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Transcription mediated by RNA polymerase II (RNAPII) involves multiple stages, including initiation, promoter-proximal
pausing for capping, elongation, and termination. The C-terminal domain of RNAPII (CTD) contains repetitions of the
heptad consensus sequence, such as Y,S,P,;T,SsP,S, with some variety, and the phosphorylated positions in the heptad
sequences are altered according to the transcriptional stages. The interaction between several regulatory protein factors
and the phosphorylated heptad sequence plays an important role in the accurate progress of transcription. A subset of these
regulatory proteins possesses a CTD-interacting domain (CID) that specifically recognizes the phosphorylated CTD and
mediates stage-specific transcriptional control. Among them, SCAF8 (RBM16), which also contains a CID, plays a key
role in accurate transcriptional termination in conjunction with its paralog SCAF4. Despite their importance, the precise
molecular mechanisms through which SCAF8 and SCAF4 coordinate transcriptional termination via their CID domains
remain poorly understood. In this study, we report the 'H, '°N, and '*C NMR resonance assignments and solution structure
of the human SCAF8 CID domain. The structure exhibits an al-02—a3—0d4—a5—a6—a7—a8 helical topology, consistent
with the previously determined crystal structure. These assignments provide a valuable foundation for understanding how
SCAFS interacts with the RNAPII CTD and contributes to transcriptional elongation and termination.
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Biological context

The C-terminal domain of RNA polymerase 11 (RNAPII)
contains repetitions of a heptad consensus sequence, such
as Y,;S,P;T,SsP.S, with some variety (in humans, 52 repeti-
tions) (Sanchez et al. 2018; Eick et al. 2013; Corden 2013;
Pineda et al. 2015; Jeronimo et al. 2016; Lyons et al. 2020;
LeBlanc et al. 2021; Martinez and Svejstrup 2025). Tran-
scription by RNAPII includes the accurate transcriptional
events of initiation, promoter-proximal pausing for capping,
elongation, and termination. Several post-transcriptional
modifications of the heptad consensus sequence enable
interactions between specific regulatory protein factors that
control these steps (LeBlanc et al. 2021). In particular, the
phosphorylation of Ser, Thr, and Tyr residues, as well as Pro
isomerization, are crucial (Noble et al. 2005; Yogesha et al.
2014).

In mammals, when transcriptional activators bind to
enhancer sequences on DNA, they also interact with the
transcriptional co-activator complex, Mediator. The pre-
initiation complex (PIC), consisting of RNAPII and general
transcription factors, is recruited to the promoter sequence
on DNA by the interaction between PIC and Mediator
(Soutourina 2018). First, the C-terminal domain (CTD) of
RNAPII has no modification. Then, S5 and S, in the hep-
tad repeats of the CTD of RNAPII are transiently subjected
to O-GlcNAcylation by Mediator. Successively, S5 and S,
are phosphorylated just upon the removal of O-GlcMAc
modification. Phosphorylation of the CTD causes RNAPII
to escape from the PIC complex. Then RNAPII undergoes a
transient promoter-proximal pausing step before transition-
ing to productive elongation. During the pausing step, the
Ss-phosphorylation of CTD is necessary for the recruitment
of the capping enzyme complex, which acts on the nascent
5’-end of the transcribed mRNA. Then, additional Y-phos-
phorylation of the CTD by Abl1 promotes p-TEFb/CDKO9 to
induce successive phosphorylation at the S, position, which
initiates transcriptional elongation (Mayfield et al. 2019;
Lyons et al. 2020). At the early stage of transcriptional elon-
gation, the phosphorylation level of S is rather high. Thus,
phosphorylation at both S, and S5 can be observed. During
the progression of RNAPII toward the 3’-end of the tran-
script, the level of S5 phosphorylation in the CTD decreases,
in contrast to an increase in S, phosphorylation. Near the
3’-end position of the transcript and poly-A site, the level
of the phosphorylation for S, is highest at and downstream
of the poly-A, which promotes the recruitment of 3’ RNA
processing factors.

Several regulatory proteins distinguish S,, S, or S,/
Ss-phosphorylated heptad sequences to control transcrip-
tional stages, and CTD-interacting domains (CIDs) are
known as binding modules for the phosphorylated heptad
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sequence. Pcfll, Rtt103, Nrdl, SCAF4, and SCAF8 (SR-
related- and CTD-associated factors 4 and 8) were identified
as such protein factors with a CID domain.

The CID domain is composed of approximately 140
amino-acid residues and principally recognizes phosphory-
lated heptad sequences. Each CID has its own preference
for the phosphorylated positions. The CIDs of SCAF4 and
SCAF8 prefer the S,/Ss-phosphorylated sequence. In con-
trast, Pcfl1 and Rtt103 are for S,-phosphorylated ones,
and that of Nrdl for Ss-phosphorylated ones, respectively.
Several structural studies using nuclear magnetic resonance
(NMR) and/or X-ray crystallography have been performed
for solo CID domains and those with target phosphory-
lated sequences, revealing their recognition mechanisms at
atomic resolution (Meinhart and Cramer 2004; Meinhart et
al. 2005; Becker et al. 2008; Kubicek et al. 2012; Jasnovi-
dova et al. 2017a, b; Nemec et al. 2017; Zhou et al. 2022).

Human SCAFS8 was first identified as an RNAPII binder
in two-hybrid screening experiments (Yuryev et al. 1996;
Patturajan et al. 1998). It is composed of 1271 amino-acid
residues, which contain CID spanning residues 1-137 and an
RNA recognition motif (termed the RRM domain) spanning
residues 479-545. Recently, it was revealed that SCAF8 can
prevent the premature termination of early polyadenylation
sequences in human genes, cooperating with its paralog,
SCAF4 (Gregersen et al. 2019, 2022). Intriguingly, SCAF8
alone functions as an RNAPII elongation factor; thus, with-
out SCAF4, incorrect read-through transcripts are produced.
Therefore, SCAF4 is simultaneously necessary for correct
transcript termination. SCAF4 and SCAFS are co-associated
with actively elongating RNAPII. As described above, the
CIDs of both SCAF8 and SCAF4 preferentially bind to the
S,/Ss-diphosphorylated CTD of RNAPII, and the structural
information about recognition has been elucidated (Becker
et al. 2008; Zhou et al. 2022). However, how the interaction
mode between the CTD of RNAPII and SCAFS is affected
by the presence of the SCAF4 CID domain to produce an
accurate transcript has not yet been elucidated.

NMR experiments have revealed that the CIDs of Pcfl1
and Rtt103 cooperatively bind to neighboring CTD repeats
for 3’-RNA processing and transcription termination (Lunde
et al. 2010; Jasnovidova et al. 2017a, b). Furthermore, the
issue is rather complicated because there is a possibility that
some CID domains could interact with factors other than the
phosphorylated heptad sequences. In Saccharomyces cere-
visiae, Nrd1 is involved in terminating the transcription of
non-coding RNAs, such as snoRNAs, along with Nab3 and
Senl. The CID of Nrd1 reportedly binds to the Ss-phosphor-
ylated CTD and interacts with the C-terminal segment of
Senl, which contains the Nrdl interacting motif composed
of approximately 13 amino-acid residues (Zhang et al. 2019;
Chaves-Arquero et al. 2023; Han et al. 2020). Furthermore,
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in the case of Pcfl1, the CID reportedly could interact with
RNA molecules that compete with the phosphorylated hep-
tad sequence. This competition plays an important role
in regulating the interactions between the CTD and CID
(Hollingworth et al. 2006). Furthermore, SCAF8 plays an
important role other than in transcriptional stability. For
example, SCAFS is reportedly involved in determination of
the alternative splicing sites (Schmok et al. 2024). Thus, it is
necessary to consider interactions between CIDs and RNA/
protein factors other than heptad sequences to elucidate the
transcriptional termination system.

Herein, we report the 'H, 3¢, and N chemical shift
assignments and solution structure of the CID of human
SCAFS, as determined by heteronuclear NMR methods.
Previously, the NMR chemical shift data of CIDs for the
recognition of S,- and Ss-phosphorylated heptad sequences
(Pcf11 and Nrd1, respectively) have been reported (Xu et al.
2015; Kubicek et al. 2011). Thus, NMR data for the SCAFS8
CID that recognizes the S,/Ss-phosphorylated heptad are
important for the comparison of different CID domains.
The structural information and assignments obtained in
this study provide information for the elucidation of the
behavior of SCAF8 during transcriptional elongation and
termination.

Methods and experiments
Sample preparation

The DNA encoding the CID domain (Metl-Gly137) of
human SCAFS8 (UniProt accession no. QQUPN6) was sub-
cloned from a full-length human cDNA clone using poly-
merase chain reaction. This DNA fragment was cloned into
the expression vector pCR2.1 (Invitrogen) as a fusion pro-
tein with an N-terminal native His affinity tag and a tobacco
etch virus protease cleavage site preceding the GSSGSS-
GDN linker sequence. The '*C/!*N-labeled fusion protein
was synthesized using a cell-free protein expression system
(Kigawa et al. 2004; Matsuda et al. 2007). The lysate was
clarified by centrifugation at 16,000 x g for 20 min and fil-
tered through a 0.45-mm membrane (Merck Millipore). The
clarified lysate was applied to a His-Trap column (Cytiva),
eluted with a 12-500 mM imidazole gradient, and the tag
was removed by incubation with tobacco etch virus protease
for 1 h at 30 °C. The tag-free samples were further purified
by Superdex-75 gel filtration chromatography (Cytiva). For
NMR measurements, the resulting samples were concen-
trated to approximately 1.0 mM in 20 mM d-Tris—HCI buffer
(pH 7.0), containing 100 mM NaCl, 1 mM 1,4-pL-dithioth-
reitol-d,,, and 0.02% NaN; (in 90% H,0/10% D,0), using
an Amicon Ultra-15 filter (3000 MWCO, Merck Millipore).

Consequently, the fusion protein contained an artificial
tag-derived sequences, (GSSGSSGDN) at the N-terminus
and (SGPSSG) at the C-terminus derived from the expres-
sion vector. The folding state of the *C/'*N-labeled protein,
composed of 137 residues of the human SCAF8 CID, was
verified by 2D "H-'SN heteronuclear single quantum coher-
ence (HSQC) experiments (Kigawa et al. 2004), which
exhibited well-dispersed resonances (Fig. 1).

NMR spectroscopy and structure calculations

All NMR data were acquired at 298 K on Bruker 700 MHz
and Bruker 800 MHz spectrometers and processed using
NMRPipe software (Delaglio et al. 1995). Two-dimensional
'H->C and '"H-'SN HSQC spectra, three-dimensional
HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACSB,
CBCA(CO)NH, HBHA(CO)NH, H(CCCO)NH, (H)
CC(CO)NH, HCCH-TOCSY, HCCH-COSY, CCH-TOCSY,
and NOESY spectra (Cavanagh et al. 2018; Clore and
Gronenborn 1998) were used to assign all carbon, nitrogen,
and hydrogen atoms of the '*C/!*N-labeled sample.

Nuclear Overhauser effect (NOE) peaks from the '"N-
and '*C-edited 3D NOE spectroscopy (NOESY) spectra
with a mixing time of 80 ms were converted to distance
restraints for structural calculations of the CID domain
of human SCAFS. The three-dimensional structure of the
labeled protein was determined by combining automated
NOESY cross-peak assignment and structural calculations
with torsion angle dynamics (Herrmann et al. 2002) imple-
mented in the program CYANA 2.1 (Glintert et al. 1997).
The dihedral angle restraints for ¢ and y were obtained
from the main-chain and '*CP chemical shift values using
the TALOS program (Cornilescu et al. 1999) and by ana-
lyzing the NOESY spectra. Stereospecific assignments for
isopropyl methyl and methylene groups were determined
based on the patterns of inter- and intra-residual NOE inten-
sities (Powers et al. 1993). The structure calculation started
with 400 randomized conformers using a standard CYANA-
simulated annealing schedule with 40,000 torsion angle
dynamics steps per conformer (Giintert and Buchner 2015).
The atomic coordinates of the 20 structures with the lowest
CYANA target function values were deposited in the Protein
Data Bank under the PDB accession code 2DIW.

Further refinements by restrained molecular dynam-
ics simulation followed by restrained energy minimization
were performed for the 80 conformers with the lowest final
CYANA target function values, using the Amber12 program
with the Amber 2012 force field and a generalized Born
model (Case et al. 2005), as described previously (Tsuda
et al. 2011). Finally, 20 conformers with the lowest Amber
energy values were selected as the final structures and depos-
ited in the Protein Data Bank under the PDB accession code
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9U9X. The PROCHECK-NMR (Laskowski et al. 1996) and
MOLMOL (Koradi et al. 1996) programs were used to vali-
date and visualize deposited structures, respectively.

Extent of assignments and data deposition

The protein used in NMR analysis was a truncated and
tagged version of the CID domain of human SCAFS. It is
comprised of 137 residues, including nine and six tag resi-
dues at the N- and C-termini, respectively. The assigned 'H-
SN HSQC spectrum of the human SCAFS8 CID is shown in
Fig. 1. All backbone amide hydrogen and nitrogen atoms
were assigned except for the amide protons of Ala24 and
Aspl14 (Fig. 1). In total, all C%, CP chemical shifts, and C’
chemical shifts except for Pro28 were determined. Further-
more, the chemical shifts of all non-exchangeable side-chain
proton resonances and their related carbons were assigned.
On the basis of the difference in the CP-CY chemical shift
of Pro residues (Schubert et al. 2002), we predicted that

the X-Pro peptide bond for Pro29 was in the cis conforma-
tion, whereas that of the other Pro residues was in the trans
conformation. As confirmation of the cis-conformation of
Pro29, we also identified a strong H*- H* sequential NOE
between Pro28 and Pro29 (Wiithrich 1986). The chemical
shift assignments for the human SCAF8 CID domain were
deposited in the BMRB database under accession number
36749.

Solution structure of the CID domain of human
SCAF8 (RBM16)

The quality of the NOESY spectra of the CID domain of
human SCAFS8 was appropriate for straightforward struc-
tural calculations. In the '*N- and '*C-edited 3D NOESY
spectra, 4750 non-redundant distance restraints were iden-
tified, including 1407 long-range distance restraints. The
backbone torsion angle restraints calculated using the
TALOS program (Cornilescu et al. 1999) were also used for
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Fig. 1 Backbone resonance assignment of the CID domain of human SCAF8. Assigned 2D "H-'>N HSQC spectrum of the CID domain of human
SCAFS8. Data were acquired on a Bruker 700 MHz spectrometer using the States-TPPI method with the water flip-back pulse sequence.
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Fig. 2 Solution structures of the CID domain of human SCAFS. (a)
The best-fit superposition of the backbone atoms from the 20 conform-
ers of the CID domain of human SCAFS8 with the lowest energy (blue
lines) was calculated using CYANA2.1 and refined using Amber12.
Red lines show the crystal structure determined previously (3D90).

structure calculations with the CYANA 2.1 (Giintert 2004;
Giintert et al. 1997; Herrmann et al. 2002) and Amber12
programs (Case et al. 2005) (Supplementary Table 1).
Among the 137 residues of the SCAF8 CID, the first Met1—
Alal36 region was converged well. Thus, a bundle of 20
conformers representing the solution structures of the CID
domain of human SCAFS, spanning residues Metl-Alal36,
is shown in Fig. 2(a). Eight long helices (al: 2-15, a2:
23-36, 03: 40-53, ad: 59-77, a5: 8389, a6: 92-99, a7:
107-119, and a8: 125-135) were identified. The structural
precision is characterized by RMSD values to the mean
coordinates of 0.24+0.05 A for the backbone atoms and
0.82+0.07 A for all heavy atoms of residues Glu2—-Alal36
of the SCAF8 CID domain. The structural quality of the
SCAFS8 CID domain was reflected by 100.0% of the (¢, y)
backbone torsion angle pairs in the most favored and addi-
tionally allowed regions of the Ramachandran plot, accord-
ing to the PROCHECK-NMR program (Laskowski et al.
1996). Statistics regarding the quality and precision of the
final 20 best conformers representing the solution structure
of the SCAF8 CID domain are provided in Supplementary
Table 1.

The present NMR solution structure of the human SCAFS8
CID domain is almost identical to that obtained from X-ray
crystallographic studies (Becker et al. 2008). The crystal
structure (3d9k) and the lowest energy NMR structure can
be superimposed with a backbone RMSD of 0.60 A for resi-
dues 2—-136 (Fig. 2a).

The amino-acid sequence of the SCAF8 CID domain is
80% identical to that of SCAF4 (Supplementary Fig. 1).
Several hydrophobic amino-acid residues in SCAF4 were
replaced with hydrophilic residues in SCAFS. Therefore,
the hydrophobic patches observed on the surface composed

(b) Ribbon presentation of the lowest energy structure of the SCAFS
CID domain. The eight main helices (a1-a8) are shown in coral with
increasing density. (¢) Electrostatic surface presentation of the SCAFS
CID domain in the same view as (b). Blue and red represent positive
and negative electrostatic surface potentials, respectively.

of helices al and a2 in SCAF4 (Supplementary Fig. 2a)
were missing from the corresponding surface of SCAF8
(Supplementary Fig. 2b and c). It is probable that the dif-
ference in the hydrophobic patch patterns on the surfaces of
al and a2 alters the molecular interactions mediated by the
CID domains between SCAF8 and SCAF4.

We expect that the present NMR chemical shift data and
structural study will provide a basis for functional studies
of the CID domain of human SCAFS, leading to further
understanding of its function in the production of accurate
transcripts.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s12104-0
25-10252-3.
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