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Tracking the folding of RNA at its birth
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In this issue of Molecular Cell, Scharfen et al.! describe an advanced RNA structure-probing technology
called CoSTseq that enables transcriptome-wide detection of nascent RNA base pairing during transcription

in living yeast cells.

RNA molecules are fundamental to
cellular processes, with their functions
intricately linked to their three-dimen-
sional structures. Misfolded RNAs are
implicated in diseases ranging from
neurodegenerative disorders to cancers,
underscoring the importance of under-
standing RNA folding mechanisms. It is
widely accepted that RNA begins to fold
as it is being synthesized, a process
known as co-transcriptional folding. While
its role in regulating transcription and
translation is well documented in bacte-
ria,” only a few cases have been reported
in eukaryotes, such as the formation of the
stem-loop structures in nascent histone
RNAs that facilitates 3’ end cleavage.®
Technical challenges have hindered
high-resolution studies of co-transcrip-
tional folding in eukaryotes. In this issue
of Molecular Cell, Scharfen et al.'
describe CoSTseq (co-transcriptional
structure tracking), a breakthrough tech-
nology that enables transcriptome-wide
mapping of RNA base pairing during tran-
scription in live yeast cells.

Historically, co-transcriptional folding
has been studied via chemical/enzymatic
probing and single-molecule Fo&rster
resonance energy transfer. Early eukary-
otic studies focused on Pol ll-associated
RNAs using chemical/enzymatic prob-
ing.*® However, in those studies, the
nascent RNAs were treated as a pool,
lacking the connection between base-
pairing status and polymerase position.
Incarnato et al.° pioneered Structural
Probing of Elongating Transcripts (SPET-
seq) to profile nascent RNA folding, albeit

in the bacterium E. coli, by exploiting
nucleoid-associated RNA 3’ ends as
readouts of polymerase position. How-
ever, compared to prokaryotes, the
increased complexity in the composition
of eukaryotic nuclear RNA and regulation
of eukaryotic transcription and the result-
ing lower abundance of nascent RNAs
collectively present challenges for high-
resolution analysis of co-transcriptional
folding in eukaryotes.

Yu et al.” partially addressed this by
adapting SPET-seq to eukaryotes, en-
riching nascent RNA through chromatin
fractionation and 3'-OH ligation (Fig-
ure 1A). Their approach exploited the
fact that degraded RNA fragments,
marked by terminal phosphates, cannot
undergo ligation, effectively excluding
them from the enriched nascent RNA
pool. Scharfen et al. now advance the
field with CoSTseq, which combines
biotin-NTP transcriptional run-on and
dimethyl sulfate (DMS) probing (Fig-
ure 1B). The approach hinges on bio-
tinylated CTP incorporation, which serves
dual roles: enabling selective purification
of nascent RNAs by capturing biotin-
tagged molecules and defining their 3
ends through transcriptional run-on. Un-
like SPET-seq’s reliance on reverse
transcription truncations, CoSTseq en-
codes chemical modifications as muta-
tions during reverse transcription,
reducing sequencing depth require-
ments. Scharfen et al. used CoSTseq to
track the global base-pairing status of
nascent RNA after transcription of both
Pol I and Pol Il. They observed that base

pairings initiate about 16 nucleotides
from the transcription site, aligning with
structural models® showing template
DNA base pairing and physical con-
straints in the polymerase exit channel.
Scharfen et al. first apply CoSTseq to
study ribosomal RNA (rRNA), as the high
coverage of CoSTseq enables a fine-res-
olution analysis of rRNA co-transcrip-
tional folding. The functionalized ribo-
some required correct assembly during
its biogenesis, which is coordinated by
co-transcriptional folding of rRNA and
cooperative associations with proteins,
such as assembly factors, chaperones,
helicases, and so on.° Scharfen et al. re-
vealed that only ~23% of rRNA nucleo-
tides achieve their mature structures
near Pol I, while many others form tran-
sient structures requiring rearrange-
ments. Quantitative analysis uncovered
distinct co-transcriptional folding trajec-
tories and parameters (Figure 1C).
Notably, Scharfen et al. identified the heli-
case Dbp7 as a global modulator of rRNA
folding, acting co-transcriptionally across
pre-rBRNA  transcripts  (Figure 1D)—
consistent with its known role in pre-60S
rRNA processing.'? These findings illumi-
nate how rRNA folding cooperates with
protein factors during ribosome assem-
bly, a process ripe for further exploration.
In contrast to rRNA, Scharfen et al.
found that pre-mRNAs exhibited minimal
structural divergence between nascent
and mature states, corroborated by rean-
alysis of human in vivo click selective 2-
hydroxyl acylation and profiling experi-
ment data® and SPET-seq observations
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Figure 1. CoSTseq enables transcriptome-wide mapping of co-transcriptional RNA folding in eukaryotes

(A) Schematic workflow of adapting SPET-seq for eukaryotes. Cells are treated with 2-(azidomethyl)nicotinic acid imidazolide (NAI-N3) to modify unpaired bases
in nascent RNA. The modified RNA is then enriched by isolating the chromatin fraction through cellular fractionation, followed by 3’ adaptor ligation. NAI-N3
modifications are biotinalyted via click chemistry. The biotin is used for downstream enrichment of modified RNA but not for nascent RNA. Finally, the structural
signals are read out through SuperScript-Ill (SS-IIl) reverse transcription (RT) truncations on the modified nucleotides.

(B) Schematic workflow of CoSTseq. Cells are first treated with biotinylated CTP, which is incorporated into nascent RNA and halts transcription and marks the
RNA’s 3’ end. The cells were then treated with DMS, which modifies unpaired A and C bases. Notably, this design allows the enrichment of biotinylated nascent
RNA via streptavidin pulldown. Finally, the structural signals are read out through TGIRT-III (a thermostable reverse transcriptase) RT mutations on the modified
nucleotides, with an adaptor added through template switching.

(C) Co-transcriptional folding matrix of a nascent RNA. Each row represents the DMS reactivity profile of nascent RNA at a specific RNA polymerase position,
indicated along the y axis of the matrix. Each column represents the DMS reactivity trajectories for a specific nucleotide, indicated along the x axis of the matrix,
starting from the position where the nucleotide was added to the nascent RNA.

(D) Helicase Dbp7 functions as a global modulator of rRNA folding during transcription.

The figure was created in https://BioRender.com.

of fewer structural transitions in mMRNAs.”  tively, the lack of detectable changes RNA classes. Integrating long-read

This difference might be explained by the
fact that mRNAs undergo similar re-
folding upon exiting the ribosome during
translation. A previous study showed
that lower transcription elongation rates
promote overall structure formation of
nascent mRNA in human cells.* However,
no significant changes in the overall struc-
ture of nascent mMRNA were detected by
CoSTseq upon depletion of Pol Il elonga-
tion factors in yeast cells. This may be due
to the rapid folding of nascent RNA and
faster splicing of introns in yeast. Alterna-
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could be due to the analysis primarily
focusing on exonic regions, potentially
overlooking structural alterations in
introns.

Scharfen et al’s work establishes
CoSTseq as a powerful tool for illumi-
nating eukaryotic RNA folding dynamics,
opening new avenues to explore tran-
scriptional regulation at unprecedented
resolution. Future refinements, such
as targeted sequencing strategies or
enhanced enrichment approaches, could
further broaden its utility across diverse

sequencing platforms may also extend
its capacity to map RNA structural transi-
tions across full transcriptional land-
scapes. Excitingly, CoSTseq paves the
way for probing structural heterogeneity
within individual transcripts, offering in-
sights into real-time folding diversity dur-
ing synthesis. As the method evolves, it
holds immense promise for decoding dis-
ease-associated RNA folding aberrations
in conditions like cancer and neurodegen-
eration, bridging molecular mechanisms
to therapeutic discovery. By unraveling


https://BioRender.com

Molecular Cell

how RNA-binding proteins and helicases
choreograph co-transcriptional folding,
this technology could inspire novel
strategies to harness RNA structure for
precision medicine, accelerating the
development of next-generation RNA
therapeutics.
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Unraveling the proton-sensing mechanisms
of G protein-coupled receptors: Insights
from cryogenic electron microscopy studies
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In this issue, Guo et al." and Chen et al.? resolved the cryo-EM structures of G protein-coupled receptor (GPR)
4 and GPR68, unveiling that histidine protonation initiates conformational rearrangements and dictates G
protein coupling bias, illuminating pH-sensing mechanisms.

Protons are commonly found in aqueous
solutions as H;O*, which is reflected in
pH values. Proton-sensing G protein-
coupled receptors (GPCRs)—including
GPR4, GPR65, and GPR68—are pivotal
regulators of extracellular pH homeosta-
sis, orchestrating biological processes
ranging from immune surveillance to tu-
mor microenvironment dynamics.®° Un-
like canonical GPCRs that require steric
bulk-mediated ligand-receptor interac-

tions for orthosteric or allosteric activa-
tion, these pH-sensitive receptors employ
protons themselves as primary ligands.”
This unique activation mechanism by-
passes the structural complementarity
constraints inherent to classical GPCR
signaling, instead relying on protonation-
induced conformational changes within
conserved extracellular sensor do-
mains.®® Although recent studies have
begun to unravel this paradigm—Howard

et al. identified a network of titratable res-
idues spanning from extracellular loops to
the receptor core as essential for activa-
tion,® and Wen et al.® and Ma et al.’®
revealed both conserved and species-
specific proton-sensing adaptations in
GPR4 —critical knowledge gaps persist.
The precise molecular logic governing
proton perception, signal transduction fi-
delity, and G protein coupling selectivity
has remained enigmatic, underscoring
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