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Abstract

Structural plasticity is integral to RNA function; however, there are currently few methods to quantitatively resolve RNAs that have multiple
structural states. NMR spectroscopy is a powerful approach for resolving conformational ensembles but is size-limited. Chemical probing is
well-suited for large RNAs but provides limited structural and kinetics information. Here, we integrate the two approaches to visualize a two-
state conformational ensemble for the central stem—loop 3 (SL3) of 7SK RNA, a critical element for 7SK RNA function in transcription regulation.
We find that the SL3 distal end exchanges between two equally populated yet structurally distinct states in both isolated SL3 constructs and full-
length 7SK RNA. We rationally designed constructs that lock SL3 into a single state and demonstrate that both chemical probing and NMR data
fit to a linear combination of the two states. Comparison of vertebrate 7SK RNA sequences shows either or both states are highly conserved.
These results provide new insights into 7SK RNA structural dynamics and demonstrate the utility of integrating chemical probing with NMR
spectroscopy to gain quantitative insights into RNA conformational ensembles.
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Introduction

RNA secondary structure rearrangements are critical for cel-
lular function (1-4); however, there are at present few meth-
ods to quantitatively resolve these dynamic ensembles. NMR
spectroscopy is a powerful method for resolving conforma-
tional ensembles at atomic resolution (2,5-7) but can be chal-
lenging for large RNAs. In contrast chemical probing, particu-
larly mutational profiling (MaP)-based chemical probing and
next generation sequencing, is a powerful technique for iden-
tifying and deconvoluting conformational ensembles in large
RNAs (8-12). Many MaP techniques have been developed (4);
however, few of the identified RNA conformational ensembles

have been validated by orthogonal approaches. At present,
MaP techniques are limited in their ability to measure kinetics
or resolve local differences in structure (4,10).

The noncoding 7SK RNA assembles with proteins to form
the 7SK ribonucleoprotein (RNP) to negatively regulate eu-
karyotic transcription elongation through sequestration and
inactivation of the positive transcription elongation factor b
(P-TEFb) (13-17). The emerging mechanism of P-TEFb re-
lease involves large-scale structural remodeling of 7SK RNA,
which is proposed to be driven through protein association
(11,18,19). 7SK RNA folds into four primary stem-loop (SL)
domains (Figure 1A). Several 7SK RNA secondary structure
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Figure 1. 7SK RNA SL3 construct design and NMR evidence of conformational exchange. (A) Cartoon schematic of 7SK RNA secondary structure; (B)
SL3 distal domain (nts 210-264) constructs for NMR studies; (C) 1D "H imino proton NMR spectra of SL3 distal domain show new resonances that
appear at elevated temperatures, colored with solid gray bars and dashed gray line; (D) 2D "H-"H NOESY spectra at 5°C (blue) and 25°C (black) of imino
region colored with a gray bar in panel C; (E) 2D "H-"3C HSQC spectrum of adenine C2H2 resonances shows over 20 resonances compared to the
expected 16 resonances, indicative of slow exchange between multiple states.

models have been reported from chemical and enzymatic
probing or bioinformatics techniques (11,13,15,18-23). In
particular, multiple secondary structures have been proposed
for the distal end of SL3, an element required to recruit acces-
sory proteins to promote P-TEFb release on specific cellular
cues (13,19,24-28). Given the functional significance of SL3,
there is an urgent need to characterize SL3 structural features
to resolve these discrepancies.

Here we use solution NMR spectroscopy, optical melting,
and dimethyl sulfate mutational profiling with sequencing
(DMS-MaPseq) chemical probing approaches to character-
ize the distal end of SL3. We find that SL3 slowly exchanges
between two nearly equally populated secondary structural
states. Using a domain clustering approach, we show that
this two-state exchange is present in SL3 of an isolated do-
main construct as well as in vitro full-length 7SK RNA. Using
rational design, we generate subdomain and point mutation
constructs that lock SL3 into individual states. We demon-
strate that the SL3 distal DMS-MaPseq data can be explained
by a linear combination of the two states, providing strong
evidence that these secondary structures are in fact popu-
lated. A survey of vertebrate 7SK RNA SL3 sequences shows
broad conservation of either or both states, providing insights
into the sequence determinants for two-state exchange equi-
librium. Our results reconcile disparities in the literature by
showing that rather than a single state, SL3 exists as an en-
semble of two secondary structural states. Further, these stud-
ies demonstrate the utility in applying combined NMR and
chemical probing approaches to quantitatively resolve RNA
conformational ensembles.

Materials and methods

Sample preparation

Chemically synthesized DNA templates of SL3 domain con-
structs were purchased from Integrated DNA Technologies

(IDT) with a 2" O-methyl modification for the two nucleotides
at the 5’ end (Supplementary Table S1). The DNA template for
the wild-type full-length 7SK RNA sequence (NCBI Accession
NR_001445.2), containing an upstream T7 RNAP promoter
sequence, was cloned into a pUC19 plasmid (Supplementary
Table S2). Site directed mutagenesis of this plasmid was per-
formed to generate 7SK RNA constructs with point muta-
tions. Linear DNA template was obtained from PCR ampli-
fication of the DNA template region and purified using the
DNA clean and concentrator spin-column kit (Zymo). RNA
samples were prepared by in vitro transcription (IVT) using
T7 RNA polymerase (Addgene #124138 (29), prepared in-
house). T7 RNA Polymerase, 500 nM DNA template, tran-
scription buffer (40 mM Tris pH 8, 1 mM spermidine, 0.01%
Triton-X, 40 mM MgCl,, 2.5 mM DTT, 20% DMSO), and
2 mM each of either unlabeled rATP, rCTP, rUTP, rGTP (MP
Biomedicals) or uniformly 3C,'*N-labeled rATP, rCTP, rUTP,
rGTP (Cambridge Isotope Laboratories) were incubated at
37°C for 6-8 h. Distal RNA constructs were purified by 15%
denaturing polyacrylamide gel electrophoresis (PAGE) and
full-length 7SK RNA constructs were purified by 5% dena-
turing PAGE. The RNA band was visualized by UV shadow-
ing with a handheld UV lamp at 254 nm. After band exci-
sion, RNA was eluted from the gel using the ‘crush and soak’
method (30) by incubating gel pieces in crush and soak buffer
(300 mM sodium acetate pH 5.2, 1 mM EDTA) for 24-48 h at
room temperature. RNA was further purified to remove acry-
lamide contaminants by ion-exchange chromatography using
a diethylaminoethanol (DEAE) column (GE Healthcare) and
elution into buffer (10 mM sodium phosphate pH 7.6, 1 mM
EDTA, 1.5 M KCI). RNA was diluted to <100 uM in ultra-
pure water and annealed by heating to 95 °C for 3 min, fol-
lowed by snap cooling on ice for 1 h. RNA was then buffer
exchanged into the appropriate buffer using a 3-10 kDa Am-
icon concentrator (Millipore Sigma).

SL3 distal constructs for chemical probing were prepared
using established methods (31). Constructs were designed
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with flanking 5 GGAAGATCGAGTAGATCAAA 3’ and 5’
AAAGAAACAACAACAACAAC 3’ sequences for respective
primer annealing during downstream PCR of dsDNA and
reverse transcription of cDNA (Supplementary Table S3).
Primers for PCR assembly of the DNA templates were de-
signed using Primerize (32). PCR was performed using Q5
DNA Polymerase (NEB) followed by purification using DNA
clean and concentrator spin-column purification (Zymo).
RNA was transcribed using IVT as described above, purified
using gel excision, and stored at —80°C in ultrapure water un-
til use.

NMR spectroscopy

Solution NMR spectroscopy experiments were performed at
278.15 and 298.15 K on a Bruker Neo 600 MHz NMR spec-
trometer equipped with a triple-resonance HCN cryoprobe.
NMR samples were prepared in NMR buffer (20 mM sodium
phosphate, 50 mM KCl, pH 6.0) with added 5% D,0O at 0.1-
0.8 mM concentrations in 3 mm NMR tubes (Norell). Ex-
changeable (H1, H3, H41, H42) and nonexchangeable (H2,
HS5, H6, H8, H1’) proton resonances were assigned using 2D
"H-"H NOESY spectra of unlabeled RNA samples with mix-
ing times of 150 ms, 200 ms, and 250 ms using SD_noellezg
(33) and noesyesggph pulse sequences. 'H-"*N HSQC and
TH-13C HSQC spectra were collected using *C/’N labeled
RNA samples. Data were processed using NMRPipe (34) and
analyzed using NMRFAM-Sparky 1.470 powered by Sparky
3.190 (35) in the NMRbox virtual machine (36). Weighted av-
erage chemical shift perturbations (CSP) were calculated us-
ing the equation ~/AH? 4+ 0.1AN? (37). Imino resonances of
SL3a and SL3e states from 'H-"N HSQC spectra were used
to determine populations from peak integration following es-
tablished protocols (38) at 25°C (residues U247, G252, G253,
G259) and 37°C (residues G252, G253).

Circular dichroism (CD) spectroscopy

CD experiments were performed on a Jasco815 spectrometer
equipped with a Peltier temperature control device. RNA sam-
ples were prepared at 25 uM in CD buffer (20 mM sodium
phosphate, 50 mM KCl, 0.1 mM EDTA, pH 6.0). Thermal un-
folding experiments were performed in triplicate with a tem-
perature range of 2-100°C (forward) or 100-5°C (reverse)
and a ramp rate of 1°C/min, 2 nm bandwidth, and molar
ellipticity values measured at 258 nm every 1°C. Data was
fitted and visualized using an in-house Python script adapted
from the Delta-melt program developed by Al-Hashimi and
coworkers (39,40). Data were fitted considering a two-state
folding model (41) where the mean ellipticity is:

[Q]K)bs = ((1

Assuming the mean ellipticity value as a function that
changes linearly with temperature, this equation can be ex-
panded into:

- funfold) * [Q]fold) + (funfold * [Q]unfnld) (1)

[01obs = (1 = funtold) * (agold + (bfora * T))
+ (aunfold + (bunfold * T) * unfold) (2)
Where:

[0]5o1a = (afo1d + (bsorg * T))and [0]unfold
= ((aunf()ld + (bunf()ld * T) (3)
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Afold> Dfolds Aunfold and bynfolq are linear coefficients that repre-
sent the slope and intercept of the RNA folded or unfolded
states as a function of temperature, T is the temperature (K),
and f,,51q is the fraction of the RNA folded/unfolded. f, 4
can be determined using the equation:

exp(r; — 1) (%)
Urenp(dy — 1) (50)

where Ty, is the melting temperature (K), AH? is the enthalpy
change, and R is the gas constant.

(4)

unfold =

DMS-MaPseq

DMS-MaPseq experiments were performed using established
protocols (31). RNA samples were annealed by heating at
90°C in water for 2 min then 4°C for 5 min, followed by
addition of 1x folding buffer (100 mM HEPES, pH 8.0)
at 25°C. A 15% DMS (Sigma Aldrich) stock solution in
ethanol was used for DMS-MaPseq experiments. 7.5 pmol
RNA was incubated with 0.75-1.5% DMS solution at 25°C
or 37°C for 6 min, then quenched with 25 ul of 100% (-
mercaptoethanol (BME). As a control, reactions were per-
formed using an equivalent volume of ethanol to estimate
mutations induced by reverse transcriptase enzyme in the ab-
sence of DMS. DMS-treated samples were purified using RNA
clean and concentrator-3 spin-column kits (Zymo). Comple-
mentary DNA (cDNA) was generated using either TGIRT-III
(In-Gex) or Marathon (Kerafast) reverse transcriptases. RNA
was reverse transcribed using 100 mM DTT, 10 mM dNTPs,
RT buffer (250 mM Tris—=HCI pH 8.0, 375 mM KCI, 15
mM MgCl,), primers with custom barcodes for downstream
demultiplexing (Supplementary Table S3) and TGIRT-III or
Marathon RT enzyme. For TGIRT-III, the reaction was incu-
bated at 57°C for 2 h. For Marathon, the reaction was incu-
bated at 42°C for 3 h. The reaction was quenched by adding
5 ul of 0.4 M NaOH to a 12 ul RT reaction (final concen-
tration of 167 mM NaOH), then heated at 90°C for 2 min
and cooled at 4°C, followed by neutralization with the ad-
dition of 2.5 ul quench acid (5 M NaCl, 2 M HCI, 3 M
NaAc). To optimize the neutralization procedure, the pH at
each step was measured using pH paper for samples lack-
ing nucleic acid. The cDNA was purified using Zymo oligo
clean and concentrator-5 kit (Zymo). To prepare dsDNA for
sequencing, purified cDNA was used as a template for PCR
using Q5 DNA Polymerase (NEB) and forward and reverse
sequencing primers (Supplementary Table S3). For SL3 dis-
tal constructs, PCR was performed using 16 cycles with a 15
s extension time. For full-length 7SK RNA constructs, PCR
was performed using 20 cycles with a 20 s extension time. An
annealing temperature of 62°C was used for both SL3 distal
constructs and full-length 7SK RNA constructs. PCR prod-
ucts were visualized on a 4% agarose E-gel (Invitrogen) and
gel purified using an Invitrogen gel purification kit (Invitro-
gen) following the manufacturer’s protocol. The dsDNA sam-
ples were quantified using a qubit 1x dsDNA high-sensitivity
assay kit (Invitrogen) and qubit flex fluorometer (Invitrogen).
The initial library was created by preparing ~1 nM solutions
of individual dsDNA samples, then pooling dsDNA samples
in equimolar amounts for a total of 395 pmol in the combined
dsDNA library. For the final library, 39 pmol of the initial li-
brary was mixed with 36 pmol of PhiX (Illumina) for sequenc-
ing. SL3 distal, E-lock, and A-lock samples were sequenced on
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the iSeq 100 (Illumina) using iSeq 100 i1 reagent v2 kit (300
cycle) 2 x 150 read length (Illumina). The total number of
reads were 150 000-400 000 per sample, with five replicates
(Supplementary Figure S3). Wild-type full-length 7SK RNA,
7SK E-lock and 7SK A-lock constructs were sequenced on the
miSeq ([llumina) at the UNMC Sequencing core using miSeq
reagent kit v3 (600 cycles) 2 x 300 read length (Illumina). The
total number of reads were 1-2 million reads per sample.

Statistical analyses and visualization

Data analysis for DMS-MaPseq was performed using
DREEM as previously described in Tomezsko et al. (42). To
account for the stochastic nature of the DREEM algorithm,
we performed three iterations of DREEM clustering for each
experimental replicate to calculate the average population and
standard deviation. A summary of the average populations
and standard deviations are reported in Supplementary Tables
S6 and S7. Data was visualized using in-house python scripts
(https://github.com/eichhorn-lab) that utilize SciPy (43), Pan-
das (44), Matplotlib (45), NumPy (46), Seaborn (47) and
Biopython (48) modules. Final secondary structure models
(Supplementary Table S5) were prepared using Varna (49).

Linear combination analysis

We developed an in-house Python script (https://github.com/
eichhorn-lab/Linear-combination) that reconstructs the best
linear fit and computes populations of SL3e and SL3a from
the wild-type SL3 distal and full-length 7SK RNA dataset.
Linear combination analysis was performed using the DMS
mutational fractions of the SL3 E-lock and A-lock for the SL3
distal construct, or 7SK E-lock and 7SK A-lock for the full-
length 7SK RNA construct, as ‘fingerprints’ to generate a ref-
erence dataset. Briefly, the script iteratively loops through the
wild-type sequence and selects the combination of E-lock and
A-lock data that minimizes the sum of residual and mean ab-
solute error with the wild-type data using Eq. (5):

d=pxdp_joe + (1 = p) ¥ da_joak (5)

where p is percent, dg_j, is the DMS mutational fraction
for E-lock, d4_jo is the DMS mutational fraction for A-lock
construct and d is the best-fit data from the combination of
dEflock and dAflock'

To account for end fraying and sequence differences at the
mutation site of locked constructs, the terminal three residues
at the 5" and 3’ ends and mutation sites in the E-lock (C224)
and A-lock (C221) were set to zero in the SL3 distal, full-
length 7SK RNA (nts 210-264), E-lock, and A-lock con-
structs. To account for variations in DMS treatment, a weight-
ing factor was applied using eq. 6 to scale the magnitude of
the reference dataset to the SL3 distal or full-length 7SK RNA
(nts 210-264) data.

di_weighed = (dwr / d ) *dL (6)

where d; is the DMS mutational fraction for dg_j . Or da_jocks
dwr is the DMS mutational fraction for the wild-type dataset
and  d|_jeighed is the weighted dataset for dg_joq OF da_joc-
Statistical analysis of the linear combination fit was performed
using R? correlation and determining the residual of the fit by
taking a difference between the experimental data and linearly
combined fit values (Supplementary Tables S6 and S7).
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Phylogenetic analysis of 7SK RNA SL3

Multiple sequence alignment (MSA) for 7SK RNA SL3 ver-
tebrate sequences from Gruber et al (50) was performed
using LocARNA v1.9.1 (51,52) (Supplementary Table S4).
The sequence conservation from the MSA was visualized on
SL3e and SL3a secondary structures using R2R (53). The dot
bracket secondary structure notation in the stockholm file was
modified to either SL3e or SL3a secondary structures for R2R
visualization. Due to large gaps in Lampetra and Petromyzon,
the line ‘#=GF R2R keep allpairs’ was added to the stock-
holm file to permit generation of the secondary structure im-
age. Suboptimal 7SK RNA SL3 secondary structure prediction
for each vertebrate organism was performed using RNAsub-
opt 2.6.2 (54). Free energies (AG) of the SL3a and SL3e states
in the top five predicted secondary structures were computed
using RNAeval (54) with parameters of 25°C and the RNA
energy model developed by Andronescu et al (55).

Results

NMR reveals that the 7SK RNA SL3 distal domain
adopts multiple conformations

We used solution NMR spectroscopy to characterize a do-
main construct of the SL3 distal sequence of human 7SK RNA
(SL3 distal, nts 210-264) (Figure 1B). The 1D 'H spectrum
showed more imino proton resonances than expected, as well
as temperature-dependent line broadening, indicating base-
pair related chemical exchange (Figure 1C). Due to the ob-
served chemical exchange, the secondary structure could not
be unambiguously determined from "H-"H NOESY experi-
ments. Imino proton resonances for P1 and P3 stem residues
could be assigned from '"H-'H NOESY experiments, although
P3 stem imino proton resonances were only observed at re-
duced temperatures (Supplementary Figure S1). In contrast,
few NOEs were observed for imino proton resonances at-
tributed to the P2 stem (Figure 1D, Supplementary Figure S1).
Consistent with 1D '"H NMR spectra, the 'H-'"H NOESY
spectra of the imino proton region showed a prominent on-
diagonal peak at 14.1 ppm (previously assigned as U223 (20))
at 25°C but not 5°C (Figure 1D). Located in the middle of the
P2 stem, U223 is not expected to undergo chemical exchange.
We prepared a 3C/"N isotopically labeled sample and ob-
served a greater-than-expected number of resonances in 'H-
13C and "H-""N HSQC spectra (Supplementary Figure S1).
For example, although the SL3 distal construct has 16 adenine
residues, over 20 C2H2 (adenine) resonances were observed
(Figure 1E). A possible explanation for this observation is that
the RNA adopts more than one conformation that intercon-
vert slowly on the NMR chemical shift timescale (typically
millisecond or slower (56)). The imino proton resonance line
broadening for P2 stem residues, and extra nucleobase reso-
nances, indicates that SL3 has conformational exchange on
slow exchange timescales.

DMS-MaPseq shows 7SK SL3 adopts two
conformations with distinct secondary structures

As an orthogonal approach to investigate the secondary
structure, we performed DMS-MaPseq (10) experiments
on the isolated SL3 distal construct at 25°C. Due to the
lack of commercial availability of TGIRT-III enzyme, both
TGIRT-III and Marathon reverse transcriptases were used
with excellent agreement, as seen in prior studies (57,58)
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Figure 2. DMS-MaPseq and DREEM clustering supports the presence of a two-state ensemble. (A) Average mutational fraction of SL3 distal construct.
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models of SL3e (left), SL3a (center), and difference plot (right), colored according to DMS-MaPseq reactivity, shows key reporter residues in the P2 stem
and J2/J3 loop. (E) SL3e and SL3a secondary structure models colored by motif (P1, dark blue; J1/2, green; P2, light blue; J2/3, yellow; P3, red). Inset:

Schematic of differences between SL3e and SL3a secondary structures.

(Supplementary Figure S2). The secondary structure, assum-
ing a single state, matched the secondary structure shown in
Figure 1B. However, P2 stem residues C221 and A251 had in-
termediate mutational fraction values, suggesting that a single
secondary structure may be insufficient to describe the data
(Figure 2A). Next, we applied DREEM (Detection of RNA
folding Ensembles using Expectation-Maximization) (42) to
investigate whether the DMS-MaPseq data could be decon-
voluted into two or more secondary structure states. From
DREEM, two clusters were identified with near-equal pop-
ulations (Figure 2B-D). Both clusters have identical P1 and
P3 stems but differ significantly in the P2 stem and adjacent
loops. A comparison of the mutational fraction values for the
two clusters identified several key reporter residues in the cen-
ter of the P2 stem and J1/2 and J2/3 loops that are present in
a stem in one state and loop in the other state (Figure 2D).

The P2 stem of one cluster matched the secondary struc-
ture in Figure 1B, hereafter named SL3e for an extended P2
stem (Figure 2D, E). The P2 stem of SL3e has eight base-pairs
with a central CeU mismatch. This secondary structure was
observed in prior chemical probing and NMR studies (11,20).
The P2 stem of the other cluster consists of two four base-
pair stems, hereafter called SL3a for the intervening A-rich
loop between P2a and P2b stems. A similar secondary struc-
ture was reported in early studies of 7SK RNA secondary
structure (18,19,21,23) (Figure 2A). Consistent with the near-
equal observed populations, free energy calculations using the
RNAeval WebServer (54,59) showed similar computed free
energy (AG) values for the two secondary structure states
(Supplementary Table S4).

To evaluate the population equilibrium of the two SL3e
and SL3a states at physiological temperature, we performed
DMS-MaPseq at 37°C. While both SL3e and SL3a states are
present, we observed an increase in the SL3a state population
at 37°C relative to 25°C (Table 1, Supplementary Figure S4).
This result is consistent with the NMR temperature depen-
dence and NOESY experiments, where different imino res-
onances are observed at different temperatures (Figure 1C-
D, Supplementary Figure S4). The two-state conformational
ensemble from DMS-MaPseq data explains the chemical ex-
change observed in the NMR studies described above. Both
SL3e and SL3a states have identical P1 and P3 stems, con-
sistent with the strong NOE connectivities and unambiguous
assignments for residues in these stems. The extra observed
resonances and ambiguous assignments for resonances of P2
stem residues results from slow exchange of these residues be-
tween two distinct secondary structures. DMS-MaPseq shows
equal populations of the two states at 25°C, consistent with
similar resonance intensities observed in 2D HSQC spectra.
Together, the combined NMR and DMS-MaPseq data show
that the SL3 distal end exists as a two-state conformational
ensemble.

SL3 two-state exchange is present in full-length
7SK RNA

To identify if the SL3 two-state conformational ensemble is
present in the full-length 332 nt 7SK RNA, we performed
DMS-MaPseq experiments using iz vitro transcribed human
7SK RNA (Figure 3A). Strong agreement was observed for
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clustering shows SL3a and SL3e states with populations that are consistent with the SL3 domain construct.

the SL3 distal end between average mutational fraction val-
ues of the isolated domain and full-length 7SK RNA con-
structs (R> = 0.89) (Supplementary Figure SS5), indicating
that the isolated SL3 domain construct has similar behavior
to the full-length 7SK RNA construct. Overall, the DREEM-
identified secondary structure of 7SK RNA was nearly identi-
cal to previous studies using SHAPE or DMS-based chemical
probing experiments, particularly SL1 and SL4 (11,18,20,21)
(Supplementary Figure S6). When a single secondary struc-
ture is assumed, SL3 has a SL3a-like state, identified by the
J1/2 loop and P2a stem, with melted P2b and P3 stems. Sim-
ilar to the isolated SL3 domain construct, elevated reactivi-
ties were observed for P2 stem residues C221, A227, A230,
A231 and A251 (Figure 3A). We initially performed DREEM
clustering for the DMS-MaPseq data of the entire 332 nt 7SK
RNA sequence and found that the secondary structures in the
two clusters showed significant differences in the SL1 basal
end and SL2 regions (Supplementary Figure S6). The observed
populations and secondary structure models are remarkably
consistent with previous i1 vitro DANCE-MaP studies of
7SK RNA (11). The major populated state (71%) resembles
the ‘linear’ secondary structure identified in previous stud-
ies (18,20,21). The minor populated state (29%) is similar to
the ‘circular’ secondary structure identified in previous studies
(11,22,60), which has an additional SLO stem from long-range
base-pairing between 5’ and 3’ ends.

Nevertheless, in both clusters, the SL3 distal end shows only
the SL3e state. MaP techniques are limited in their ability to
deconvolute local structural differences for large RNAs (4).
To address this limitation, we performed DREEM clustering
of DMS-MaPseq data from the SL3 distal end (nts 210-264)
alone. With this approach, we observed both SL3e and SL3a
states with near-equal populations of 56 + 2% and 44 + 2%,
respectively (Figure 3B, Table 1, and Supplementary Figure
S5QC). These results demonstrate that the two-state conforma-
tional ensemble is present both in the isolated SL3 construct
and full-length 7SK RNA.

Rational construct design locks SL3 into individual
states to quench exchange

Due to chemical exchange, P2 stem resonances of the SL3 dis-
tal construct could not be unambiguously assigned. To fur-
ther probe the two conformational states and enable reso-
nance assignment, subdomain constructs were designed for
the top and bottom halves of the SL3 distal end for each state
(Supplementary Figure S8A). Leveraging 5’-3’ boundary dif-
ferences between the two states, constructs were designed to
stabilize either SL3a (SL3a-top, nts 222-255) or SL3e (SL3e-
top, nts 221-253) states (Figure 4A). 1D '"H NMR spectra of
imino proton resonances showed the expected number of res-
onances and were able to be assigned by "H-"H NOESY ex-
periments (Figure 4B and Supplementary Figure S7) indicating
a single folded state. 2D '"H-"3C HSQC spectra of C2H2 (ade-
nine) resonances showed the expected number of resonances
for each construct, further supporting the existence of a single
state (Supplementary Figure S8B). Resonances in 2D HSQC
spectra of all constructs showed excellent agreement with
SL3 distal construct resonances (Supplementary Figure S8B).
From NMR spectra of subdomain constructs, resonances in
the SL3 distal construct were assigned to either the SL3e state
or SL3a state (Supplementary Figure S7-S8). For example, the
characteristic U223 imino proton resonance at 14.1 ppm that
was observed in the SL3 distal construct at elevated tempera-
tures is also observed in SL3a-top, denoted as U223a (Figure
4B, C). In SL3e-top, U223 is shifted upfield to ~13.6 ppm,
denoted as U223e (Figure 4C). SL3e-top showed the charac-
teristic crosspeak between resonances ~13.8 ppm, assigned
as U246e-U247e, observed in SL3 distal at 5°C in the '"H-'H
NOESY spectrum. Comparison of 2D "H-""N HSQC spectra
showed that SL3a-top and SL3e-top imino resonances over-
lay with subsets of SL3 distal resonances, confirming that
SL3 distal has slow exchange between two states (Figure 4C
and Supplemental Fig. S8C). Together, the NMR spectra of
the four subdomain constructs superimpose nearly completely
onto the SL3 distal construct (Supplementary Figure S8),

20z aunp g0 uo 1senb Aq 996691 2/076/2/2S/SI01 e/ 1eU/Woo dNo"0IWSPEoE//:SdRY WOl POPEOjUMOQ


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1159supplementary-data

946 Nucleic Acids Research, 2024, Vol. 52, No. 2
A B C
U CA §] CA 124 SL3a-top SL3e-top G253a
cC A C A {1 o G252a f‘:;:.,
UuoG UueG ] G249a_ -
Bo B S50 M E . i T *S3atop
GoU Gol E _ 1 1E SL3e-top
: o L s U223e Ay
_Pauea 20l o 134 T Feasze e | uzsui U247e U248e
—U  pa2p N7 L @ U248e ° o) ) @ ;
- 2250/ — |J248e T G255“ 6253¢° Z 163 | % &3
A C—Ga4ge ¢ S - U248a
226aAc G524 c u P ° Juzzza  u246e
C—Gx%H o 223eg—é . p o Geallil o —T
223U —A a —pgZbea 14]u223a U246 ‘ 14
222aC —(G 255 221eC — G253 a e
+238—C+2 : 2G—Ce2 ] i ® H3 (ppm)
HG—C + +AG—CH : . ,
% & I 14 13 12
SL3a-top SL3e-top H1/H3 (ppm)

Figure 4. Subdomain constructs of the SL3 top stem lock SL3 into a single state. (A) Secondary structures of SL3a-top and SL3e-top constructs.
Constructs are colored by secondary structure motifs in SL3e as seen in Figure 2E, with number labels colored green or red for corresponding SL3a- or
SL3e-state resonance assignments. (B) "H-"H NOESY spectrum of imino region of SL3a-top (green) and SL3e-top (purple) constructs. (C) "H-"°N 2D
HSQC spectrum of uridine N3H3 resonances for SL3 distal (black), SL3a-top (green), and SL3e-top (purple) shows SL3 distal construct is a combination

of SL3a and SL3e states.

A B P1 P3 P2 pr C
1457813 distal G252e G249 G253a 1(9]g
1 G262 ® . 807
= 1 G+1 3; 1
E G+2 d @@; o 70;
a : 6255a\ 2 5ol
= v 7 | G253e s
2 150 G264~ Gosg G263 G2523| OO =5
= U247a 3
= u223e 23
U250a\ U246e
2]\ U21b/ v24ge a2
= °G ——1248 1
U223a —Uzd7e ‘*I —
14 13 12
H1/H3 (ppm)

Figure 5. Comparison of SL.3e and SL3a populations from NMR and DREEM analysis. (A) 'H-""N imino HSQC spectrum of SL3 distal at 5°C. Labels for
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and DREEM analysis of SL3 distal show excellent agreement in the determined populations of SL3e (purple) and SL3a (green) states at 25°C and 37°C.

indicating both SL3e and SL3a states are sufficient to explain
the chemical exchange observed in the NMR data of the SL3
distal construct.

NMR assignments from the subdomain constructs were
transferred onto the SL3 distal construct (Figure 5A). Three
imino resonances were observed in one state but not the other:
U246e (SL3e), U250a (SL3a), and G255a (SL3a), and chemi-
cal shift perturbations were only observed in the P2 stem (Fig-
ure 5B). We next performed peak integration of these reso-
nances to determine populations of SL3e and SL3a states and
found that the populations of SL3e and SL3a states were con-
sistent with those determined from DREEM analysis at both
25°C and 37°C (Table 1 and Figure 5C).

To further characterize each of the SL3 conformational
states, we designed point mutations to stabilize either the
SL3e or SL3a state in the SL3 distal and full-length 7SK
RNA constructs (Figure 6A, B). For the locked SL3e con-
struct (E-lock), a C224A substitution replaces the C224eU250
mismatch with a canonical A224-U250 base-pair (Figure 6A
and Supplementary Figure S9). This substitution disfavors the

SL3a state by introducing an AeG pair in the SL3a P2a stem.
DMS-MaPseq experiments showed 100% SL3e state with
high mutational fraction values for reporter residues C229,
A230, A231, and A254 (Figure 6C), confirming stabilization
of a single state. DMS-MaPseq profiles had excellent agree-
ment between the SL3e cluster in SL3 distal and E-lock con-
structs (R? = 0.97) (Figure 6D). A comparison of 'H-1N 2D
HSQC spectra of the imino region for SL3 distal and E-lock
showed good agreement to SL3e chemical shifts (Figure 6E)
with only U223e and U248e, near the mutation site, showing
chemical shift perturbations. In addition, a new U250 imino
resonance was observed consistent with the new A224-U250
base-pair. Similarly, comparison of 'H-3C 2D HSQC spec-
tra of adenine C2H2 resonances showed good agreement to
SL3e chemical shifts, with a new A224e resonance and chem-
ical shift perturbations to A251e and A226e, near the muta-
tion site (Figure 61). Importantly, resonances attributed to the
SL3a state are not observed in the E-lock construct, consis-
tent with DMS-MaPseq experiments showing a single SL3e
state.
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Figure 6. Point substitutions lock SL3 into single conformer. Secondary structure models of SL3 distal constructs. (A) E-lock and (B) A-lock with
mutations indicated in red. (C) DMS-MaPseq profile of E-lock shown as bar plot. Red bar indicates point substitution, purple bars indicate reporter
residues identified in Figure 2D. (D) Correlation plot of DMS-MaPseq data of E-lock and SL3 distal construct SL3e cluster show excellent agreement. (E)
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chemical shift, respectively, due to C224A substitution. (F) DMS-MaPseq profile of A-lock shown as bar plot. Green bars indicate reporter residues
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A-lock (green). New A224 C2H2 resonance is labeled in red with an asterisk. (J) Thermal unfolding profiles of SL3 distal (black), E-lock (purple) and A-lock

(green) constructs.

To stabilize the SL3a state, we performed a deletion of
C221 (A-lock) to the SL3 distal construct (Figure 6B and
Supplementary Figure S10). C221 is located in the J1/2 loop
in SL3a and is the closing base-pair in SL3e. We predicted
that this loop deletion would minimally impact the SL3a
state and disfavor the SL3e state by eliminating one base-
pair. DMS-MaPseq experiments showed 100% SL3a state
with high mutational fraction values for A227 and A251
(Figure 6F) and excellent agreement to the SL3a cluster in
the SL3 distal construct (R? = 0.92) (Figure 6G). The 'H-
SN 2D HSQC spectrum of the imino region showed excel-

lent agreement to SL3a chemical shifts (Figure 6H), in sup-
port of formation of a single SL3a state. Similarly, inspec-
tion of '"H-'3C 2D HSQC spectra of adenine C2H2 reso-
nances shows excellent agreement to SL3a resonances (Fig-
ure 61 and Supplementary Figure S10) with minimal chemical
shift perturbations. Resonances assigned to SL3e are not ob-
served in the A-lock construct, consistent with DMS-MaPseq
data showing a single SL3a state. E-lock and A-lock muta-
tion constructs of full-length 7SK RNA were generated, and
DMS-MaPseq experiments were performed to verify that the
mutations can lock SL3 into SL3e or SL3a states within the
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Table 1. SL3 populations determined from NMR, DREEM and Linear Combination analysis

NMR DREEM Linear combination
Construct Temperature SL3e (%) SL3a (%) SL3e (%) SL3a (%) SL3e (%) SL3a (%)
SL3 distal 25°C 59 +£10 41 £ 10 52+1 48 +1 54+ 1 46 +£1
SL3 distal 37°C 31+8 69 £8 3242 68 £2 2349 77 +£9
A-lock 25°C 0+0 100% 0+0 100 £ 0 n/a n/a
E-lock 25°C 100% 0+0 100+ 0 040 n/a n/a
7SK RNA 25°C n/a n/a 5642 44 2 51405 50£0.5
A 0.07 B 0.07
SL3e 54:1% SL3 distal — SL3e 51 £ 0.5% 7SKRNA —
0.06SL3a 46 + 1% it — 0.061 SL3a 50 * 0.5% N
c 0.05 RZ2=0.99 c 0.051 R2=0.93
o - o -
5 0.041 B 0.041
2 0,03 = 0031
= 0-027 = 0.021
§ 0017 S 0011
© 0.00 T 0.00-
= 0.02 Residual S 0.02 1 Residual
= 0.001 = 4.00-
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Figure 7. Linear combination analysis validates a two-state physical model. DMS-MaPseq profiles of (A) SL3 distal construct and (B) SL3 region of
full-length 7SK RNA show excellent agreement to a linear combination of SL3e and SL3a states, with populations consistent with those determined
using DREEM. DMS-MaPseq mutational fraction values colored black, fit line colored red and residual colored gray.

full-length 7SK RNA. An excellent correlation in the muta-
tional fraction values was observed when comparing locked
domain and full-length 7SK RNA constructs, with R? correla-
tion values of 0.95 and 0.89 for E-lock and A-lock constructs,
respectively (Supplementary Figures S11A, B and S12A, B).
Consistent with domain constructs, DREEM clustering anal-
ysis of the 7SK RNA locked constructs shows that the 7SK
E-lock construct has 100% SL3e state (Supplementary Figure
S11C), while the 7SK A-lock construct has 100% SL3a state
(Supplementary Figure S12C). Together, the subdomain and
point mutant constructs in this study validate the presence of
two distinct states in the SL3 P2 stem and demonstrate that
7SK RNA SL3 can be locked into a single conformer.

Locking SL3 distal into a single state increases
thermal stability

To evaluate the thermodynamic stability of SL3 distal con-
structs, optical melting was performed using circular dichro-
ism (CD) spectroscopy. A single cooperative melting tran-
sition was observed with a melting temperature (T,,) of
59.0 &+ 0.2°C for the wild-type SL3 distal construct (Figure
6] and Supplementary Figure S13). Surprisingly, both E-lock
and A-lock constructs showed increased melting temperatures
with Tm values of 66.5 &+ 0.7°C and 65.8 + 0.7°C, respec-
tively. The similar Tm values for the locked constructs are con-
sistent with SL3a and SL3e states having similar free energies.

A two-state physical model is sufficient to explain
NMR and chemical probing data

At present, MaP-based approaches are limited by a reliance
on correlated mutations and thermodynamics-guided sec-
ondary structure prediction (4,61). We sought to analyze

DMS-MaPseq data independently of DREEM to provide ad-
ditional validation for the observed two-state conformational
ensemble. Given the excellent fit in DMS-MaPseq profiles be-
tween SL3 distal DREEM clusters and locked constructs (Fig-
ure 6D, G), we reasoned that these mutants could be used
as ‘fingerprints’ to represent either the SL3a or SL3e states.
To evaluate whether the DMS-MaPseq data could be fit to a
two-state model, we generated in-house software that com-
putes populations of two states using linear combination.
Here, the DMS-MaPseq profiles of the A-lock and E-lock con-
structs were used as templates for SL3a and SL3e conform-
ers, respectively. The computed populations were consistent
with those determined by NMR or DREEM analysis (Table
1, Supplementary Tables S6-S7). For the SL3 distal construct,
populations fit to 54 £ 1% (SL3e) and 46 + 1% (SL3a) at
25°C (Table 1, Figure 7A, Supplementary Table S14). For
SL3 in full-length 7SK RNA, populations fit to 51 + 0.5%
(SL3e) and 50 £ 0.5% (SL3a) at 25°C (Table 1, Figure 7B,
Supplementary Figure S15). The correlation between experi-
mental and fit data was excellent, with R = 0.99 for the iso-
lated SL.3 domain and R? = 0.93 for SL3 in full-length 7SK
RNA. These results show that the DMS MaPseq data can be
explained by a two-state physical model in which SL3 exists as
two distinct states, and validates the populations determined
using DREEM.

Both SL3e and SL3a states are conserved among
vertebrates

SL3 is a conserved structural domain identified in vertebrates,
hexapoda, and coleoptera (22,50,62). For the human 7SK
RNA SL3 distal end, we found that the RNAeval webserver
(54) computed a free energy difference (AAG) between SL3e
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Figure 8. 7SK SL3 sequence conservation and two-state exchange model. (A) Sequence conservation plotted on SL3e and SL3a states using R2R (53)
shows conservation of both potential states. (B) Proposed model of exchange between SL3e and SL3a states. Residues that are involved in base-pair
rearrangements are shown in purple (SL3e), red (where SL3e base-pairs are indicated with purple dashed lines and SL3a base-pairs are indicated with

green dashed lines), and green (SL3a).

and SL3a states to be approximately ~0.4 kcal/mol, similar to
the estimated A AG assuming Boltzmann statistics, suggesting
that the thermodynamic parameters used in the ViennaFold
package perform reasonably well at predicting the energy dif-
ferences between the two secondary structures.

To investigate whether the SL3 two-state conformational
ensemble is specific to humans, or conserved more broadly
across vertebrates, we used previously identified vertebrate
7SK RNA sequences from Gruber et al. (50) and RNAsub-
opt (54) to predict the five lowest-energy secondary struc-
tures for the SL3 distal end sequence. Consistent with prior
studies, we found high sequence conservation among 7SK
RNA sequences (22,50) that is compatible with both SL3a
and SL3e states (Figure 8A, Supplementary Figure S16B).
In particular, all mammals except for rodents and marsupi-
als had identical sequences to human and, as expected, both
SL3a and SL3e states were predicted with similar AAG val-
ues (Supplementary Table S4, Supplementary Figure S17).
In rodents, U246 is absent, resulting in the SL3a state hav-
ing significantly lower energy compared to the SL3e state
(Supplementary Figure S16B, S17). Consistent with this find-
ing, the SL3a secondary structure was reported in prior chem-
ical probing studies of 7SK RNA in rat Novikoff hepatoma
cells (23) and mouse embryonic stem cells (19). In marsupi-
als, an 8-nt deletion of P2 stem residues C222-C229 results
in a unique secondary structure that is neither SL3a nor SL3e
(Supplementary Figure S17). Across fishes, with the exception
of Danio rerio (zebrafish), both states were predicted with
equal energies (Supplementary Figure S16B, S17). For Danio
rerio, which has insertions in J1/2 and J2/3 loops, only the
SL3e state is predicted to form. Compared to human, Mustelus
and Lampetra have substantial sequence differences and lack
J1/2,J2/3 and apical loop sequences despite having respective
SL3e-like and SL3a-like features in the P2 stem region. Taken

together with our mutagenesis studies, the phylogenetic anal-
ysis shows remarkable sensitivity in the sequence dependence
on the SL3 secondary structure.

Discussion

RNA conformational exchange and secondary structural rear-
rangements are essential to a wide range of cellular processes
including protein recruitment and cellular function (1,63,64).
Despite this significance, there are currently limited methods
to measure these structural dynamics. The SL3 domain of 7SK
RNA was previously identified as a conserved structural ele-
ment of 7SK RNA (50,62), with prior studies reporting ei-
ther SL3e (11,20) or SL3a (19,21,23) states. Using combined
NMR, DMS-MaPseq, optical melting, and mutagenesis ap-
proaches, we show that both states are populated in human
7SK SL3 RNA as a two-state conformational ensemble. We
demonstrate that this SL3 two-state ensemble is present in
both domain and full-length 7SK RNA constructs. This local
conformational exchange was masked when the entire 7SK
RNA sequence was used for clustering, and was able to be de-
tected when the SL3 distal sequence was used for clustering.
This strategy may be applicable to other multidomain RNAs
that have independently folded domains. This domain clus-
tering strategy has potential to identify domains that do not
fold independently or have long-range interactions, such as
tertiary contacts by comparing MaP reactivity data between
segments and full-length RNA constructs. Additionally, we de-
veloped a linear combination approach to validate the SL3e
and SL3a states present in 7SK RNA SL3. This strategy could
be applied toward other RNA multi-state ensembles; how-
ever, the rational design of locked constructs, with mutational
fraction values representing each conformational state, is a
prerequisite.
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Prior in vitro and in cellulo chemical probing studies that
identified the SL3e state showed elevated chemical reactivity
in P2 stem residues (11,20), particularly residues C221 and
A251 which we identify as reporter residues for the SL3a state.
Our data shows that this reactivity is due to conformational
exchange between SL3e and SL3a states. A previous study by
Luo et al. combined DMS-MaPseq and NMR to study the SL3
domain and full-length 7SK RNA (20), where DMS-MaPseq
reported the 7SK RNA secondary structure and identified con-
formational exchange at SL2 and the SL3 basal end (nts 153—
200) and NMR reported the SL3e secondary structure and
protein recognition of SL3 (nts 200-274). While the Luo et
al. 7SK RNA secondary structure before clustering is con-
sistent with our findings, the 7SK RNA secondary structure
models identified in our study are more consistent with the
previous DANCE-MaP study (11). For the SL3 region, over-
all there were very similar DMS mutational fraction patterns
for the 7SK SL3 distal region between the Luo et al. study
and our study, although exchange in the SL3 distal region
was not observed. Our domain clustering approach, coupled
with rational construct design, allowed us to detect confor-
mational exchange in 7SK RNA SL3 in the full-length 7SK
RNA. For the previous NMR study of the SL3 distal end,
only the SL3e state was identified (20). However, imino res-
onances we identify as reporters of SL3a and SL3e states are
both present in previously reported imino HSQC data (20)
suggesting both states are present. In our study, unambigu-
ous assignment was only possible through the rational design
and assignment of subdomain constructs. The previous study
and our study also had differences in NMR field strength and
buffer conditions, which may also account for the reported
differences. Our study reconciles disparities in the literature
by showing that SL3 exists as a two-state conformational en-
semble in human 7SK RNA, explaining why in some studies
the SL3e state is identified and the SL3a state is identified in
others. In addition, our phylogenetic analysis provides an ex-
planation for mouse and rat studies that report the SL3a state.

While rearrangements of base-pairs within stems have been
observed previously (65-67) there is often a substantial free
energy difference resulting in a major populated state and
minor alternative state. In sharp contrast, SL3 has similar
free energies in the two states and near-equal populations
indicating a bistable RNA at 25°C. While bistable RNAs
have been rationally designed (68-71) and observed in ri-
boswitches (72), base-pairing rearrangements typically take
place between residues in an RNA hairpin and an adjacent
single-stranded overhang, and in some cases strand exchange
(73), not within a stem of a hairpin as seen in 7SK SL3. The
transition between the two states in the SL3 distal end involves
a rearrangement of eight base-pairs and is predominantly lo-
calized in the P2 stem (Figure 8B). The two states significantly
differ in loop sequence and composition: while SL3e has sym-
metric J1/2 and J2/3 loops, SL3a has asymmetric J1/2 and
J2/3 loops and a new A-rich loop in the P2ab stem (Figures 2E,
8B). These differences may be functionally relevant, as loops
often serve as protein recognition sites. 7SK SL3 is required
for P-TEFb release from 7SK RNP (26,27) and several pro-
teins have been identified to bind SL3 (e.g. hnRNPA1, SRSF2,
RBM?7) in the P-TEFb release pathway (20,24,25,74).

In summary, this study highlights the power of com-
bined application of NMR and chemical probing to pro-
vide quantitative insights into RNA conformational ensem-
bles. We demonstrate that local base-pair rearrangements may

Nucleic Acids Research, 2024, Vol. 52, No. 2

be missed in current chemical probing approaches of large
RNAs and anticipate that other functionally relevant RNAs
may undergo similar structural transitions.

Data availability

Python scripts are deposited in GitHub (https:/github.
com/eichhorn-lab) and Figshare (https:/doi.org/10.6084/m9.
figshare.24573499). Raw demultiplexed chemical probing
data have been deposited in the NCBI BioProject (PR-
JNA1004643). Processed chemical probing data is deposited
in GitHub (https://github.com/eichhorn-lab) and Figshare
(https://doi.org/10.6084/m9.figshare.24573580). Source code
for the DREEM version used in this study, which performs
clustering analysis, can be found in supplementary files. NMR
resonance assignments have been deposited in the BMRB
(ID 52092).
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