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A B S T R A C T   

The 7SK ribonucleoprotein (RNP) is a critical regulator of eukaryotic transcription. Recently, RNA binding motif 
7 (RBM7) containing an RNA recognition motif (RRM) was reported to associate with 7SK RNA and core 7SK 
RNP protein components in response to DNA damage. However, little is known about the mode of RBM7-7SK 
RNA recognition. Here, we found that RRM constructs containing extended C-termini have increased solubil-
ity compared to a minimal RRM construct, although these constructs aggregate in a temperature and 
concentration-dependent manner. Using solution NMR dynamics experiments, we identified additional structural 
features observed previously in crystal but not in solution structures. To identify potential RBM7-7SK RNA 
binding sites, we analyzed deposited data from in cellulo crosslinking experiments and found that RBM7 primarily 
crosslinks to the distal region of 7SK stem-loop 3 (SL3). Electrophoretic mobility shift assays and NMR chemical 
shift perturbation experiments showed weak binding to 7SK SL3 constructs in vitro. Together, these results 
provide new insights into RBM7 RRM folding and recognition of 7SK RNA.   

1. Introduction 

Proper regulation of RNA polymerase II (Pol II) transcription is 
required to maintain cellular homeostasis and efficient gene expression 
[1]. An essential checkpoint in transcription regulation is promoter- 
proximal pausing of Pol II ~ 20–60 nt downstream of the transcrip-
tion start site [2–5], controlled in part by the kinase positive transcrip-
tion elongation factor b (P-TEFb) [5–8]. In metazoa, the 7SK 
ribonucleoprotein (RNP) sequesters P-TEFb in a catalytically inactive 
pool and P-TEFb must be released from 7SK RNP to restore P-TEFb ki-
nase activity [9–11]. 

The 7SK RNP assembles into a core complex comprised of the 7SK 
RNA, a ~ 331 nucleotide (nt) noncoding RNA in humans [12]; the 
methylphosphate capping enzyme (MePCE), which caps and remains 
bound to the 7SK RNA 5’ end [13,14]; and the La-related protein 7 
(Larp7), which binds to the 7SK RNA 3’ end [15–18]. MePCE acts 
cooperatively with Larp7 to assemble with 7SK RNA to form a stable 
ternary complex [13,19]. The accessory hexamethylene bisacetamide- 
inducible protein 1 or 2 (HEXIM1/2) is required to assemble P-TEFb 
onto the 7SK RNP and inhibit P-TEFb kinase activity [20–22]. Together, 
these components minimally constitute the P-TEFb-inactivated 7SK RNP 
[16,23,24]. Numerous accessory proteins have been reported to 

promote release of P-TEFb from 7SK RNP [5,25–34]. On release P-TEFb, 
Bromodomain 4 (Brd4), and other transcription factors trigger the 
transition of Pol II from a promoter-proximal paused to a processive 
elongation state [5,35,36]. P-TEFb dysregulation or 7SK RNP malfunc-
tion is associated with several diseases including blood and solid tumor 
cancers, cardiac hypertrophy, and primordial dwarfism [5,37]. More-
over, several viruses manipulate host 7SK RNP for viral survival, notably 
HIV-1 [38] and more recently SARS-CoV-2 [39]. 

Spatial organization of 7SK RNP on chromatin may enable a rapid 
cellular response to environmental conditions. In support of this model, 
genome-wide analyses report the presence of 7SK RNP at the promoters 
of protein-coding genes [33,40,41]. UV exposure results in the global 
release of promoter-proximally paused Pol II [42], stimulates the rapid 
release of P-TEFb from 7SK RNP, and induces activation of UV-response 
genes [2,34,36]. 7SK RNA knockout in HAP1 cells showed reduced 
viability after UV irradiation, with impaired activation of UV-response 
genes requiring 7SK RNP-P-TEFb to rescue activation [43]. In HEK293 
and HeLa cells, exposure to a chemical mimetic of UV-induced DNA 
damage (4-nitroquinoline 1-oxide, 4-NQO) similarly resulted in 
decreased viability [44,45]. 4-NQO exposure induced phosphorylation 
of the RNA binding protein 7 (RBM7) by the p38MAPK-MK2 pathway 
[34,46] and transcription activation of genes involved in DNA damage 
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response (DDR) [34,47,48]. RBM7 individual-nucleotide resolution UV 
crosslinking and immunoprecipitation (iCLIP) experiments found that 
RBM7 interacts with 7SK RNA, and co-immunoprecipitation experi-
ments showed that RBM7 interacts with core 7SK RNP proteins MePCE 
and Larp7 as well [34]. A model has been proposed in which genotoxic 
stress stimulates phosphorylation of RBM7 to promote release of P-TEFb 
from 7SK RNP [34]. More recently, p38MAPK-MK2-induced phosphory-
lation of RBM7 has been shown in cellulo after SARS-CoV-2 viral infec-
tion [39,49], suggesting a similar pathway may be activated during 
immune response. 

The primary identified function of RBM7 is as a component of the 
nuclear exosome targeting complex (NEXT), a trimeric complex con-
taining RBM7, the zinc-knuckle protein ZCCHC8, and the RNA helicase 
hMTR4 [50,51]. NEXT interacts robustly with the RNA cap-binding 
complex to induce transcription termination; in addition, NEXT is 
involved in the degradation of aberrant Pol II transcripts [52–54]. The 
role of RBM7 in 7SK RNP-mediated DDR is an alternate regulatory 
mechanism independent of function in NEXT. When phosphorylated, 
RBM7 has globally reduced interaction to RNA with reduced NEXT 
function [55]. Importantly, 7SK RNA abundance is not reduced after 4- 
NQO exposure, indicating that RBM7 is functioning independently of its 
role in NEXT [34]. 

Together, these data suggest that RBM7 plays an essential role in the 
release of P-TEFb from the 7SK RNP complex to respond to genotoxic 
stress [34]. However, little is known regarding how RBM7 assembles 
with 7SK RNA and core 7SK RNP protein components. RBM7 contains an 
N-terminal canonical RNA recognition motif (RRM) with conserved 
RNP1 and RNP2 sequences [56,57] (Fig. 1A-B) and a C-terminal serine- 
rich domain that is phosphorylated by p38MAPK [34,46,56,57]. In vitro, 
the RBM7 RRM preferentially interacts with polypyrimidine repeat se-
quences with micromolar binding affinity [56]. Four high-resolution 
structures have been determined of the RBM7 RRM by solution NMR 
spectroscopy or X-ray crystallography, with varying N- and C-terminal 
ends and observed structural features [56,58,59]. Recently, two 
intermediate-resolution cryo-electron microscopy (cryoEM) structures 
were reported of the NEXT complex containing a recombinant RBM7 
RRM construct [60,61]. 

Here, we recombinantly expressed and purified RBM7 RRM con-
structs with various N-terminal fusion tags and C-terminal ends to 
investigate RRM folding and interaction with 7SK RNA. We found that, 
consistent with prior literature, constructs containing longer C-terminal 
ends have increased solubility compared to a minimal RRM construct. 
Using a combination of NMR spectroscopy, optical melting, and aggre-
gation assays, we found that the isolated RRM is prone to concentration- 
and temperature-dependent aggregation. Consistent with solution NMR 
and X-ray structures, 1H–15N heteronuclear NOE and chemical shift 
perturbation experiments reported disordered N- and C-termini that do 
not interact with the RRM. Unexpectedly, we observed an ordered α2-β4 
region supporting the presence of an additional β-strand, which has been 
observed previously in X-ray structures but not the solution NMR 
structural ensemble. We compare available structures, find that this 
region is located at the protein-protein interface, and propose a model in 
which protein-protein interactions aid in ordering this region. To iden-
tify potential RBM7-7SK RNA binding sites, we analyzed deposited data 
from in cellulo crosslinking experiments and performed electrophoretic 
mobility shift assays and NMR chemical shift perturbation experiments. 
We found that RBM7 crosslinks specifically to the distal region of 7SK 
stem-loop 3 (SL3) and that the RRM binds weakly to single-stranded 
RNA sequences derived from 7SK SL3. We propose a mechanism in 
which RBM7 binds to unpaired residues in 7SK SL3. Together, these data 
provide new insights into RBM7 RRM folding and recognition of the 7SK 
RNA. 

2. Methods 

2.1. Recombinant protein construct design, expression, and purification 

The DNA sequence encoding human RBM7 was codon optimized for 
Escherichia coli codon bias and purchased as a gblock (Integrated DNA 
Technologies, IDT). The RBM7 gene was cloned into a pET vector con-
taining N-terminal His6, tobacco etch virus (TEV) protease recognition 
site, and maltose binding protein (MBP) domains with a kanamycin 
resistance gene (Addgene plasmid #29656) using in vivo assembly [62]. 
Briefly, Benchling was used to design overlapping primers comple-
mentary to the 5’ and 3’ ends of both the gene insert and vector insertion 
sites. PCR was performed to produce gene insert and vector with com-
plementary 5’ and 3’ ends. PCR products were purified using a PCR 
cleanup kit (Zymo Research) and directly transformed into DH5α 
competent cells. Individual colonies were selected and cultured in LB 
media with kanamycin, followed by plasmid purification using a 
plasmid miniprep kit (Qiagen). All constructs derived from this plasmid 
were generated using site-directed mutagenesis with the exception of 
the GB1 domain, which was inserted using in vivo assembly. Sequences 
were verified using Eurofins Genomics LLC and Plasmidsaurus. 

For protein expression, plasmids were transformed into E. coli 
NiCo21(DE3) competent cells (New England Biolabs). Cells were 
cultured with shaking in M9 minimal media with kanamycin at 37 ◦C to 
an OD600 of 0.6–0.8, transferred to 18 ◦C, expression induced with 0.5 
mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and grown for 
18–20 h. For NMR experiments,13C-labelled glucose (Cambridge Isotope 
Laboratory) and/or 15N-labelled ammonium chloride (Cambridge 
Isotope Laboratory) was used in the M9 media. Buffers used for protein 
purification were adapted from [56]. Cells were harvested by centrifu-
gation and resuspended in buffer R (50 mM NaPO4 pH 7.0, 1 M NaCl, 40 
mM imidazole, 10 mM MgCl2, 10% glycerol, 1 mM tris(2-carboxyethyl) 
phosphine (TCEP)), 0.5 mM PMSF, and lysozyme. After sonication, 
soluble and insoluble fractions were separated by centrifugation at 
35,000 xg for 45 min, and the supernatant was clarified by 0.45 μm 
syringe filter. Affinity purification was performed using nickel nitrilo-
acetic acid (Ni-NTA) affinity column (Qiagen) attached to an ÄKTA start 
system (GE Healthcare). After loading the supernatant, the column was 
washed with 10 column volumes (CV) of buffer R followed by elution in 
a linear gradient with buffer E (50 mM NaPO4 pH 7.0, 250 mM NaCl, 
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Fig. 1. RBM7 domain topology and constructs used in study. A) Schematic of 
canonical RNA recognition motif (RRM) with conserved RNP1 and RNP2 shown 
in blue. B) Solution NMR structure of human RBM7 RRM (PDB ID 2M8H) with 
conserved Phe residues in RNP1 and RNP2 shown as blue sticks. C) Constructs 
used in this study. RRM shown in blue and TEV cleavage site indicated with red 
triangle. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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300 mM imidazole, 10% glycerol, 1 mM TCEP). Fractions were analyzed 
by 4–12% Bis-Tris NuPAGE™ gels (ThermoScientific). To remove the 
His6-MBP or His6-GB1 tag, protein was dialyzed against RBM7 storage 
buffer (20 mM NaPO4 pH 5.5, 50 mM L-glutamate, 50 mM L-arginine) in 
the presence of TEV protease (Addgene #92414 [63] recombinantly 
expressed and purified in house) for 2–3 h at room temperature. After 
dialysis, cleaved RBM7 protein was purified from His6-MBP or His6-GB1 
by a second Ni–NTA purification step (Qiagen). 

As a final purification step, proteins were purified by size exclusion 
chromatography using a HiLoad16/600 Superdex 75 pg (GE Healthcare) 
column attached to a ÄKTA Prime M25 FPLC system (GE Healthcare) in 
RBM7 storage buffer. Fractions were analyzed by 4–12% Bis-Tris 
NuPAGE™ gel. Pure fractions were concentrated using a 10 kDa Ami-
con® concentrator. The absorbance at 280 nm was measured using a 
Nanodrop spectrophotometer to calculate sample concentration using 
the Beer-Lambert law [64]. Expasy ProtParam [65] was used to compute 
protein extinction coefficients (Supplementary Table S1), molecular 
weights, and theoretical pI values. 

2.2. RNA sample preparation 

RNA sequences used in this study are included in Supplementary 
Table S2. Single-stranded RNA (ssRNA) oligonucleotides were pur-
chased from IDT, resuspended in ultrapure water, and diluted to 1 mM in 
ultrapure water. 7SK SL3 hairpin RNA constructs were produced using in 
vitro RNA transcription with T7 RNA polymerase (Addgene #124138 
[66], prepared in-house) and chemically synthesized DNA templates 
(IDT) following established protocols [18]. Briefly, T7 RNA Polymerase, 
500 nM DNA template, and transcription buffer (40 mM Tris pH 8, 1 mM 
spermidine, 0.01% Triton-X, 40 mM MgCl2, 2.5 mM DTT, 20% DMSO, 
and 2 mM each rATP, rCTP, rUTP, rGTP) were incubated at 37 ◦C for 
6–8 h. RNA was purified by 15% denaturing polyacrylamide gel elec-
trophoresis (PAGE) with 1× TBE running buffer and the RNA band was 
visualized by UV shadowing with a handheld UV lamp at 254 nm. After 
band excision, RNA was eluted from the gel using the ‘crush and soak’ 
method [67] 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 acrylamide contaminants by ion- 
exchange chromatography using a diethylaminoethanol (DEAE) col-
umn (GE Healthcare) and elution into buffer (10 mM sodium phosphate 
pH 7.6, 1 mM EDTA, 1.5 M KCl). RNA was diluted to <100 μM in ul-
trapure water and annealed by heating to 95 ◦C for 3 min, followed by 
snap cooling on ice for 1 h. RNA was then buffer exchanged into the 
appropriate buffer using a 3 kDa Amicon® concentrator. 

2.3. NMR spectroscopy 

Solution NMR spectroscopy experiments were performed at 293.15 K 
on a Bruker Neo 600 MHz NMR spectrometer equipped with a triple- 
resonance HCN cryoprobe. NMR samples were prepared in RBM7 stor-
age buffer with added 5% D2O at 0.1–0.5 mM concentrations in 3 mm or 
5 mm NMR tubes (Norell). Amide backbone resonance assignments were 
obtained from Biological Magnetic Resonance Data Bank (BMRB) [68] 
entry 19252 and validated with standard triple resonance assignment 
experiments [69,70]. Briefly, 3D HNCA, HNCACB, HNCO, HNCACO, 
and 15N-edited NOESY experiments from the Bruker experimental suite 
were acquired and analyzed using a 0.1 mM sample of HT-RBM7101. 
Weighted average chemical shift perturbations (CSP) were calculated 
using the equation 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔH2 + 0.1ΔN2

√
[70]. The TALOS+ webserver [71] 

was used to compute predicted secondary structure and S2 order 
parameter values using the BMRB-deposited STAR file as input. TALOS+
output files are provided as Supplementary material. 1H–15N hetero-
nuclear nuclear Overhauser effect (NOE) experiments (hsqcnoef3gpsi) 
from the Bruker experimental suite were recorded in an interleaved 
manner with 32 scans and 2 s incremental delay for 0.3 mM protein 

samples. The heteronuclear NOE is reported as the residue-specific ratio 
of peak intensity between the saturated and unsaturated experiments 
(Isat/Iunsat). Error was estimated as the standard deviation of noise in the 
saturated (σIsat) and unsaturated (σIunsat) experiments [72,73]: σNOE

NOE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σIsat
Isat

2
+ σIunsat

Iunsat

2
√

. 
Data were processed using NMRPipe [74] and analyzed using 

NMRFAM-Sparky 1.470 powered by Sparky 3.190 [75] in the NMRbox 
virtual machine [76]. RNA titration experiments were performed using 
0.2 mM protein in RBM7 storage buffer/5% D2O, with a reference 
spectrum recorded prior to addition of final concentrations of 0.02 mM 
(0.1 equivalent) and 0.1 mM (0.5 equivalent) RNA sequentially added to 
the NMR sample. All plots were generated using Google Colaboratory 
notebooks. 

2.4. Protein aggregation assay 

Protein aggregation assays were performed in duplicate at ambient 
temperature (approximately 22 ◦C) using the PROTEOSTAT® Thermal 
shift stability assay kit (Enzo life sciences) and a Qubit Flex Fluorometer. 
Protein samples were prepared at 0.1 mM and 0.3 mM in RBM7 storage 
buffer with controls including 1× TS reagent dye in buffer and the kit- 
supplied β-lactoglobulin (4 mg/mL, 0.1 mM). 

2.5. Circular Dichroism (CD) spectroscopy 

CD experiments were performed on a Jasco815 spectrometer 
equipped with a Peltier temperature control device. Protein samples 
were prepared at 50 μM in CD buffer (20 mM sodium phosphate, 150 
mM KCl, pH 5.5). CD spectra were collected at 20 ◦C before and after 
thermal unfolding experiments with the following parameters: 190–400 
nm spectral range; 0.2 nm data interval, 1 s D.I.T., 1 nm band width, 100 
nm/min scanning speed, and 5 accumulations. Thermal unfolding ex-
periments were performed in duplicate with a temperature range of 5 ◦C 
– 100 ◦C (forward) or 100 ◦C – 5 ◦C (reverse) and a ramp rate of 2 ◦C/ 
min, with molar ellipticity values measured at 222 nm and 211 nm every 
5 ◦C, 1 s D.I.T., and 1 nm band width. 

2.6. iCLIP data analysis 

RBM7 iCLIP sequencing data [34] were obtained from accession 
code E-MTAB-6475 in the EMBL-EBI database. Data were processed 
using the University of Nebraska-Lincoln Holland Computing Center 
(HCC) following the workflow reported in previous studies [77,78]. 
First, FastQC [79] was run to analyze the per-base sequence quality of 
the data, per-base sequence content, barcode content and other quality 
content. Next, trim_galore [80] was used to trim the adapters and 
enhance the quality of the reads according to the quality obtained from 
the raw data. Next, iCount [81] was used to demultiplex the barcode 
sequences. Next, STAR [82] was used to index the GRChg38.p13 
genome v34 (Gencode), align the reads to the genome, and generate a 
BAM file. Bedtools 2.27 [83] was used to convert the file of aligned reads 
from BAM to BED format, shift reads by one nt to account for reverse 
transcriptase (RT) termination adjacent to the crosslinked site (hereafter 
referred to as RT stop), extract the residue position number of the RT 
stop, and concatenate reads to map read coverage across the genome. 
The BED file was used as input for an in-house python program (https:// 
github.com/ceichhorn2/7SKRNAextraction) to extract reads from 
RN7SK (ENSG00000202198, chr6: 52995620–52995950), convert to 
7SK RNA residue number (1− 331), and produce a file with the RT stop 
position number, the associated chromosome number, and the number 
of reads with the RT stop position number. The read counts for RT stops 
for a given residue (positional RT stop counts) were normalized to the 
total number of 7SK reads using the equation normalized RT stops =
number of positional RT stop reads

total number of 7SK reads . The average and standard deviation of the 
normalized RT stop values of the DMSO control (2 replicates) and 4- 
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NQO treated (4 replicates) experiments were calculated using Excel 
(Supplementary File 2) and plots were generated using matplotlib. The 
average normalized RT stop values in the 4-NQO treated experiments 
were plotted on a secondary structure model of the upper stem of 7SK 
SL3 RNA (residues 210–264) using VARNA [84]. 

2.7. Electrophoretic Mobility Shift Assays (EMSA) 

RNA and protein samples were prepared as described above and 
diluted to 50 μM and 170 μM, respectively, in RBM7 storage buffer. To 
perform EMSA experiments, increasing amounts of protein samples were 
added to 50 pmol RNA (Supplementary Table S3). A protein-only sample 
was loaded in the first lane as a control to identify any nucleic acid 
contamination in the protein sample. The mixture was incubated on ice 
for 15–20 min, then 1 μL of loading dye (30% glycerol, bromophenol 
blue) was added for a total volume of 7.9 μL. Samples were loaded and 
run on 10% PAGE (37.5:1 bisacrylamide:acrylamide crosslinking ratio) 
at 50–60 V for 40–80 min depending on RNA construct length. RNA was 
visualized with toluidine blue stain for hairpin and SYBR Safe (Ther-
moScientific) for ssRNA constructs. Experiments were performed in 
duplicate or triplicate to ensure reproducibility. 

3. Results 

3.1. Characterization of RBM7 RRM expression and purification 

X-ray crystallographic, cryoEM, and solution state NMR structures of 
the human RBM7 RRM have been previously determined using con-
structs with varying C-terminal boundaries [58–61,85]. A survey of 
solved structures showed that the RRM contains a canonical β1-α1-β2- 
β3-α2-β4 topology between amino acid (aa) residues T11-Q83; however, 
X-ray crystal structures report an additional β4’ strand in the α2-β4 loop 
and extended β4 strand (Supplemental Fig. S6). Constructs used for X- 
ray crystallography structure determination had a C-terminal residue 
that was either aa S86 [58] or A91 [59], whereas the construct used for 
the solution NMR structure determination (named here RBM72M8H) had 
a truncated N-terminus and slightly longer C-terminus (aa 6–94) [56]. 
We first attempted to recombinantly express the full-length human 
RBM7 protein with an N-terminal His6 tag (HT-RBM7FL); however, this 
construct did not solubly express in E. coli (Supplementary Fig. S1). We 
next generated constructs of RBM7 RRM with varying C-terminal ends: 
1–86, 1–91, and 1–101 (named HT-RBM786, HT-RBM791, HT-RBM7101). 
To assess the impact of solubility tags on protein expression and solu-
bility, additional fusion constructs were generated including either MBP 
or GB1 domains between His6 and TEV sites (HMT-RBM791 and HGT- 
RBM7101, respectively) (Supplementary Fig. S2). Protein expression was 
greatest for HMT-RBM791 and HGT-RBM7101 constructs (approximately 
50 mg purified protein per L cell culture); however, despite successful 
TEV protease cleavage neither His6-MBP nor His6-GB1 could be sepa-
rated from the RBM7 domain after TEV cleavage (Supplementary 
Fig. S2A–B). Both MBP and GB1 are acidic (theoretical pI 5.1 and 4.5, 
respectively); it is likely that these domains have electrostatic in-
teractions to the basic RBM7 (theoretical pI 9.5). The minimal HT- 
RBM786 construct had poor yield after purification (approximately 2 mg 
per L cell culture), with significant amounts of protein observed in the 
insoluble fraction after cell lysis (Supplementary Fig. S2C) suggesting 
misfolded or aggregated protein present in inclusion bodies in E. coli 
cells [86]. HT-RBM786 exhibited poor solubility and readily precipitated 
throughout purification and during concentration. Compared to HT- 
RBM786, both HT-RBM791 and HT-RBM7101 had higher yields 
(approximately 5–10 mg per L cell culture) with little protein observed 
in the insoluble fraction after cell lysis (Supplementary Fig. S2D-E). 
After purification, both HT-RBM791 and HT-RBM7101 could be concen-
trated to 0.5 mM without visible precipitation in the buffer used in this 
study (20 mM sodium phosphate pH 5.5, 50 mM L-arginine, 50 mM L- 
glutamate). 

3.2. Comparison of RBM7 RRM constructs reveals concentration and 
temperature dependent aggregation 

Solution state NMR spectroscopy was used to evaluate and compare 
folding of HT-RBM786, HT-RBM791, and HT-RBM7101. The chemical 
shift assignments of RBM72M8H (aa 6–94, BMRB entry 19252) [56] were 
transferred onto 2D amide 1H–15N HSQC spectra of HT-RBM7101 and 
verified with standard 3D triple resonance assignment experiments. The 
deposited chemical shifts lack assignments for the β3-α2 loop (aa K58- 
V63) and C-terminal residues (aa R85-S86, S89-H90). Good agreement 
between deposited and independently assigned chemical shifts was 
observed. Consistent with the prior study, we observed significant line- 
broadening for β3-α2 loop residue F57 and α2 residues Y65-N68, and 
were unable to assign intervening residues K58-V63 (Supplementary 
Fig. S3). Likewise, we observed line-broadening for β4-adjacent residues 
Q83 and S86 and were unable to assign intervening residues F84-R85 
(Supplementary Fig. S3) indicative of chemical exchange at the α2 
helix and β4 strand regions. 

The 2D amide 1H–15N HSQC spectrum of spectrum of HT-RBM786 

showed reasonable chemical shift dispersion with residues S86-Q101 
absent, as expected. Several resonances corresponding to β1 (aa L12- 
G15), α1-β2 (aa H31-K38), β3 (aa F52-V55, F57), α2 (aa A66-G72), 
and β4 (aa I82-Q83) suffered from extreme line-broadening, were ab-
sent, or shifted relative to constructs with extended C-termini, indicative 
of global chemical exchange and conformational instability (Supple-
mentary Fig. S3A). Within 24 h the sample began to precipitate, indi-
cating poor solubility of the minimal HT-RBM786 construct. In contrast, 
the 2D amide 1H–15N HSQC spectrum of both HT-RBM791 and HT- 
RBM7101 showed excellent chemical shift dispersion and uniform peak 
intensity (Supplementary Fig. S3B-C and Fig. 2A). As expected, residues 
Q93-Q101 were absent from the HT-RBM791 spectrum with chemical 
shift perturbations observed for C-terminal residues S86-A91 (Supple-
mentary Fig. S3B, Fig. 2C). No additional chemical shift changes were 
observed for RRM residues, indicating that C-terminal residues do not 
interact with the RRM. Due to the observed interaction of the RBM7 
RRM with solubility tags, we next evaluated the potential impact of the 
N-terminal His6 tag on the RRM. The construct RBM7101 was generated 
by using TEV protease to cleave the His6 tag (Fig. 1C). The 2D amide 
1H–15N HSQC spectra of HT-RBM7101 and RBM7101 are nearly identical 
(Supplementary Fig. S3D). As expected, resonances corresponding to the 
His6 tag and TEV recognition site are absent in the RBM7101 construct 
(Supplementary Fig. S3D) and chemical shift perturbations are observed 
for N-terminal residues A4-A8 (Fig. 2C). 

For both HT-RBM791 and HT-RBM7101 constructs, we observed that 
samples at standard NMR concentrations (0.3–0.5 mM) appeared to 
undergo signal loss over the course of several days although there was no 
visible precipitation or opacity in the NMR tube, suggesting that the 
RBM7 RRM may form soluble aggregates. To test this hypothesis, 1D 1H 
amide proton spectra were compared over the course of several days for 
HT-RBM7101 samples prepared at 0.10 and 0.39 mM (Fig. 2B). While the 
global signal decreased by approximately 50% for the 0.39 mM sample 
seven days after purification, there was little to no loss in signal for the 
0.10 mM sample seven days after purification. To further probe RBM7 
RRM aggregation, we performed an aggregation assay using the same 
buffer (20 mM sodium phosphate, pH 5.5, 50 mM L-arginine, 50 mM L- 
glutamate), temperature (20 ◦C), and protein concentrations (0.1 and 
0.3 mM) as the NMR experiments (Supplementary Fig. S4). Compared to 
the β-lactoglobulin control protein, both HT-RBM791 and HT-RBM7101 

constructs aggregated within several hours. However, the apparent ag-
gregation was more significant for the 0.30 mM samples compared to the 
0.1 mM samples. Initially, both constructs at 0.10 mM had minimal 
apparent aggregation; however, after 24 h HT-RBM7101 showed a sub-
stantial increase in aggregation compared to HT-RBM791 At 0.3 mM, 
both HT-RBM791 and HT-RBM7101 show nearly identical aggregation 
behavior. Together, these results indicate that at concentrations above 
0.1 mM, the RBM7 RRM undergoes soluble aggregation. 
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To investigate the thermodynamic stability of the RBM7 RRM, we 
used circular dichroism (CD) spectroscopy to perform thermal unfolding 
experiments for HT-RBM791 and HT-RBM7101. For these experiments, 
the buffer composition was adjusted to remove L-arginine and L-gluta-
mate, which both have strong CD signals that could not be deconvoluted 
by baseline correction. Before the temperature unfolding experiment, 
both constructs had characteristic CD spectra indicative of a folded 
protein containing α-helices and β-strands with a minimum at 210–220 
nm (Supplementary Fig. S5A–B). In a typical biomolecular unfolding 
experiment, as the temperature increases the biomolecule will unfold, 
losing secondary structure, in a cooperative process in which the CD 
signal will reduce in value. Unexpectedly, the opposite result was 
observed for both HT-RBM791 and HT-RBM7101 (Supplementary 
Fig. S5C–D), suggesting that these constructs increase in secondary 
structure with increasing temperature. For both constructs, this transi-
tion began after ~30 ◦C, with a midpoint at approximately 60 ◦C. During 
the reverse experiment, in which the sample was cooled, the CD signal 
remained constant indicating an irreversible process. The CD spectrum 
of HT-RBM791 after melting showed a significant increase in structure, 
with a local minimum at 211 nm indicating increased β-strand character 
(Supplementary Fig. S5A–B). For HT-RBM7101, a similar transition to 
increased secondary structure was observed after ~30 ◦C that was 
irreversible. In addition, significant loss of CD signal was observed at 
~85 ◦C, with visible precipitation in the cuvette (Supplementary 
Fig. S5D). From these experiments, we conclude that both HT-RBM791 

and HT-RBM7101 undergo temperature-induced aggregation that is 
irreversible. In addition, HT-RBM7101 is more susceptible to aggregation 
compared to HT-RBM791, consistent with our results from the aggre-
gation assay. 

3.3. NMR dynamics experiments support presence of additional 
secondary structure features observed previously in crystal but not solution 
structures 

To assess the impact of residues at the N- and C-terminus on RBM7 
RRM conformational dynamics we performed 1H–15N heteronuclear 
NOE experiments, which report on internal motions at ps-ns motional 
timescales, for HT-RBM791, HT-RBM7101, and RBM7101 (Fig. 3A-B). 
1H–15N NOE values were unable to be measured for several α2 residues 
due to missing assignments (K58-V63) and severe line broadening (F57, 
Y65, N68). The 1H–15N NOE values for HT-RBM7101 show reduced 
values for N- and C-terminal residues, indicating gradually increasing 
disorder at the termini. Reduced values are also observed in β1-α2 loop 
residues L17-T22 and β2-β3 loop residues D44-G47. 1H–15N NOE values 
for HT-RBM7101, HT-RBM791, and RBM7101 are overall similar (Fig. 3A- 
B), indicating that the disordered N- and C-termini do not alter RRM 
global folding and dynamics. Residues S89-A91 in HT-RBM791 have 
reduced values compared to HT-RBM7101, consistent with increased 
dynamics at the C-terminus. For all three constructs residues N71-I80, 
which comprise the α2-β4 loop in the solution NMR structure, have 
values similar to those of structured regions of the RRM and are higher 
than expected for a ten-residue loop (Fig. 3A-B). In comparison, the ten- 
residue β2-β3 loop has reduced values compared to structured regions, 
indicating a flexible loop. In X-ray structures of the RBM7 RRM, these 
residues contain an additional β4’ strand (residues G72-L75) and an 
extended β4 strand (residues R78-R85) compared to the β4 strand in the 
solution NMR structure (residues K81-Q83) (Supplemental Fig. S6). 
These 1H–15N NOE values support the presence of a β4’ and extended 
β4 strand as observed in the X-ray structures. Together, the hetero-
nuclear NOE data shows a disordered N- and C-termini, flexible β2-β3 
loop, and presence of a β4’ strand and extended β4 strand. 

The prior solution NMR study and this work used different RRM 
construct boundaries and different sample conditions. The RBM72M8H 

construct from the prior study had shortened N- and C-termini (aa 6–94) 
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compared to HT-RBM7101 (aa 1–101). In addition, the buffer conditions 
in the prior study had increased pH and ionic strength compared to this 
study; for our constructs, we found that reducing the pH and including L- 
arginine and L-glutamate improved construct solubility. To further 
compare findings from the prior study on RBM72M8H to this study, we 
used BMRB-deposited chemical shifts as input for the TALOS+ server 
[71] to compute predicted secondary structure and S2 order parameters 
for RBM72M8H (Fig. 3C). The order parameter is an normalized degree of 
order that reports on the relative amplitude of internal motions and is 
scaled from 0 to 1, where 0 is maximum and 1 is minimum motions [87]. 

The overall pattern of the predicted S2 values for RBM72M8H shows 
excellent agreement to our observed 1H–15N NOE values, particularly 
for β1, α1, α1-β2 loop, β2, β2-β3 loop, and C-terminal residues. For 
residues N71-I80, the predicted S2 values show decreased values and 
predicted random coil secondary structure, as observed in the solution 
NMR structure of RBM72M8H. Interestingly, N-terminal residues A4-D9 
have a predicted α-helical secondary structure, which was not 
observed in the solution NMR structure. 

Fig. 3. Comparison of RBM7 RRM dynamics. A) Plot of 1H–15N heteronuclear NOE values for HT-RBM7101 (black) and HT-RBM791 (orange). B) Plot of 1H–15N 
heteronuclear NOE values for HT-RBM7101 (black) and RBM7101 (blue). Dashed line at 0.85 indicates average value for structured residues. Secondary structure 
elements are indicated by gray boxes. C) TALOS+ predicted S2 values and secondary structure from BMRB entry 19252. Proline residues are shown as open circles. 
Secondary structure is plotted using the confidence score from TALOS+ output and is colored by α-helix (red), β-strand (blue), and random coil (gray). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.4. RBM7 RRM binds 7SK RNA stem-loop 3 

RBM7 was previously identified to interact with the 7SK RNP using 
iCLIP experiments that showed RBM7 crosslinking to the stem-loop 3 
(SL3) region of 7SK RNA; however, the precise binding site was not 
defined in the prior study [34]. In addition, mutagenesis of the RRM 
domain showed that the RBM7 RRM RNP1 and RNP2 sequences were 
required for 7SK RNP association in cellulo [34]. To gain additional in-
sights into specific 7SK RNA residues that crosslinked to RBM7, we 
processed and analyzed iCLIP data deposited to EMBL. The per-residue 
7SK RT stops were normalized to the total number of 7SK reads for 
both DMSO control and 4-NQO treated samples to measure crosslinking 
enrichment across the 7SK RNA sequence (Fig. 4A). Consistent with the 
previous study [34], RBM7 crosslinking to 7SK RNA was observed in 
both control and treated samples (Fig. 4A) suggesting an interaction 
between RBM7 and the 7SK RNP even in the absence of DNA damage. 
Although the 7SK SL3 secondary structure and boundaries are not well 
characterized, independent chemical mapping studies report SL3 
boundaries between residues 200–274 [88–90]. Crosslinking was 
enriched in the upper stem of 7SK SL3, particularly G232-U236 and 
C243-G249, with maximum crosslinking for residues A245-U246 
(Fig. 4B). 

To investigate RBM7 RRM binding to 7SK SL3 in vitro, we performed 
qualitative EMSAs using HT-RBM7101 and various constructs of 7SK SL3 
comprising either hairpin or ssRNA sequences (Fig. 4C-F). Unfortu-
nately, sample precipitation was observed shortly after addition of 
protein to RNA, indicating that although an RNA-protein complex was 
forming, the complex was not soluble. As a result, EMSAs showed only 
unbound RNA and not the complex. Binding was inferred from the 
decreasing intensity of the unbound band with increasing protein con-
centration. We first used a hairpin construct comprising the upper stem 
of 7SK RNA SL3 (SL3210–264) (Fig. 4B) and observed extremely weak 
binding requiring significant HT-RBM7101 stoichiometric excess 

(Fig. 4C). Given that canonical RRMs generally bind ssRNA [91], and the 
RBM7 RRM preferentially binds to pyrimidine-rich ssRNA [56] we then 
assessed the binding of ssRNA constructs corresponding to 7SK SL3 re-
gions with enriched crosslinking to RBM7: SL3235–251, which includes 
the SL3 apical loop, and SL3244–262 (Fig. 4D-E). Both RNA constructs 
show relatively improved binding compared to the hairpin construct, 
although excess protein is still required to saturate binding. 

To further probe binding of HT-RBM7101 to RNA we performed RNA 
titration experiments, in which SL3244–262 was titrated into HT- 
RBM7101, and monitored binding with 1H–15N HSQC experiments. 
Similar to EMSA experiments, immediate precipitation of the protein 
was observed upon addition of RNA. However, we were able to collect 
1H–15N HSQC spectra of HT-RBM7101 with 0.1 and 0.5 equivalents of 
SL3244–262 (Fig. 5). Addition of 0.1 eq RNA globally reduced the reso-
nance signal intensity compared to protein in the absence of RNA, 
indicating that the loss in signal is due to RNA-protein complex forma-
tion and subsequent precipitation. The 1H–15N HSQC spectra of HT- 
RBM7101 in the absence and presence of 0.1 equivalents of RNA is 
identical with no apparent chemical shift perturbations, suggesting that 
the observed resonances are unbound protein. At 0.5 equivalents, the 
majority of backbone amide resonances of the RRM disappear (Fig. 5). 

4. Discussion 

As a component of NEXT, RBM7 targets RNA for processing and 
turnover [53,54]. RBM7 assembly with proteins is essential for its 
function in NEXT [50,58]. An alternate function for RBM7 has recently 
been identified, independent of NEXT, in which RBM7 assembles with 
both 7SK RNA and core 7SK RNP protein components to promote P-TEFb 
release and subsequent transcription activation of genes in response to 
genotoxic stress [34]. In this study, we used solution NMR spectroscopy 
in combination with biochemical and biophysical assays to investigate 
RBM7 RRM folding and probe RRM interactions with 7SK RNA. To 

Fig. 4. RBM7 interaction with 7SK RNA. A) Plot of average normalized RT stop values from DMSO control (black) and 4-NQO-treated (red) iCLIP experiments. B) 
Average normalized RT stop values of 4-NQO-treated sample, shown in panel A, plotted as a heat map onto a secondary structure model of the upper region of 7SK 
SL3. C-E) Representative gel images of EMSAs for HT-RBM7101 with 7SK SL3 RNA constructs for C) hairpin SL3210–264, D) ssRNA SL3235–251, E) ssRNA SL3244–262. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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evaluate the C-terminal boundary requirements for RBM7 RRM folding 
and stability, we generated RRM constructs corresponding to the X-ray 
structure of the individual RRM (aa 1–86, PDB ID 5IQQ), RRM-ZCCHC8 
complex (aa 1–91, PDB IDs 5LXR and 5LXY), and a C-terminal extended 
construct ending at residue 101. We found that while all constructs 
could be recombinantly expressed and purified, the minimal HT-RBM786 

construct was the least stable with the lowest yields, rapid precipitation, 
and deterioration of 1H–15N HSQC spectral quality within one day. HT- 
RBM791 and HT-RBM7101 constructs had improved yields, little to no 
observable precipitation, and NMR 1H–15N HSQC as well as CD spectra 
indicating a folded protein. 1H–15N HSQC spectra of RRM constructs 
showed line-broadening, indicative of chemical exchange, for residues 
in the β3-α2-β4 region on the underside of the RRM and global loss of 
signal for samples at concentrations exceeding 0.3 mM. Thermal melting 
and aggregation assay experiments showed that the RRM forms soluble 
aggregates in a concentration- and temperature-dependent manner. 
These findings are consistent with prior reports that RBM7 is prone to 
aggregation in the absence of protein binding partners in vitro [85]. 

CryoEM structures of RBM7 in the NEXT complex [60,61], as well as 
X-ray structures of the RBM7 RRM bound to NEXT component ZCCHC8 
[58], show that the RBM7 RRM interacts with an acidic domain of 
ZCCHC8 (residues 277–328, theoretical pI 4.5) on the underside of the 
RRM (α1-α2-β4’) (Supplemental Fig. S6) and opposite to the RNA- 
binding interface on the β-sheet surface. Interestingly, we found that 
acidic solubility tags interact with the basic RRM, suggesting a similar 
mode of binding to the underside of the RRM. A protein-protein inter-
face on the underside of the RRM (α2-β4’-β4, residues E60, P64, N68, 
K74, Y76, F84, R85) is also observed in the X-ray structure of the indi-
vidual RBM7 RRM (PDB ID 5IQQ), in which the construct crystallized as 
a pentamer (Supplemental Fig. S7). These data support a model in which 
the RBM7 RRM interacts with acidic protein domains on the underside 
of the RRM, and forms soluble aggregates in the absence of protein co-
factors when the underside of the RRM is solvent exposed. 

Comparison of NMR 1H–15N HSQC spectra and 1H–15N hetero-
nuclear NOE experiments for HT-RBM791, HT-RBM7101, and RBM7101 

showed that the N- and C-termini are flexible and do not interact with 
the RRM, in agreement with previously solved structures [56,59]. Order 
parameters and secondary structure predicted from RBM72M8H chemical 
shifts agree with the solution NMR structure that residues at the α2-β4 

junction adopt an unstructured loop. However, our 1H–15N hetero-
nuclear NOE data shows that residues N71-I80 are ordered, supporting 
the presence of an additional β4’ strand and extended β4 strand in 
agreement with X-ray structures of the RBM7 RRM. The previous NMR 
study and this study use different RRM constructs as well as different 
buffer conditions, which may explain these observed differences. We 
find that the RRM adopts structured β4’ and β4 strands in solution with 
the conditions used in this study, resolving the apparent discrepancy 
between X-ray and NMR structures of the RBM7 RRM. However, we 
observe line-broadening for residues in this region indicating that while 
these residues are structured, chemical exchange is present. Unusually, a 
proline residue (P79) is present at the beginning of the extended β4 
strand near the β4’-β4 loop. Although prolines are generally disfavored 
in α-helices and β-strands due to lack of an amide proton to participate in 
hydrogen bonding [92], proline can stabilize β-turns by reducing 
conformational entropy [93]. Interestingly, a human patient with spinal 
motor neuropathy was found to have an RBM7 P79R mutation that 
resulted in reduced RBM7 protein abundance, suggesting an important 
role of this residue in RBM7 function [94,95]. Part of the protein-protein 
binding interface (Supplemental Figs. S6–7), the α2-β4’-β4 region may 
be further stabilized by protein recognition. 

A previous iCLIP study showed enriched crosslinking of RBM7 to 7SK 
SL3 [34]. In this study, we localized RBM7-7SK RNA crosslinking to the 
distal region of 7SK SL3, which is enriched in paired and unpaired py-
rimidines. Previously, the RBM7 RRM was shown to bind heptamer 
ssRNA constructs, with affinities ranging from 60 to 150 μM [56]. 
Highest affinities were observed to polyU and alternating CU-repeat 
ssRNA sequences, with weak to no binding detected to polyC and 
polyA ssRNA sequences. A recent cryoEM structure of NEXT in complex 
with RNA showed that RBM7 makes contacts with both U and A residues 
[60]. We show that in vitro, the RBM7 RRM has little apparent binding to 
a hairpin RNA construct but binds to ssRNA constructs derived from the 
7SK SL3 apical loop and upper stem. Although base paired, the SL3 
upper stem is comprised primarily of G•U and A-U base pairs, which 
may partially unfold in vivo or in the presence of protein chaperones to 
allow RBM7 RRM to bind 7SK RNA. We propose a mode of recognition in 
which RBM7 binds to the distal region of 7SK SL3 when residues 
243–249 in the upper stem are unpaired. 

In addition to binding to 7SK RNA, RBM7 interacts with core 7SK 
RNP proteins MePCE and Larp7 [34]. Given the apparent weak binding 
of RBM7 to 7SK RNA, RBM7 assembly onto 7SK RNP likely requires both 
protein-protein and protein-RNA interactions for stable association with 
7SK RNP and for P-TEFb release. 7SK SL3 was recently shown to interact 
with another RNA binding protein, hnRNPA1 [89], which is also 
involved in P-TEFb release from 7SK RNP [15,96]. Both RBM7 and 
hnRNPA1 have increased association with 7SK RNP after 4-NQO treat-
ment [34], suggesting a shared mechanism of P-TEFb release. RBM7, 
hnRNPA1, and additional accessory proteins may work cooperatively, or 
competitively, with core 7SK RNP proteins to coordinate P-TEFb release 
for targeted regulation of specific genes in response to genotoxic stress. 
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work are deposited on the GitHub repository https://github. 
com/ceichhorn2/7SKRNAextraction. 
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