancer types (26,28-30).

Interestingly, the MALATI triple helix is not located at
the 3" end of the primary MALATI transcript. Instead,
the terminal sequence of the nascent transcript adopts a
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short tRNA-like domain of unknown function (31). Cleav-
age of this domain by RNase P liberates a mature 3’ end
comprising the A-rich sequence required for triplex forma-
tion. In the absence of this maturation step, the ENE and
3" A-rich tail sequences are insufficient to promote tran-
script abundance in vivo (20). Therefore, rather than tar-
geting the triplex structure directly, preclusion of triplex
formation represents an alternative therapeutic approach
to functional inhibition of MALAT1. However, thorough
studies evaluating the formation, stability, and dynamics
of the MALAT1 ENE triple helix, herein denoted M1TH,
have not been reported. Here, we present a thorough bio-
chemical and biophysical investigation of the structural
and environmental factors regulating the protective func-
tion of M1™, Using FRET, differential scanning fluorime-
try (DSF) and FRET (DS-FRET), and UV thermal melts
we generated empirical conformational and stability land-
scapes probing the effects of structural deletions and the
ionic environment on triplex formation. Our results show
that the entire triplex region is metastable and highly dy-
namic in near-physiological ionic conditions. Large confor-
mational dynamics in wild-type and mutated M1TH disrupt
the triplex and lead to 3'-5" exonucleolytic degradation in
vitro by RNase R. Overall, our results indicate that finely
tuned triplex dynamics, and not simply triplex stability, are
critical for the protective function of M1TH, Furthermore,
peripheral structural elements on M 1™ serve as important
regulators of triplex dynamics. We conclude that biological
triplexes may generally depend on structural elements out-
side the base triple interactions to support functional sta-
bility and activity.

MATERIALS AND METHODS
Preparation of unlabeled RNAs

Short RNA oligos M14, M1™ and M 185, were purchased
from IDT. Deprotected synthetic RNAs were resuspended
in water and stored at —20°C. All other RNAs were tran-
scribed from PCR products using T7 RNA polymerase.
PCR primers were designed and purchased from IDT for
amplification of a plasmid containing the MALAT1 ENE
triple helix sequence. All reverse primers contained two
2’-OMe nucleotides at the 5 end in order to limit non-
templated nucleotide addition by T7 RNAP at the 3’ end of
the transcript (32). The RNAs were purified using prepar-
ative scale denaturing PAGE. RNA bands of interest were
excised and electroeluted overnight (Elutrap, GE). The elu-
ate was concentrated by ethanol precipitation and the pellet
was resuspended in water and stored at —20°C.

Triplex purification using size exclusion chromatography

All RNAs used in UV, FRET, DS-FRET, and DSF exper-
iments were purified on ENrich SEC 70 (Bio-Rad) or Su-
perdex 75 (GE Healthcare) size-exclusion chromatography
columns. Unimolecular RNAs were prepared in refolding
buffer containing 20 mM HEPES-KOH, pH 7.4 (22°C),
and 1 mM MgCl,. RNA was heated at 95°C for 2 min, snap-
cooled on ice for 5 min, and allowed to equilibrate at room
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temperature for at least 1 h. The refolded RNAs were puri-
fied on a sizing column that was equilibrated in the refolding
buffer. To monitor RNA elution, absorbance was recorded
at 260 nm. For the bimolecular RNAs, a 1.5 molar excess of
the shorter RNA (M1 or M14) was added to the longer
RNA (M1ENE or M1B, respectively), and then annealed in
the refolding buffer as above. The RNAs were purified sim-
ilar to the unimolecular RNA above while monitoring the
absorbance signal at 260, 550 (Cy3) and 650 nm (Cy5) to en-
sure complex formation. In each case, the two-piece RNA
triplex complex was well separated from the excess of short
RNA. For the tri-molecular M14B5T 3 [.5-fold excess of
the M1T8! RNA and 1.1-fold excess of M 15 was added to
M4 in refolding buffer and annealed as above. The three-
stranded complex was well separated from the excess M 15
and M 174! on the sizing column.

UV thermal melts

RNAs were annealed and then purified using an ENrich
SEC 70 (Bio-Rad) size exclusion chromatography column
in 20 mM HEPES-KOH, pH 7.4 (22°C), 1 mM MgCl,.
Using this SEC purified RNA, a 500-700 w1 sample was
prepared in the refolding buffer with a final RNA concen-
tration of 5-10 wg ml~!, and the desired magnesium (0.1—
1 mM) and total monovalent concentrations (2.6-742.6
mM). NaCl and KCI were equimolar except for the 2.6
mM KCI introduced from the HEPES-KOH buffer. All
UV melt experiments were performed in a stoppered 1-
cm quartz cuvette. Absorbance was monitored at 260 nm
using an Agilent 8453 UV-Vis spectrophotometer with an
Agilent 89090A temperature controller across a tempera-
ture range from 20°C to 85°C with 0.1°C increment/cycle.
Because the total experimental time was ~3 h, we calcu-
late an average ramp rate of ~0.42°C/min. Raw melting
profiles and derivatives were plotted using Origin2015 soft-
ware (OriginLab). The derivative curves were smoothed us-
ing Fast Fourier Transform (FTT) 70-point smoothing. The
Tm,1 and T, were determined from the smoothed deriva-
tive plot using a peak finding algorithm within the software.

Preparation of fluorescently labeled RNAs

Fluorescently labeled RNAs were purchased from the Keck
Foundation Biotechnology Resource Facility at Yale Uni-
versity. The ENE motif was synthesized with a 3’ terminal
Cy3. M1 was synthesized with a 5 terminal Cy5. M14
was synthesized with a 3’ terminal Cy3. M1® was synthe-
sized containing a 3’ terminal CyS5. Synthetic RNA oligonu-
cleotides were resuspended in water. The ENE-Cy3 and
M1B-Cy5 RNAs were purified by denaturing PAGE and
electroeluted overnight. The eluate RNA was ethanol pre-
cipitated, resuspended in water, and stored at —20°C until
use. M1T4! and M14 RNAs were stored at —20°C until use
without further purification.

Sample preparation for multiplexed FRET experiments

Five-fold concentrated stocks of eight different magnesium
concentrations (0—5 mM) in 20 mM HEPES-KOH, pH 7.4
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were prepared. Five-fold concentrated stocks of eight dif-
ferent monovalent concentrations (0—1000 mM) containing
equimolar NaCl and KCI in 20 mM HEPES-KOH, pH 7.4
were prepared. 24 wl of ~200 nM SEC purified RNA con-
taining <0.1 mM MgCl, and 20 mM HEPES-KOH, pH 7.4
were pipetted into an 8 x 8 grid on a black 384-well plate
(Corning). 8 wl of MgCl, stock were added to appropriate
rows using a multichannel pipette. 8 wl of monovalent stock
were added to appropriate columns using a multichannel
pipette. Each individual final reaction contained ~100 nM
RNA, a single MgCl, concentration between 0.05 and 1
mM MgCl,, and a single total monovalent concentration
between 2.6 and 202.6 mM (including 2.6 mM KOH from
the HEPES-KOH buffer). The microplate was sealed with
an adhesive seal, covered with aluminum foil, centrifuged
at 1000 x g for 2 min at room temperature, and incubated
for 1-2 h. The adhesive seal was removed prior to recording
Cy3 and CyS5 fluorescence.

FRET measurements at room temperature

Room temperature fluorescence was recorded using a Syn-
ergy HIMF (BioTek) multimode microplate reader using
one excitation filter for Cy3 (540 4+ 25 nm) and two emis-
sion filters for Cy3 (590 £+ 20 nm) and Cy5 (680 + 30
nm). An apparent Epgrpr was calculated using Eprpr =
Icys/(Ucys + Icy3), where Icys and Icys represent the fluores-
cence intensities of Cy5 and Cy3, respectively. Origin2015
software (OriginLab) was used to create 3D plots of the
Errer values together with a 3D surface. Experiments were
performed in triplicate.

Differential scanning FRET

Following measurement of room temperature fluorescence,
25 wl of each sample were transferred into a clear gPCR
plate (SP-1384, Thermo Scientific), sealed with an optically
clear adhesive seal (Thermo Scientific), covered with alu-
minum foil, and centrifuged at 1000 x g for 2 min. Thermal
melts were performed using a QuantStudio 7 Flex (Applied
Biosystems) from 20 to 85°C with a 0.015°C/s ramp rate.
One excitation filter (x2: 520 £ 10 nm) was used to excite
Cy3 and two emission filters were used to record fluores-
cence of Cy3 (m3: 586 4+ 10 nm) and Cy5 (m5: 682 &+ 14 nm).
For each experiment, raw melting profiles of Cy3 and Cy5
were plotted and analyzed using Origin2015. The FRET
curve (Epret = Icys/(Icys + Icy3)), the first derivative of the
Epret, and smoothed derivative (Fast Fourier Transform,
70-point smoothing) were also plotted. The 71, ; was de-
termined from the smoothed derivative curve using a peak
finding algorithm within the software. Finally, a 3D ther-
mostability plot was generated using the individual 7}, ; val-
ues from each of the 64 experiments. Experiments were per-
formed in triplicate.

Differential scanning fluorimetry (DSF)

Differential scanning fluorimetry (DSF) experiments were
performed using RiboGreen dye and unlabeled full-length
MI1™ Following SEC purification, the RNA was mixed

with RiboGreen at concentrations of 900 and 500 nM, re-
spectively, in 20 mM HEPES, pH 7.4. 24 ul of this sample
were pipetted into 64 wells in an 8 x 8 format in a black
384-well plate (Corning) using a multichannel pipette. Five-
fold concentrated MgCl, and monovalent concentrations
were prepared as described for the multiplexed FRET ex-
periment above. 8 ul of MgCl, stock were pipetted in suc-
cessive columns. 8 ul of monovalent salt stocks were pipet-
ted in successive rows. The final experiments contained 0.54
wM RNA, 0.3 wM RiboGreen, a single MgCl, concentra-
tion between 0.1 and 1.1 mM, and a single total monova-
lent concentration between 2.6 and 392.6 mM (including 2.6
mM KOH from the HEPES-KOH buffer). The microplates
were sealed with an adhesive seal, covered with aluminum
foil, centrifuged at 1000 x g for 2 min, and incubated for
1-2 h prior to experimentation.

25 wl of each sample were transferred into a clear gPCR
plate (SP-1384, Thermo Scientific), sealed with an optically
clear adhesive seal (Thermo Scientific), and centrifuged at
1000 x g for 2 min. Thermal melts were performed on a
QuantStudio 7 Flex (Applied Biosystems) using one ex-
citation filter (x1: 470 £ 15 nm) and one emission filter
(ml1: 520 £ 15 nm). RiboGreen fluorescence was recorded
from 20 to 95°C with a ramp rate of 0.015°C/s. Raw flu-
orescence signal and its first derivative were plotted using
Origin2015 software (OriginLab). A 70-point Fast Fourier
Transform (FTT) smoothing function was applied on the
first derivative to aid in peak identification. The T3, and
T » peaks were identified using a peak finding algorithm in
Origin2015. For the Ty, values a 3D thermostability plot
was generated across the 64 ionic conditions. Experiments
were performed in triplicate.

RNase R degradation experiments

For single time-point RNase R degradation reactions,
0.5 wg RNA was incubated in buffer containing 20 mM
HEPES-KOH, pH 7.4, and final MgCl, and monovalent
concentrations as indicated in a total volume of 10 wlfor 1 h
at room temperature. To initiate the reaction, 10 pl of either
0.1 U/pl RNase R (Lucigen) (for 1 U enzyme in the final
reaction) or 0.5 U/l RNase R (for 5 U enzyme in the final
reaction) in 20 mM HEPES-KOH, pH 7.4, and final MgCl,
and monovalent concentrations as indicated (Conditions I-
IV) was added to the RNA. Reactions were incubated for
5 h at 37°C. Reactions were stopped with the addition of
20 pl RNA loading dye (5 mM EDTA, 95% formamide)
and either immediately analyzed using denaturing PAGE or
frozen at —20°C until analysis. For time-course reactions, 3
g of RNA were incubated in 20 mM HEPES-KOH, pH
7.4, and final MgCl, and monovalent concentrations as in-
dicated (Conditions I-1V) in a total volume of 120 plfor 1 h
at room temperature. Either 0.3 pl of RNase R (for 1 U/0.5
wg RNA total in the final reaction) or 1.5 pl of RNase R
(for 5U/0.5 g RNA total in the final reaction) were added
directly as a stock to initiate the reaction. Reactions were in-
cubated at 37°C. 20 pl aliquots were removed immediately
after enzyme addition for time zero, at 30 min, 1,2 and 5h
and stopped with the addition of 20 wl RNA loading dye.



Reactions were analyzed by denaturing polyacrylamide gel
electrophoresis stained with ethidium bromide.

RESULTS

The basal linker and apical stem significantly impact triplex
stability

A recent crystal structure of the M1TH core (33) revealed

the unique architecture that specifically supports this ex-
ceptionally long triplex comprising ten base triples and an
intervening G-C base pair (Figure 1). Methyltransferase-
like protein 16 (METTL16) binds M1™ both in vitro and
in vivo, as demonstrated by gel shift analysis and cross-
linking, respectively, in a manner dependent on the ENE
triplex sequence and structure (34). Therefore, the ENE
triplex adopts a similar well-formed structure in these en-
vironments. The structure of the full-length 94-nt wild-type
M1 (Figure 1A) adopts an extended stack of 29 base pairs
and triples. This rod-like structure includes two helices (P1
and P2) of the ENE (Figure 1, M1ENE) abutting either end
of the triplex. The triplex is formed between two conserved
U-rich regions and the A-rich sequence of the 3’ tail (Figure
1B). Specifically, the tail (Figure 1, M1™) forms Watson—
Crick interactions with the 3’-most U-rich region while the
5’-most U-rich region forms base triple interactions with the
Hoogsteen edges of nucleobases in the 3’ tail. Formation of
a C"eG-C triple interaction is expected to be sensitive to
changes in the protonation state of C11. Indeed, Brown et
al. performed UV melts in pH 5 relative to pH 7 buffer and
demonstrated that the triplex melting temperature is stabi-
lized by ~5°C at the lower pH (20) (see also Supplementary
Information, Supplementary Figure S1).

Only ~1/3 of the 94-nt ENE triplex protective element
is involved in formation of the parallel pyrimidine—purine—
pyrimidine base triples. Mutational analyses supported by
the crystal structure of the triple helix core have revealed the
molecular basis for functional stability within the triplex re-
gion (33,35). The remaining 61 nucleotides of M1TH are in-
volved in peripheral structural elements, including the 5-bp
P1 helix, the 13-bp P2 apical helix, a 17-nucleotide basal
linker, and a 2-nt bulge (Figure 1A). These elements are
semi-conserved in several related triplexes (20), but their
contributions to M1TH formation and stability in vitro have
been minimally examined. To evaluate the role of these re-
gions in stabilizing the triplex we generated several uni-
molecular, bimolecular, and trimolecular RNA constructs
comprising various mutations and truncations (Figure 1,
and Supplementary Information). Triplex formation was
confirmed for each of our bi- and tri-molecular RNAs us-
ing native gel shift analysis (Supplementary Figure S2A—
D), consistent with previously published gel shift results
(20,35). Additionally, each RNA construct was purified by
size-exclusion chromatography to remove aggregates and
isolate only the appropriate triplex-containing fraction for
experimentation (Supplementary Figure S2E).

We employed thermal UV melts to assess the contri-
butions of various structural elements to triplex stability.
Triplex melting disrupts stacking interactions and leads
to increased absorbance (260 nm) resulting from the hy-
perchromicity of single-stranded RNA relative to duplex

Nucleic Acids Research, 2019, Vol. 47, No. 3 1471

Table 1. Melting temperatures determined by UV melts. Melting temper-
atures for the two transitions in | mM MgCl,, 25 mM KCl, 25 mM NaCl,
20 mM HEPES-KOH, pH 7.4, are reported for the various RNA con-
structs used in this study. The pH of HEPES buffer lowers slightly as the
temperature increases, leading to small inaccuracies in the absolute melting
temperature (see Supplementary Information).

RNA Tm,l (OC) Tm,2 (OC)
M1TH 66.7+0.1 782+0.2
M4 bulgel 65.4+0.4 80.1 0.0
M ] Abulge2 64.3+0.5 79.84+0.2
M1BsT 354+ 0.4 N/A
M1ABST 46.4 + 0.6 58.5+0.6
MIET 54.1 £0.1 80.3 0.1
M ]ENE 47.0+ 1.1 79.3 4+ 0.4
M1AB 54.8 + 0.6 N/A?

OMI1AB melting profile exhibits a single transition in which both triplex
and duplex regions melt concomitantly.

or triplex RNA. We first evaluated the UV melting pro-
file for the unimolecular M1TH, which exhibits two transi-
tions (Figure 1F, black), corresponding to sequential melt-
ing events (Supplementary Figure S3A). Our thermal melt-
ing experiments performed in HEPES buffer, which has
a small but not negligible temperature dependent pKa,
slightly overestimate the 77, due to small changes in pro-
tonation of the C*eG-C triple interaction (see Supplemen-
tary Information; Supplementary Tables S1, S2; and Sup-
plementary Figure S1). The transition at very high temper-
ature, hereafter identified as Tpno (Tmp = 78.3 £ 0.05°C,
Table 1), is consistent with secondary structure melting un-
der our reaction conditions (1 mM MgCl,, 25 mM NacCl,
25 mM KCl). The earlier melting transition, identified as
Tm.1, occurs at 66.6 £ 0.2°C (Figure 1G, gray) and includes
triplex melting (20). However, the amplitude of this transi-
tion is ~2.5 times greater than the duplex transition (Figure
1F). Melting of the short P1 helix and the basal linker may
occur together with the triplex.

To assess the role of bulged nucleotides (G59, G60),
we deleted one (Abulgel) or both (Abulge2) of these nu-
cleotides and monitored changes in thermal stability. The
single and double mutation RNAs only reduced the triplex
melting transition by 1.4 and 2.3°C, respectively (Table 1).
Therefore, the bulge does not significantly contribute to
triplex stability in vitro. Its conservation in several triplexes
may indicate its role as a structural anchor point at the base
of the triplex, which may be important for the recruitment
of binding partners within the cellular milieu.

We next performed UV melt analysis using a bottom-
up approach to assess the contribution of various struc-
tural elements to triplex stability. First, we examine melt-
ing events in a truncated triplex, denoted M14BT (Figure
1C), comprising the A-rich tail (M1™!), the third strand
(M1%4), and the duplex strand (M 1P, where Bs indicates
‘B short’). Within this triplex core, M18 and M1 form
Watson—Crick interactions (Figure 1C, orange and blue)
while M14 forms interactions with the Hoogsteen edge of
M 1Tl and Watson—Crick interactions with the M18s (Fig-
ure 1C, pink). Hybridization and UV thermal melt analysis
of the two short RNA strands, M 15 and the M1™! (Figure
1C, orange and blue strands), reveal only a weak interac-
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Figure 1. Peripheral elements regulate thermostability of the MALAT1 ENE triple helix. (A) Secondary structure of the full-length MALAT1 ENE
triple helix (M1™) including Watson—Crick interactions (—), Hoogsteen interactions (e—m), A-minor interactions (——), and a wobble base pair (s). A
5" GTP (grey) is added to the sequence to facilitate transcription. The A-rich tail is colored blue and structural regions are indicated in brackets. (B) The
crystal structure of the MALATT] triple helix core (PDB: 4PLX) (33). The three strands are colored orange, pink, and blue. The two short loops (gray)
were engineered to facilitate crystallization. (C) Secondary structure of trimolecular M14BsT_ M1BS is colored orange, M1# is colored pink, and MlTa'lil is
colored blue, as in B. (D) Secondary structure of bimolecular M1ET, which eliminates the basal linker. The ENE motif is colored cyan and the M1Tail jg
colored as in C. (E) Secondary structure of bimolecular M14B, wherein the basal linker is included and the apical P2 helix is truncated. M1# is colored as
in C and M 18 is colored green. In C-E, a 5 GTP (gray) is added to the sequence to facilitate transcription. (F) Normalized UV melt profiles for M1TH
(gray), M1ABST (orange), MIET (blue), MIAB (green) from 20 to 85°C in 20 mM HEPESeKOH, pH 7.4, | mM MgCl,, 25 mM NaCl and 25 mM KCI.
Triplex formation for all constructs is explicitly demonstrated in Supplementary Figure S2. Triplex and duplex melting occur in the same transition for
the bimolecular M1AB. All experiments were performed in duplicate. A single representative melting profile is plotted. (G) Triplex melting temperatures
(Tm.1) for the unimolecular, bimolecular, and trimolecular constructs, colored as in F. Large changes in Ty, for the bi- and tri-molecular RNA relative to
the full-length RNA demonstrate the contributions of peripheral elements to triplex stability.

tion within this duplex (Table 1, 73, = 35.3 + 0.4°C, Supple-
mentary Figure S3B) compared to the secondary structure
transition in full-length M1™ (7,5 = 78.2 £ 0.2°C). Ad-
dition of M 14 results in triplex formation (Supplementary
Figure S2C-E) together with the short duplexes abutting ei-
ther side (Figure 1C). The M1BT melting profile reveals a
two-transition process akin to M1TH (Figure 1F, Table 1).
The large melting transition (7, = 46.4 £ 0.6°C, Figure
1G, orange) indicates that the triplex is more stable than the
duplex by >10°C. A small second transition (7, = 58.5 £
0.6°C, Table 1) may involve disruption of one (or both) of
the short duplexes; the truncated P2 helix likely melts in this

transition owing to its longer length and more G-C rich base
pairs relative to P1.

To evaluate the contributions of apical stem loop, we next
performed thermal melts using a bimolecular ENE-tail con-
struct (Figure 1D, M1ET), which includes the entire P2 he-
lix. A previous study used this construct to characterize the
role of specific base triple interactions on overall triplex sta-
bility (35). In comparison to MIABT both melting transi-
tions are stabilized in M1ET (Figure 1F, Table 1). Not sur-
prisingly, inclusion of the full P2 helix and its loop increases
the secondary structure melting by nearly 22°C. More inter-
estingly, this peripheral duplex stabilizes the triplex transi-



tion by 8°C, highlighting an important role for structural re-
gions distal to the triplex. The long, stable P2 helix may aid
pre-formation of the ENE (Figure 1D, cyan) prior to triplex
folding. To assess the ENE structure in the absence of the A-
rich tail, we evaluated the melting profile of the ENE alone
and identify two transitions (Table 1, Supplementary Figure
S3B). The transition at high temperature is consistent with
P2 helix melting, as in M1 and M1ET (Table 1). A transi-
tion at low temperature (7,1 = 47.0 £ 0.1°C) suggests some
residual structure within P1 and the U-rich internal loop is
present at physiological temperature (Table 1, Supplemen-
tary Figure S3B). The broad profile of this transition over
~35°C (30-65°C) is consistent with multiple structural in-
teractions which do not melt cooperatively (Supplementary
Figure S3B, inset). In contrast, the presence of the A-rich
tail in M1ET, and hence the triplex, results in a sharp tran-
sition, consistent with a cooperative unfolding event (Sup-
plementary Figure S3A).

Because a 12.5°C reduction in triplex stability is at-
tributed to the removal of the basal linker in M1ET (Figure
1G, M1ET versus M1™), we generated a new bimolecular
construct, M14B_ containing the linker (Figure 1E). In this
construct the wild-type linker is added to the M14BT core,
joining M 188 and M 17T in cis to form M18. Both M14 and
M 18 are required for triplex formation as well as formation
of duplexes P1 and P2, which immediately stack on either
end of the triplex. Gel shift and size-exclusion chromatog-
raphy analyses demonstrate proper triplex formation upon
association of these two RNAs (Supplementary Figure S2B
and E). This RNA melts in a single transition (7, = 54.8
4 0.6) suggesting that the small secondary structure tran-
sition observed in M1ABT (Figure 1F, orange) is subsumed
into the stabilized triplex melting transition (Figure 1F, Ta-
ble 1). Addition of the linker stabilizes the triplex by slightly
more than 8°C (Figure 1G, green). Loop closure between
M 1B and M1T7 is likely not sufficient to account for the im-
portant stability contribution of this peripheral linker; long
unstructured loops have been shown to significantly desta-
bilize structure formation (36). Alternatively, specific struc-
tural interactions, yet undetermined, in the wild-type basal
linker may significantly promote triplex stability (N.J.B. un-
published results).

Removal of either the apical stem or basal linker leads
to similar losses in thermal stability (Table 1). Analysis at
lower magnesium concentrations (<0.2 mM) reveals that
linker removal is slightly more destabilizing than truncation
of the P2 helix (Supplementary Figure S3C). Overall, our
bottom-up analysis of the MALAT1 ENE triplex stability
underscores the important contributions of peripheral ele-
ments to the stability of the triplex core. Our results provide
a functional rationale for the reported semi-conservation of
sequence and length in these peripheral elements from hu-
man to zebrafish (22).

Highly variable triplex stabilities result from changes in ionic
conditions

We reasoned that the increased charge density of the three-
stranded ENE triplex may destabilize this region, leading
to a metastable structure in physiological conditions. Be-
cause triplex stability is important for its protective function
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(35), we next examined the range of stability (7},,) attained
in various cation concentrations. Previous studies on DNA
triplexes revealed multiphasic thermal stability responses to
cation concentration and valency (14-16). We performed
UV melt analysis of M1, MI1ET and M14B in solution
mixtures containing various monovalent (2.6-742.6 mM)
and magnesium (0.05-1 mM) concentrations (Supplemen-
tary Figure S4). We employ equimolar monovalent salt con-
centrations (KCl and NaCl) to generally assess the role of
monovalent cations on triplex formation and stability. The
Twm,1 values increase monotonically with increased MgCl,
concentrations at all but the highest monovalent concen-
trations (742.6 mM). In contrast, triplex stability first de-
creases and then increases with increasing monovalent con-
centrations. However, because UV thermal melts are a low-
throughput experimental approach, only minimal analysis
is afforded by the limited number of solution conditions ex-
amined.

To overcome the throughput limitations of UV melt ex-
periments, we turned to thermal melting experiments mon-
itored using differential scanning fluorescence resonance
energy transfer (DS-FRET). We recently developed DS-
FRET to monitor RNA thermal denaturation for up to
384 experiments simultaneously on a traditional quantita-
tive PCR (qPCR) instrument (37). We designed site-specific
fluorophore pairs (Cy3 and Cy5) for both M1ET and M 148
(Supplementary Figure S5). Using a qPCR machine, we ex-
cite the Cy3 donor and record fluorescence signals of the
two dyes from 20°C to 85°C (Supplementary Figures S5).
An apparent FRET efficiency (Eprgr) is calculated using
Icys/(Ucys + Icy3), where Icys and Icy; represent the fluo-
rescence intensities of CyS and Cy3, respectively. Thermal
unfolding increases the distance between the donor and ac-
ceptor dyes leading to a lower Epgrgr signal across the melt-
ing transition (Figure 2A and B). The dye pair positions re-
port only on triplex melting transitions, denoted as 7,1 to
maintain consistency with our UV melt analysis. No change
in Epggr signal is observed for the duplex melting tran-
sition at higher temperatures, precluding 7y,, determina-
tion with this method. We determine the 77, ; for each DS-
FRET experiment from the peak in the negative derivative
of the Errgr curve (Figure 2A and B, insets), and accom-
plish rapid evaluation of triplex stability across a range of
solution conditions (Figure 2A and B).

To evaluate the role of the ionic environment on the
MALATI1 ENE triplex stability, we generate an empirical
thermal stability landscape over a matrix of ionic condi-
tions containing MgCl, (0.1-1 mM) and monovalent salts
(2.6-202.6 mM total, equimolar amounts of NaCl and
KCl) (Figure 2C and D). Across 64 multiplexed ionic so-
lution conditions we record highly variable thermal stabil-
ities for both M14B and M1ET. Differences in landscape
shape or absolute 7y, values between the two constructs
can be attributed to the distinct fluorophore pair locations,
which report on local changes near the top (M148) or bot-
tom (M1ET) of the triplex. Each landscape has a chevron-
like shape in response to increasing monovalent concen-
trations at low MgCl, concentrations. The minimum 7Ty,
occurs between 20 and 50 mM monovalent salt for both
RNAs. The generally similar shapes of these two 71,1 land-
scapes indicate that DS-FRET directly reports on struc-
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Figure 2. Triplex stabilities vary across a matrix of monovalent and divalent concentrations. Melting profiles monitored by DS-FRET for M1ET (A) and
M14B (B) under four different magnesium concentrations (~0.05, 0.2, 0.5 and 1 mM, with increasing concentrations colored from black to purple) in 25
mM total monovalent salt (equimolar NaCl and KCl). See Supplemental Figure S5 for samples of raw Cy3 and Cy5 melting profiles. Inset: Peaks in a plot
of the negative derivative of the raw melting profile are used to determine 71, 1 for each experiment. (C, D) Tertiary thermal stability (71,1) landscapes
of M1ET (C) and M14B (D) monitored using DS-FRET across multiplexed ionic conditions (2.6, 5.7, 8.8, 15.1, 27.6, 52.6, 102.6 and 202.6 mM total
monovalent salt (equimolar KCIl and NaCl); and ~0.05, 0.1, 0.2, 0.3, 0.5, 0.6, 0.8 and 1 mM MgCl,). n = 3 experiments; S.D. A black circle on each
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tural changes within the triplex region, rather than an arte-
factual interaction between the dye and RNA. Our re-
sults provide the first thorough characterization of multi-
modal triplex stabilities and are consistent with the lower-
throughput studies of DNA triplexes performed decades
ago (15,38). Owing to the distinct locations of the FRET
pairs in these two constructs, direct comparison of stabili-
ties is not straightforward. Nonetheless, the stability of ei-
ther construct spans a temperature range >22°C for the
conditions examined; changes in RNA stability are ex-
pected commensurate with changes in cation concentra-
tions. Of important note for the MALATTI triplex, signif-
icant stability increases are recorded in response to signifi-
cant monovalent cation concentration decreases. The com-
plex interplay of ionic conditions and triplex stability leads
to maximal triplex stability under conditions nearly devoid
of monovalent cations (1 mM MgCl,, 2.6 mM monovalent
cations). In near-physiological conditions, (Figure 2C and
D; black circles), neither M1ET nor M1AB are maximally
stable. For closer comparison of Ty, values within a land-

scape, we calculate a ‘relative stability’ of the triplex, defined
as[(P— Min) / (Max — Min)] x 100, where P is the stability
of the triplex at one condition, and Max and Min are the
maximal and minimal triplex stabilities, respectively, repre-
senting the maximum stability range (Max — Min) recorded
on the landscape (Table 2). Under near-physiological con-
ditions the relative stabilities of M1ET and M14B are only
52% and 62%, respectively, suggesting that either (1) a care-
fully tuned metastable triplex is sufficient to achieve func-
tional protection, or (2) the removal of a peripheral ele-
ment in either bimolecular construct produces an artefac-
tual metastability.

To assess these possibilities, we aimed to generate a sta-
bility landscape for the full-length M1TH, Preparation of a
dual-labeled 94-nt RNA at the scale required for our thor-
ough FRET landscape analysis is limited by yield, time, and
cost. Therefore, we turned to an orthogonal fluorescence-
based thermal shift assay. Differential scanning fluorimetry
(DSF) is a label-free approach to monitor RNA stability at
much higher throughput than traditional UV thermal melts



Table 2 Relative triplex thermostability and folded population
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Tim,1 (°O) E¥RET
aMlET aMlAB leTH MlET MlAB
Maximum signal 66.6 57.1 78.5 0.81 0.55
Minimum signal 38.4 35.2 59.2 0.57 0.23
Signal in near-physiological ionic conditions 53.2 48.8 63.8 0.75 0.46
Relative® stability (Tiy,1) or folded population (EFreT) 52% 62% 24% 75% 72%

4T, calculated using DS-FRET assay.
711 calculated using DSF assay.

®Relative thermostability or folded population was calculated using [(P — Min)/(Max — Min)] x 100, where Max, Min and P indicate maximum signal,
minimum signal, and the signal in near-physiological ionic conditions (~150 mM monovalent, | mM MgCl,), respectively. P was calculated from the
average of the signal obtained in 102.6 mM and 202.6 mM monovalent concentrations.

(39). RiboGreen (ThermoFisher) fluorescence increases sig-
nificantly upon binding to single-stranded RNA (ssRNA),
but not double-stranded RNA. A monotonic decrease in
RiboGreen fluorescence over the temperature range results
from dye dissociation from the RNA (39) or changes in
dye fluorescence quantum yield with increased temperature.
RNA melting transitions, which liberate ssRNA, result in
increased fluorescence (or, at least, not monotonically de-
creased) over the temperature range of the transition (Fig-
ure 3A). Similar to UV melts, and contrasting with DS-
FRET melts, DSF monitors global changes in RNA struc-
ture. Ty, 1 values are determined from a negative derivative
plot of the raw fluorescence (Figure 3A, inset), and are iden-
tical to Ty, values determined from traditional UV melts
(Supplementary Table S3). Across the same 64 multiplexed
solution conditions, the DSF Ty, ; stability landscape (Fig-
ure 3B) reproduces the chevron-shaped responses observed
by DS-FRET (Figure 2C and D). The stability of the full-
length M1™ is very high overall; the lowest Ty, is 53°C.
Again, in near-physiological conditions (Figure 3B, black
circle), M1™ is only metastable though its T,y (62.7°C)
is still much higher than physiological temperature. Sur-
prisingly, this full-length, highly structured MALAT1 ENE
triplex has a very low ‘relative stability’ near physiological
conditions (24%) (Table 2). A limited UV melt analysis un-
der similar conditions yielded similar results (Supplemen-
tary Figure S4, Supplementary Table S4). Overall, the DSF
landscape reveals 7y, ; values much higher than physiolog-
ical temperatures, suggesting that the triplex should be sta-
bly formed in vivo to protect the entire ~7-kb IncRNA from
degradation. However, a recent report concluded that in
vitro stability is necessary but not sufficient to explain func-
tional protection by the MALAT1 ENE triple helix (35).

Dynamic conformations of the MALAT1 ENE triple helix at
room temperature

Functional regulation of RNA-controlled biological pro-
cesses is often coupled to inherent RNA structural dynam-
ics and conformational changes (40-47). At least two struc-
tural descriptions are consistent with the observed M1TH
triplex stability changes across the landscape of ionic con-
ditions. First, the RNA structure itself may be identical in
each of the solution conditions but with differential stability
depending on the ionic environment. Second, the RNA may
adopt distinct conformations with correspondingly distinct
T, values. For example, thermal melts performed in low

magnesium concentrations with buffers of slightly different
pH resulted in triplex stabilities less sensitive to the proto-
nation state of the cytosine in the C*eG-C triple (Figure
1A), suggesting deformation of at least that base triple (Sup-
plementary Figure S1B). Even so, neither mechanism can
be directly addressed by thermal melt analyses alone. To
determine the structural origin of the variations in triplex
stability, we evaluated FRET at room temperature. If the
RNA forms a similar triplex but with differential stabilities,
an identical Eprgr signal should be observed in all experi-
mental conditions at room temperature. In contrast, distinct
Epgrgt signals would indicate the presence of alternative or
dynamically interchanging RNA conformations.

We monitored Cy3 and Cy5 fluorescence at room tem-
perature using a microplate fluorimeter to generate Errgr
conformational landscapes for M1ET and M 148 (Figure 4).
Wide-ranging changes in Egrgr are observed across each
landscape. The absolute range of Epgpr differs between
MIET (Figure 4A) and M14B (Figure 4B) due to the distinct
fluorophore positions in each construct (Supplementary
Figure S5). Nonetheless, the chevron-shaped Epgrpr land-
scapes confirm that the ionic environment dictates signifi-
cant structural changes in the RNA. Our ensemble FRET
measurements are consistent with dynamic structural inter-
conversions between at least two different conformations,
a largely folded triplex and an unfolded triplex, which are
populated to varying degrees throughout the Eprgr land-
scape.

To investigate triplex conformational variability further,
we examine the Eprpr changes at four distinct conditions
on the landscape (Figure 4: (I) 2.6 mM monovalent, ] mM
MgCly; (IT) 2.6 mM monovalent, 0.1 mM MgCl,; (I11) 52.6
mM monovalent, 0.1 mM MgCly; (IV) ~150 mM mono-
valent, ]| mM MgCl, (near-physiological conditions). For
MI1ET, the highest Erggr signal (0.81, Condition I) repre-
sents the most folded triplex, placing the 5'-Cy5-labeled A-
rich tail in close proximity to the 3’-Cy3-labeled ENE P1
helix (Supplementary Figure S5). Eprgr decreases (~0.7,
Condition IT) commensurate with reductions in MgCl, con-
centration indicate either the unwinding of the A-rich tail
from the 5’ end of the triplex or the unfolding of the P1 he-
lix (Figure 4A). The minimum Eprgt (~0.57, Condition I1T)
represents a distinct, largely unfolded triplex, wherein the
lower portion of the triplex together with P1 are unfolded.
In near-physiological conditions (Condition V), the RNA
is overall more folded (Egrgt ~0.76) but does not achieve a
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Figure 4. Triplex conformational variability. Conformational landscapes of (A) MI1ET and (B) M14B monitored by FRET (EgreT = Icys / (Icys + Icys)
at room temperature in different ionic conditions (2.6, 5.7, 8.8, 15.1, 27.6, 52.6, 102.6 and 202.6 mM total monovalent salt (equimolar NaCl and KCl);
and ~0.05, 0.1, 0.2, 0.3, 0.5, 0.6, 0.8 and 1 mM MgCl,). n = 3 experiments; S.D. Errgr at Conditions I, 11, IIT and IV are circled (Condition I: 2.6 mM
total monovalent salt, | mM MgCl,; Condition II: 2.6 mM total monovalent salt, 0.1 mM MgCl,; Condition III: 52.6 mM total monovalent salt, 0.1 mM
MgCly; Condition IV: ~150 mM total monovalent salt, | mM MgCl,). Condition IV represents near-physiological ionic conditions. Maximal EFrgT is
observed in high MgCl, concentration and low monovalent concentration (Condition I, top left of each panel). Minimal Errgr is recorded in low MgCl,
concentration and medium monovalent concentration (Condition III, bottom middle of each panel).

maximally folded population. Similar Egpggt signal between changes suggest unfolding at both the apex and nadir of the
Condition IT and Condition IV may indicate that these dis- triplex in Condition III. However, because CyS5 fluorescence
tinct ionic conditions support a similar fraction of folded signal, which depends on proximity to Cy3 for energy trans-
triplex or that the RNA structure is in fact distinct in these fer, is recorded under all conditions for both constructs, our
two conditions (Supplementary Figure S5). results demonstrate that the two RNA strands do not com-

M 14B exhibits similar relative Epggr changes under each pletely unwind or dissociate. Similar to the stability land-
of the four conditions (Figure 4B). However, the interpre- scape analyses, the conformational landscapes indicate that
tation of the conformational changes are vastly different. only ~75% of the population contains a maximally formed

The fluorophore pair in M14B is positioned at the 3’ ends of triplex near physiological conditions (Table 2). Therefore,
M1 (Cy3)and M 1B (Cy5). In this construct, FRET reports the MALATT1 triplex is thermodynamically stable but sam-
on structural changes near the apex of the triplex. For ex- ples both the folded and partially unfolded RNA conforma-
ample, the minimum Egggr (~0.23, Condition III) indicates tions in this condition. These conformational changes may
unwinding of 3’ end of the A-rich tail. Therefore, owing to affect the protective function of this triplex and suggest that
the distinct dye positions in M1ET and M14B, the Eprgr



MALATI abundance in vivo may be regulated in part by
RNA structural dynamics near the 3’ end.

Full-length M1™ is susceptible to 3'-5’ degradation

To assess the functional relevance of triplex conformational
sampling and dynamics we developed an RNase degrada-
tion assay using RNase R, a processive and highly active
3/-5 exonuclease (Figure 5A). We first evaluated RNase ac-
tivity in various ionic conditions to ensure robust activity.
Using denaturing gel electrophoresis we monitored degra-
dation of an unstructured 94-nt ssRNA in Conditions [-IV
at 37°C. The complete degradation of the control ssRNA
in each condition confirms high activity and processivity of
RNase R across our matrix of ionic conditions (Supplemen-
tary Figure S6A).

To evaluate the functional protection against 3'-5" degra-
dation afforded by triplexes, we tested the wild-type se-
quence (M1™) and two mutants, which disrupt or elimi-
nate the triplex interaction. A truncated sequence (M1%11°)
lacking the A-rich tail (Supplementary Figure S6B), is in-
capable of forming the triplex and is degraded by RNase
R in all conditions tested (Supplementary Figure S6C). A
double mutant (M1P°MA) disrupts the C*eG-C triplet and
C-G base pair in the middle of the triple helix (Figure 5B),
which leads to complete degradation of a triplex-containing
reporter construct in vivo (20). UV melt analysis reveals that
the M1P°MA triplex is significantly destabilized relative to
MI1™ (T}, = 49.2°C, near Condition IV; Supplementary
Figure S6D), but should remain stably formed at physiolog-
ical temperature. Nonetheless, the double mutant is com-
pletely degraded by RNase R in all four conditions (Figure
5C, Supplementary Figure S6F), consistent with loss of ac-
cumulation in vivo (20). Hence, although the M 1P°¥A triplex
is thermodynamically stable, the mutation must sufficiently
increase RNA dynamics near the 3’ end to promote degra-
dation.

In contrast, the full-length M1™ affords complete pro-
tection from RNase R-mediated degradation in Conditions
I, IT and IV (Figure 5D). In Condition III, however, the
RNA is completely degraded (Figure 5D). Even with re-
duced amounts of RNase R, M1TH is nearly completely de-
graded in Condition III over a 5-hour time course (Supple-
mentary Figure S6E and G). Strikingly, the 7, ; recorded
by UV melt and DSF in Condition III is nearly 55°C. Thus,
thermodynamic stability alone is insufficient to describe the
mechanism of protection by M1T™H. Dynamic conforma-
tional fluctuations and loss of structure near the 3’ terminus
of the triplex are responsible for the increased susceptibil-
ity to exonucleolytic degradation recorded under this con-
dition. In Condition IV, though the triplex is not maximally
formed (Table 2 and Figure 4A and B) the level of structural
dynamics is sufficiently tuned to confer protection against
degradation.

DISCUSSION
Mechanism of triplex formation

Despite lacking a canonical polyA tail, the human IncRNA
MALATI achieves high levels of abundance and persistent
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oncogenic activity in several cancer types (26,28-30). Fol-
lowing maturation by RNase P, a triple helix formed be-
tween the ENE motif and mature A-rich 3’ tail is func-
tionally responsible for protecting the IncRNA against 3'-5’
exonucleolytic degradation. Proper 3’ end maturation and
subsequent triplex formation is essential to maintain high
cellular abundance (20). Therefore, inhibition of triplex for-
mation represents a potentially attractive mode of thera-
peutic intervention. We propose a mechanism for MALAT1
ENE triplex formation consistent with our conformational
and stability data (Figure 6). (i) Prior to RNase P cleavage
of the nascent 3’ terminus, the P2 apical helix of the ENE
motif is stably formed. At physiological temperatures, the
U-rich regions may form transient interactions including
UeU base pairs (Supplementary Figure S3B; N.J.B. unpub-
lished results, manuscript in preparation) and the relatively
weak P1 helix is only partially formed (Supplementary Fig-
ure S3B). The triplex is not yet formed due to sequestra-
tion of the 3’ end within the RNase P active site. (ii) Lib-
eration of the 3’ end following RNase P cleavage initiates a
structural rearrangement of the A-rich tail. (iii) Triplex for-
mation leads to a dynamic, rod-like duplex-triplex-duplex
stacked structure. Triplex-mediated protection from degra-
dation is dynamically controlled (35). (iv) Degradation is
slow when the triplex is sufficiently formed and fast when
the 3’ end is not sequestered within the triplex.

Our data are consistent with the concerted formation of
the triplex with both U-rich strands, rather than a sequen-
tial association with each U-rich strand. Specifically, the
simple AU-rich duplex formed between the A-rich tail and
one of the U-rich regions (M15T; Figure 1C, orange and
blue strands) is not stable at physiological temperatures, un-
derscoring the need for additional structure formation con-
comitant with this interaction to promote a stable inter-
action. Indeed, the three-stranded triplex (M148T) signif-
icantly stabilizes this region and supports co-incident for-
mation of a three-stranded structure (Table 1). A concerted
mechanism would require close proximity of the two U-
rich regions in the ENE motif prior to release of the A-rich
tail upon cleavage by RNase P. This could be achieved by
formation of putative, semi-stable UeU base pairs as sug-
gested by the melting profile of the ENE motif (Supple-
mentary Figure S3B) and ongoing structural simulations
in our lab (unpublished results, manuscript in preparation).
Herein lies a novel approach for therapeutic intervention
targeting M1TH: preclusion of triple helix formation by in-
hibitors that bind UeU pairs and prevent association of
the A-rich tail. Indeed, successful small molecule inhibitors
have been semi-rationally developed against disease-related
RNAs harboring putative UeU pairs (48-51).

Maximal triplex formation and stability are not required for
its protective function

Stable formation of the MALAT1 ENE triple helix is
achieved across a broad range of multiplexed monovalent
and MgCl, solution conditions (Figures 2 and 3). Previ-
ous work examining DNA triplexes concluded that mag-
nesium stabilizes and potassium destabilizes triplex forma-
tion above millimolar concentrations (16). Facilitated by
higher throughput techniques, our empirical fluorescence
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and FRET thermal stability landscapes reveal a more nu-
anced cation competition affecting RNA triplex stability.
The triplex melting (7},,;) landscape exhibits a chevron-
like dependence in response to increasing monovalent salts
concentrations at all Mg>* concentrations. Magnesium dis-
places monovalent cations and confers increased triplex sta-
bility (Figures 2 and 3). Thus, similar to several other struc-
tured RNAs, monovalent-divalent competition (52,53) im-
pacts the structural interactions within the triplex. Within
the range of ionic conditions tested the MALAT1 ENE
triplex is minimally stable in Condition III (52.6 mM mono-
valent, 0.1 mM MgCl,). Interestingly, in near-physiological
ionic conditions (Condition IV: ~150 mM monovalent,
1 mM MgCl,), the MALAT1 ENE triplex is not maxi-
mally stable. Maximal triplex stability is only achieved in
1 mM MgCl, and minimal monovalent salt (2.6 mM). Us-
ing our empirical landscapes, we define a ‘relative stabil-
ity’ range and determine that only 24% of the maximal
M 1TH stability is achieved in near-physiological ionic condi-
tions (Table 2). The observed metastability of M1TH in near-
physiological conditions is consistent with previous studies
of DNA triplexes (15,16). Even so, all in vitro measured sta-
bilities are much higher than physiological temperatures, in-
dicating that the triplex is thermostable in vivo, regardless
of the specific ionic environment. Differences in stability be-

tween our unimolecular and bimolecular constructs suggest
a role for peripheral elements in regulating the triplex sta-
bility and function. Indeed, Brown et al. reported a ~15%
decrease in RNA levels in vivo upon truncation of the P2
hairpin, forming a unimolecular version of our M14® con-
struct (20).

Because conformational dynamics regulate many RNA
functions throughout biology, we reasoned that structural
fluctuations may likewise regulate M1™H-mediated protec-
tion against exonucleolytic degradation. Triplex interac-
tions monitored by FRET at room temperature reveal
structural changes at both ends of this long triplex re-
gion (Figure 4). Under near physiological ionic conditions
we determine that the triplex population is approximately
75% well-formed at room temperature (Table 2). Taken to-
gether with our thermal stability analyses, the MALAT1
ENE triplex is neither maximally formed nor maximally
stable in near-physiological ionic conditions. Furthermore,
at physiological temperatures, RNA dynamics are expected
to increase and lead to an overall lower percent of well-
formed triplex. Even so, the full-length M1™ sufficiently
protects against 3’-5" exonucleolytic degradation by RNase
R at 37°C (Figure 5). This protective function is effectively
inhibited by either significantly higher structural dynamics
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Figure 6. Maturation, folding, and degradation of the 3’ terminus of IncRNA MALATI1. The schematic depicts the ENE triplex region; faded lines indicate
5" and 3’ ends not to scale. (1) The P2 helix is stably formed near a 3’ terminal tRNA-like domain in the nascent transcript (not shown). Transient, weak
formation of putative UeU base pairs and a short P1 helix in the ENE motif occurs prior to triplex formation (dotted lines). Highly dynamic regions of
the RNA structure are denoted by two curved lines. (2) Cleavage by RNase P produces the mature 3’ end containing an A-rich tail (dark gray). (3) In a
concerted step, the A-rich tail forms triplex interactions with the U-rich regions and A-minor interactions (dashed lines) with the P1 helix. The continuous
duplex-triplex-duplex stacking interactions (P1-triplex—P2) significantly restrict 3’ end dynamics. (4) 3’-5" exonucleolytic degradation is slow when the
triplex is well-formed. However, structural disruption or increased triplex dynamics lead to rapid degradation of the RNA.

(M1P°WA | Figure 5) or disruption of the triplex induced by
changes in the ionic environment (M1, Figure 5).
Despite its relatively simple structure, we show here that
the MALAT1 ENE triplex exhibits complex conforma-
tional variations which are exquisitely controlled to achieve
protection against degradation. Structural elements out-
side the triple helix itself significantly tune M1 stability
and conformational dynamics in near-physiological condi-
tions. Our stability and conformational landscape analyses
across a vast array of ionic environments affords quantita-
tive descriptions of these properties and their mechanistic
roles in protecting M1™ from exonucleolytic degradation
by RNase R. In fact, the overall rod-like duplex—triplex—
duplex stacked structure (Figure 1) may control triplex
function as much as the specific base triple interactions.
A triplex alone is not likely sufficient to achieve protec-
tion. Indeed, mutations eliminating even just the Watson—
Crick base pairs immediately above or below the triplex

lead to >70% degradation of a reporter mRNA (20). Our
results may provide a functional explanation for the semi-
conserved helical elements directly above and below the ho-
mologous ENE triplexes from MALATI1, PAN and MENR
(21,22). More recent bioinformatic searches have identi-
fied >200 other ENE motifs in transposable elements and
viral genomes with similar patterns of conservation out-
side the triplex region (25). Northern blot analyses of a
B-globin reporter mRNA confirmed the protective role
of these ENE triplexes. Several tandem helix-ENE-helix-
ENE-helix structures were identified. In light of our results,
we suggest that this tandem arrangement may further en-
hance protection through formation of a large continuously
stacked structure incorporating polyA sequences and pe-
ripheral helices.

Within the cellular context, additional processes such
as protein binding or chemical modifications may be im-
portant for regulating the dynamic properties and pro-
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tective function of the MALAT1 ENE triplex. Though
no modifications have been reported within the triplex
region of M1™, a small N6-methyladenosine modifica-
tion of unknown function was recently reported on A8290
(involved in the terminal base pair at the apex of P2)
(54). Methyltransferase-like protein 16 (METTL16), a con-
firmed methyltransferase (55,56), was recently shown to
bind specifically to M1TH, though its contribution to the
mechanism of triplex-mediated protection was not eval-
uated (34). While it is intriguing to consider potential
chemical modification by METTL16 within the triplex,
it remains unknown whether MALAT]1 is a substrate for
METTL16. Nonetheless, our results would be consistent
with a METTL16 binding event serving to regulate triplex
dynamics and further obscure the 3’ end from exonucle-
olytic degradation.

Taken together with previous studies of DNA triplexes,
we conclude that metastability and dynamic structural fluc-
tuations are general properties of nucleic acid triple helices.
Within biological systems the most stable triplexes will in-
clude additional structural elements surrounding the triplex
to facilitate an extended rod-like structure akin to M1TH,
In lieu of such an extended structural network, triplexes
may require small molecule or protein binding partners to
overcome inherently weak and flexible interactions (34,41).
In this way, triplexes may generally function as specific
structural beacons guiding the assembly of larger func-
tional complexes involving other RNAs, proteins, or small
molecules to regulate biological processes.
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