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Summary

The nuclear cap-binding complex (CBC) co-ordinates co-transcriptional maturation,
transport, or degradation of nascent Pol II transcripts. CBC with its partner ARS2 form
mutually exclusive complexes with diverse ‘effectors’ that promote either productive or
destructive outcomes. Combining Alphafold predictions with structural and biochemical
validation, we show how effectors NCBP3, NELF-E, ARS2, PHAX and ZC3H18 form
competing binary complexes with CBC and how PHAX, NCBP3, ZC3HI18 and other
effectors compete for binding to ARS2. In ternary CBCA complexes with either PHAX,
NCBP3 or ZC3H18, ARS2 is responsible for the initial effector recruitment but inhibits their
direct binding to the CBC. We show that in vivo ZC3H18 binding to both CBC and ARS2 is
required for nuclear RNA degradation. We propose that recruitment of PHAX to CBC-ARS2
can lead, with appropriate cues, to competitive displacement of ARS2 and ZC3H18 from the

CBC, thus promoting a productive rather than a degradative RNA fate.
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Introduction

The heterodimeric nuclear cap-binding complex (CBC, comprising subunits
CBP80/NCBP1 and CBP20/NCBP2) binds tightly to the 5’ cap-structure (m’GpppNm, where
N is the first transcribed nucleotide), a co-transcriptional modification common to all nascent
Pol II transcripts. Capping occurs during NELF (negative elongation factor) and DSIF (DRB
sensitivity-inducing factor) induced Pol II transcriptional pausing 25-50 nucleotides after
initiation (Rambout and Maquat, 2020). The extreme C-terminus of the NELF-E subunit
interacts directly with CBC in a groove formed at the CBP20-CBPS80 interface and likely
plays a role in its recruitment to the capped transcript (Aoi et al., 2020; Narita et al., 2007,
Schulze and Cusack, 2017). Upon P-TEFb induced Pol II pause release, during which NELF
disassociates, it is likely that ARS2 replaces NELF-E in binding to CBC, through a very
similar interaction of its C-terminal region in exactly the same binding groove (Aoi et al.,
2020; Schulze and Cusack, 2017). Thus, during early elongation, the CBC-ARS2 (CBCA)
complex is formed co-transcriptionally on many, if not all, Pol II transcripts. ARS2 is a multi-
domain protein with a largely helical core that includes an RRM domain and projecting N-
and C-terminal arms (Melko et al., 2020; O'Sullivan et al., 2015; Schulze and Cusack, 2017).
ARS2 has been described to be ‘at the nexus of RNA Pol II transcription, transcript
maturation and quality control’ (Lykke-Andersen et al., 2021), and is central to driving
transcriptional and post-transcriptional molecular decisions as well as being a ‘general
suppressor of pervasive transcription’ (lasillo et al., 2017; Rouviere et al., 2023). However,
how it mechanistically fulfils these functions in a transcript dependent fashion remains
incompletely understood.

Many different productive or degradative co-transcriptional ‘classifier’ factors or
‘effectors’, which ultimately contribute to fate determination in a transcript-dependent

manner, have been shown to interact competitively and in dynamic exchange with either or
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both components of CBCA (Andersen et al., 2013; Fan et al., 2017; Giacometti et al., 2017;
Hallais et al., 2013; lasillo et al., 2017; Kiriyama et al., 2009; Muller-McNicoll and
Neugebauer, 2014; Schulze and Cusack, 2017) (Garland and Jensen, 2020; Lykke-Andersen
et al., 2021; Pabis et al., 2013; Polak et al., 2023; Rambout and Maquat, 2020; Schulze et al.,
2018; Winczura et al., 2018). Amongst the productive factors are PHAX (Ohno et al., 2000),
NCBP3 (Gebhardt et al., 2015; Schulze et al., 2018), FLASH (Kiriyama et al., 2009; Schulze
et al.,, 2018) and ALYREF (Cheng et al., 2006; Fan et al., 2017; Gromadzka et al., 2016;
Viphakone et al., 2019), which promote processing, nuclear transport and export of various
RNAs. Primary degradative factors, such as ZC3H18 and ZFC3HI1, link CBCA to the
exosome-adaptors NEXT (nuclear exosome targeting complex) (Andersen et al., 2013; Lubas
et al., 2011; Pabis et al., 2013; Polak et al., 2023) and PAXT (pA tail exosome targeting
connection) (Meola et al., 2016) respectively. Both adaptors recruit the ribonucleolytic
nuclear exosome, leading to the degradation of aberrant (e.g. 3' extended snRNAs) or
unwanted/excess transcripts (e.g. promoter upstream transcripts (PROMPTs) and enhancer
RNAs (eRNAs)) or in some cases to transcript maturation through trimming (e.g. telomerase
RNA, some snoRNAs) (Cordiner et al., 2023; Gable et al., 2019; Gockert et al., 2022; Zinder
and Lima, 2017). Recently, it has been shown that the transcription restriction factor ZC3H4
can also recruit NEXT to nascent transcripts in an ARS2-dependent fashion (Rouviere et al.,
2023). The C-terminal leg domain of ARS2, or its ‘effector domain’, is rich in conserved
basic residues and has been implicated in the competitive binding to several effectors,
including FLASH, NCBP3, ZC3H18, ZC3H4 and ZFC3H1 (Redl in S. pombe). These
effectors all contain a so-called ARS2-recruitment motif (ARM), an acidic-rich short linear
motif (SLiM) with the consensus (E/D)(D/E)G(E)(L/I/V) (Dobrev et al., 2021; Foucher et al.,
2022; Kiriyama et al., 2009; Melko et al., 2020; Polak et al., 2023; Rouviere et al., 2023;

Schulze et al., 2018).
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PHAX (phosphorylated adapter for export) is required for intranuclear transport of
snRNAs and independently transcribed snoRNAs to Cajal bodies and the CRM1-dependent
nuclear export of snRNAs (Boulon et al., 2004; Ohno et al., 2000; Suzuki et al., 2010).
PHAX binds directly to the CBC (Ohno et al., 2000; Schulze and Cusack, 2017; Schulze et
al., 2018), which requires both CBC subunits (Hallais et al., 2013). A minimal region,
PHAX'®?*" is required for full binding (Schulze et al., 2018), which includes the PHAX
non-specific RNA-binding domain (Mourao et al., 2010; Segref et al., 2001). PHAX may
initially bind to a wide-range of transcripts (Giacometti et al., 2017) but is thought to be
displaced by hnRNP-C on RNAs, such as mRNAs, with long enough (> 200 nts) unstructured
5’ regions (Dantsuji et al., 2023; McCloskey et al., 2012). It has been shown that PHAX
binding to CBC is incompatible with the binding of NELF-E (Schulze and Cusack, 2017) and
ZC3H18 (Giacometti et al., 2017). However, the precise mode of binding of PHAX to the
CBC, and hence how it competes with these factors, is unknown.

NCBP3 was originally described to form an alternative heterodimeric cap-binding
complex with CBP80 (Gebhardt et al., 2015), but it was later shown that CBC-NCBP3 form a
ternary complex and a quaternary complex with ARS2 as well (Rambout and Maquat, 2021;
Schulze et al., 2018). Although NCBP3 does bind the cap-analogue m’GTP, presumably via
its PARN-like RNA binding-domain, the interaction is significantly weaker than to the
canonical CBC (Gebhardt et al., 2015; Schulze et al., 2018). NCBP3 also interacts with the
EJC (exon junction complex) and TREX (transcription-export complex), thus positively
influencing mRNA export (Dou et al., 2020; Gebhardt et al., 2015). More specifically,
NCBP3 has been implicated in the preferential export and translation of certain mRNAs
upregulated under stresses, such as viral infection (Gebhardt et al., 2019), hypoxia (Shen et
al., 2020) or trimethyl-capped HIV mRNAs (Singh et al., 2022). NCBP3 binding to CBC has

been shown to be mutually exclusive with PHAX binding (Schulze et al., 2018).
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ZC3H18 was first identified as the factor linking CBCA to the NEXT complex
(Andersen et al., 2013) but the protein may have additional functions (Winczura et al., 2018).
ZFC3H]1 plays a similar role, at least for some PAXT substrates (Meola et al., 2016; Polak et
al., 2023), the counterparts in S. pombe being Redl and the MTREC complex (Dobrev et al.,
2021; Foucher et al., 2022; Zhou et al., 2015). ZC3H18 binds to the CBCA complex
(Winczura et al., 2018) competitively with PHAX (Giacometti et al., 2017), but the structural
details underlying this competition are currently unknown.

Here we use insights gained from Alphafold (Jumper et al.,, 2021) and perform
structural, biochemical and biophysical studies to understand how NCBP3, PHAX and
ZC3H18 bind to CBCA and how formation of mutually exclusive higher-order CBC
complexes occurs. We reveal that the structural basis for competitive binding to the CBC by
NCBP3, PHAX and ZC3H18, as well as NELF-E and ARS2, depends on conserved binding
modes of these proteins to the same sites on the CBC. We also demonstrate that PHAX,
NCBP3 and ZC3HI8 compete for binding to the effector domain of ARS2 via their
respective ARMs. Indeed, we find that ARS2 is required for initial recruitment of these
effectors to CBCA, while preventing their direct binding to the CBC. Finally, for ZC3H18,
we show by mutational analysis that its binding to both CBC and ARS2 is required for RNA
degradation in vivo. Our results suggest that RNA fate determination depends on competition
between RNA effectors for sites on both CBC and ARS2, with the outcome being determined

by additional transcript-dependent cues.

Results
NCBP3 binds to the CBC via its C-terminal tryptophan-containing helix
NCBP3, an RNA-binding domain containing protein of 620 residues (Figure 1A), was

previously shown to bind directly to both CBP80 and the complete CBC in vitro (Schulze et
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al., 2018). To identify the CBC-binding region of NCBP3, we used MBP pull-down assays
and found that the C-terminal region of NCBP3 (NCBP3***®*) retained CBC-binding
capacity, while the N-terminal region, NCBP3'?%°, did not (Figures S1A-S1C). Further
truncations showed that NCBP3°°%? is sufficient for stable complex formation with CBC
(Figures SIB-S1E) and isothermal calorimetry (ITC) measurements determined the K4 of the
CBC-NCBP3°** interaction to be ~173 nM, which slightly decreased to ~115 nM when the
CBC was bound to the cap analogue (m’GTP) (Figures SIF and S1G).

To understand the molecular details underlying this interaction, we determined the
structure of the CBC-m’GpppG-NCBP3°*** complex by single-particle cryogenic electron
microscopy (cryo-EM) at 3.2 A resolution (Figures 1B and S2, Table S1). This revealed that
residues 574-594 of NCBP3 form an a-helix that packs against the second MIF4G domain of
CBP80 (Figures 1C and S3A). NCBP3 L577, W581, L584 and I585 bind to a hydrophobic
surface on CBP80, with W581 inserting into a pocket comprising CBP80 residues A392,
H420, F424 and W428. (Figure 1D). In addition, D574, Q578, W581 and R592 of NCBP3
form main and side chain hydrogen bonds with N423, Q425, R427, E431 and D432 of
CBP80 and R105 of CBP20 (Figure 1E). No density was observed for residues 595-620. In
agreement with this, removal of C-terminal residues 598-620 resulted in only a slight
reduction of the binding affinity (K4 = 222 nM, Figure S3B). Further truncation to residue
590 increased the K4 to 6 uM (Figure S3C), suggesting that, in addition to the W581-binding
pocket, electrostatic interactions with the conserved positively charged residues 591-597
contribute to the binding. The majority of the CBC and NCBP3 residues involved in these
contacts are well conserved across species supporting the importance of this interaction
(Figures 1F, 1G and S3D). We note that two very similar isoforms of NCBP3 are reported in
many species (including human), which however diverge significantly only beyond the

observed CBC-binding site (i.e. beyond QKKSR-597) (Figure S3E). This suggests that both
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isoforms should be able to bind similarly to the CBC and supports that residues beyond 597
are unlikely to be important for binding.

To confirm a key role of NCBP3 W581 in CBC binding, we generated an NCBP3>%""
629 construct containing the W581E mutation, which did not significantly deviate from the
behaviour of the wild-type protein upon gel filtration (Figures S1D, S1E, S3F and S3G.

Importantly, using size exclusion chromatography and ITC, we could show that NCBP3°%%¢2

(WSB1E) 1o longer binds to the CBC (Figures S3F-S3H). Together, these results demonstrate
that CBP80 possesses an interaction surface including a conserved tryptophan-binding pocket

(Figures 1D-F) that, in the case of NCBP3, specifically binds to the C-terminal W581-

containing helix.

A tryptophan-containing helix contributes to CBC binding by NELF-E

Since the CBC is involved in multiple, often mutually exclusive, interactions with
RNA biogenesis factors, we hypothesised that the CBP80 surface, interacting with the
NCBP3 C-terminus, could interact with other competing proteins. NELF-E, a subunit of the
NELF complex (Figure 1H), is known to bind the CBC and NELF-E***** is sufficient for
this interaction (Narita et al., 2007), binding to the cap-bound CBC with K4 ~50 nM (Schulze
and Cusack, 2017). A crystal structure of NELF-E*®~* complexed with the CBC showed
how the C-terminal extremity of NELF-E binds in the CBP20-CBP80 interface groove
(Schulze and Cusack, 2017). However, the binding affinity of NELF-E***** to the CBC is
only 3.3 puM, indicating that upstream sequences of NELF-E likely contribute to the
interaction. Furthermore, it was shown that PHAX and NELF-E only compete for binding to
the CBC when NELF-E*****°_ and not NELF-E*****  is used (Schulze and Cusack, 2017).

Examination of the sequence of NELF-E, in conjunction with its AlphaFold (Jumper

et al., 2021) predicted structure (AlphaFold-DB, AF-P18615), identified a putative helix with
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an exposed W345 as a candidate for additional binding to the CBC (Figure S4A). To gain
further insight, we used AlphaFold-multimer (Evans et al., 2022) to predict the structure of
the CBC-NELF-E complex. We note that AlphaFold consistently predicts the cap-bound
form of the CBC, that is with CBP20 fully structured (Mazza et al., 2002), to which the C-
terminal peptides of both ARS2 and NELF-E have been shown to have an enhanced binding
(Schulze and Cusack, 2017). Furthermore, we confirmed that AlphaFold predicts with high
confidence the observed binding of the NCBP3 W581-containing helix to the CBC (data not
shown), as well as the binding of the ARS2 C-terminal peptide in the CBP20-CBP80
interfacial groove (data not shown). In the case of the CBC-NELF-E complex, AlphaFold
predicts, with high confidence, that residues 344-380 bind to the CBC (Figures 11, 1J, S4B
and S4C). The prediction of the C-terminal 20 residues (360-380) at the CBP20-CBP80
interface corresponds to the experimentally determined CBC-NELF-E structure (Schulze and
Cusack, 2017) (Figure S4D). In addition, a short helix (residues 344-350), containing the
well-conserved W345, is predicted to bind in the same CBP80 Trp-binding pocket as
observed for NCBP3 W581, but, surprisingly, with the opposite polarity to the NCBP3 Trp-
containing helix (Figures 1J, 1K and S4E). To confirm this prediction, we mutated NELF-E
W345 to glutamate and found that while WT NELF-E***% bound to the CBC with a Ky of
113 nM (Figure S4F), the NELF-E***7* (W345E) mutant displayed significantly reduced
binding, with a Ky of 1.3 pM (Figure S4G). The behaviour of NELF-E***** was not
significantly altered by the W345E mutation as judged by gel filtration analysis (Figures
S4H-S4J). These results therefore demonstrate, that in addition to its previously described
binding to the groove at the CBP20-CBPS80 interface, also used by ARS2, NELF-E interacts
with the tryptophan-binding pocket used by NCBP3 (Figures 1D and 1F). Binding of this

second region likely explains the previously observed discrepancy, that NELF-E*®* does
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244-380

not account for all the binding affinity of NELF-E to the CBC nor to the observed

competition with PHAX for CBC binding (Schulze and Cusack, 2017).

AlphaFold prediction of the CBC-PHAX complex structure

In addition to ARS2, NELF-E and NCBP3, the CBC also binds to PHAX (Figure 2A),
an interaction that is critical for the snRNA export pathway (Ohno et al., 2000). In the
presence of cap analogue, full-length PHAX binds CBC with a Ky of 125 nM and PHAX'®
27 which includes the PHAX RNA binding domain, was proposed to be the minimal
construct maintaining almost full CBC binding efficiency (Schulze and Cusack, 2017). The
AlphaFold-DB prediction of isolated PHAX (AF-Q9H814), together with sequence
alignments, highlighted a conserved W118 on a predicted helix (117-136), positioned within
the minimal CBC binding region, which we hypothesised could bind to the CBC in a similar
fashion to NCBP3 and NELF-E (Figure S5A). Applying AlphaFold-multimer to the CBC-
PHAX complex, PHAX residues 116-133 were confidently predicted to form a helix,
containing W118, that would bind to the Trp-binding surface of CBP80 with the same
directionality as that of NELF-E (i.e. opposite to the NCBP3 Trp-containing helix) (Figures
S5B-S5E). Secondly, the extreme C-terminus of PHAX (390-DLDIF) was predicted to bind
at the distal end of the groove between CBP20 and CBP80 in a fashion equivalent to the
extreme C-termini of ARS2 (867-DVDFF) and NELF-E (376-LVDGF) (Figures S5B-S5E).
Finally, just downstream of the putative Trp helix, PHAX residues 146-153 were predicted to
either interact with CBP20 close to the cap-binding site (Figures S5B-SS5E) or, less
consistently, to the proximal groove between CBP20 and CBP80, depending on whether full-
length PHAX or PHAX'*'™ respectively, were used in the prediction. In the latter case,
R147 and Y152 of PHAX interacted in an identical fashion to that observed for the

equivalently spaced (RxxxxY) residues in the C-terminal peptides of ARS2 and NELF-E
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(Figures S5F-S51). We note that W118, R147, Y152 and F394 are highly conserved amongst
metazoan PHAX (Figure 2G), lending credence to their potential functional importance. We
also note that the proposed NES of PHAX (133-ATELGILGM) is in this region (Ohno et al.,
2000).

These predictions suggest that the PHAX and NELF-E binding sites on the CBC
overlap in both the Trp-binding pocket and in the CBP20-CBP80 groove. This is consistent
with the reported competition between PHAX and NELF-E for binding the CBC (Schulze
and Cusack, 2017), and in line with the fact that NELF-E*>**** (which does not include
W345) does not compete with PHAX. More unexpectedly, the AlphaFold predictions
suggested that the PHAX and ARS2 binding sites could also overlap in the CBP20-CBP80
groove. This would imply a potential competition between PHAX and ARS2 binding to the
CBC, even though the three proteins are reported to form a ternary complex, denoted CBCAP
(Hallais et al., 2013; Schulze and Cusack, 2017). We therefore set out to test these predictions

structurally and biochemically.

Cryo-EM determination of the CBC-PHAX complex structure

We determined the cryo-EM structure of full-length PHAX complexed to the CBC at
3.3 A resolution (Figures 2B, 2C, S6 and Table S1). We included a 12-mer capped RNA
(m’GpppAAUCUAUAAUAG) that could engage with both the CBC and potentially the
PHAX RNA-binding domain, with the aim of maximally stabilising full-length PHAX
binding to the CBC (Ohno et al., 2000). Although in 2D classes, there was fuzzy density that
is likely attributable to PHAX (Figure S6), in the processed maps, most of PHAX was not
visible, nor was the RNA except for its cap. However, two regions of PHAX gave
interpretable density. Firstly, the W118-containing helix binds to CBC (Figure S7A), very

much as predicted by AlphaFold (Figures 2B, 2C and S5B-S5E), with W118 inserting into
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the pocket formed by CBP80 residues A392, H420, F424 and W428 (Figure 2D). In addition,
and also as predicted, there is density for the extreme C-terminus of PHAX (390-DLDIF)
binding at the very distal end of the CBP80-CBP20 groove similar to ARS2 and NELF-E
(Figures 2E and 2F). We also observed extra density near CBP20 Y142 and Y149 and
between CBP20 Y50 and CBP80 Y461 (the conserved arginine binding site for ARS2 and
NELF-E) but the disjointed nature of the density in this region did not permit to place

residues. Thus, neither of the two predicted positions of PHAX '3

(notably the position of
the 147-RxxxxY motif) (Figures SSE and S5I) could be confirmed.

To validate and further characterise the mode of binding of PHAX to the CBC, we
first verified by gel filtration that PHAX'"™'*® forms a stable complex with the CBC (Figure
2H) and that the W118E mutation abolishes this interaction (Figure 2I). Moreover, the

W118E mutation did not significantly alter the behaviour of PHAX'"'*

as judged by gel
filtration analysis (Figure S7B). Using ITC, we measured the K4 for this fragment to be 2.4
uM (Figure 2J), whereas no binding could be detected for PHAX'®"7°WH8E) (Eigyre 27). The
W118E mutation introduced into full length PHAX was not sufficient to abolish binding to
CBC in gel filtration (Figures S7C and S7D), consistent with the observed binding to CBC of
the PHAX C-terminus (390-DLDIF) and likely also the RNA binding domain (Schulze and

Cusack, 2017).

PHAX, NCBP3 and ZC3H18 contain ARS2 recruitment motifs (ARMs).

Previous studies have shown that ARS2 enhances the binding of PHAX to the CBC
and that this might be through a direct interaction of PHAX with ARS2 (Hallais et al., 2013).
AlphaFold predicts with high confidence that PHAX 9-EDGQL should bind to the effector
domain of ARS2 (Figures 3A, 3B, and S8A-C), exactly as observed crystallographically for

the ARS2 recruitment motif (ARM), the ‘EDGEI’ sequence, of S. pombe Redl (Foucher et
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al., 2022). Sequence alignments of PHAX from metazoans (mammals, birds, fish, amphibians
and insects) showed that this putative ARM in PHAX is highly conserved (Figure 3C).
Unusually, certain mammals, including human, have a Q in the fourth position, but overall
the motif is within the consensus (Foucher et al., 2022). Plant PHAX proteins also contain a
putative ARM, either near the N-terminus (EEGEI/L/F, A. thaliana-like) or near the C-
terminus (EEGEI, maize-like). Consistently, 4. thaliana PHAX was used in a Y2H assay that
demonstrated an interaction between PHAX and ARS2 (Giacometti et al., 2017).

We measured by Bio-layer interferometry (BLI), the Kq of ARS2'**"! binding to a
series of 20-mer peptides, containing the ARMs from a number of human RNA regulatory
factors (Foucher et al., 2022), including the PHAX 9-EDGQL motif (within the PHAX'"'®
peptide), two distinct putative motifs in NCBP3 and double motifs in the Zn-finger
containing degradative factors ZFC3H1, ZC3H18 and ZC3H4 (Figures 3D and 3E). Kgs
ranged from 0.16 to 9 uM, with the motif context clearly playing a role (Figures 3D, 3E, and
S8D-K). Tandem motifs of the tested Zn-finger proteins tended to have higher affinity,
perhaps due to avidity affects. The exception was the double motif of ZC3H18 (Kq4 of 7.7
uM). However, ZC3H18 in fact  contains a third ARM (191-
DDGEIDDGEIDDDDLEEGEV), not included in the tested peptide. When binding of all
three motifs of ZC3H18 to ARS2'**"! was analysed by ITC using MBP-ZC3H18'72"* a K4
of 3.5 uM was measured (Figure S8L). The Ky decreased to 0.7 uM when the construct
MBP-ZC3H18'""**®  encompassing the downstream Zn-knuckle (residues 222-243), was
used (Figure S§M), consistent with the AlphaFold prediction that this region can also interact
with the ARS2 C-terminal leg (see below, Figures S9A and S9D). Interestingly, in MBP pull-
down assays MBP-ZC3H187*"%>| still interacted with ARS2'"*"! even in absence of the
ARM motifs providing further support for importance of the Zn-knuckle region in ARS2

binding (Figure S8N, lane 13).
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Both putative ARMs from NCBP3 bind ARS2, the second one with higher affinity,
and the corresponding motifs are well conserved in vertebrates (Figures 3F and 3G),
consistent with a previous study where ARS2 was shown to bind to NCBP3'** (Schulze et
al., 2018). The PHAX motif binds relatively weakly to ARS2 with a K4 of 6.1 uM, perhaps
because of the Q substitution in the fourth position (Figure 3H). We further validated this

interaction by first showing that an E9R mutation introduced into the PHAX''®

peptide
completely abolished the binding (Figure 3H). Secondly, we confirmed by ITC that full-
length PHAX binds to ARS2'*"! with a similar Kq of 4.1 uM (Figure 3I). The E9R mutation
essentially abolished the binding of full-length PHAX to ARS2'**"! (Figure 3J), indicating
that ARM binding to the ARS2 effector domain is crucial for the interaction between the two
proteins. The E9R mutation introduced into PHAX did not significantly alter its behaviour as
judged by gel filtration analysis (Figures S80 and S8P). These results thus further confirm
that the effector domain of ARS2 makes multiple mutually exclusive interactions with

productive and degradative factors containing variants of the ARM and demonstrate that such

a motif also mediates the interaction between CBC and PHAX.

Z.C3H18 forms a binary complex with CBC as well as with ARS2.

ZC3H18 bridges the CBCA to the NEXT complex, since it binds to both CBCA and
NEXT components (Andersen et al., 2013; Polak et al., 2023; Puno and Lima, 2022;
Winczura et al., 2018). Residues 201-480 of ZC3H18 were identified as containing the major
binding site for CBCA, whereas NEXT binds to the C-terminal region of the protein (Figure
4A) (Winczura et al., 2018). As described above, ZC3H18 has three tandem ARMs that we
demonstrated biophysically (Figure 3E and Figure S8L) and biochemically (Figure S8N) to
bind to ARS2 (Polak et al., 2023). To investigate whether and how ZC3H18 might bind

directly to the CBC, we first performed AlphaFold-multimer predictions with the CBC and
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different fragments of ZC3H18 and the C-terminal region of ARS2. Results are shown for
ZC3H18'*17% and ARS2678'871, which includes both the effector domain and the CBC
binding C-terminal peptide (Figure S9). In addition to the expected binding of the C-terminal
peptide of ARS2 in the CBP20-CBP80 groove, the predictions consistently and confidently
showed: (a) one or the other of the three ZC3H18 ARMs binding in canonical fashion to the
top-surface of the effector domain (Figure S9A and S9E), and (b) the ZC3H18 peptide 248-
KGNYSL, which is just after the putative Zn-knuckle (residues 222-243), interacting with the
shaft of the ARS2 effector domain. These results are consistent with the in vitro results
described above (Figures S8M, S8N, S9A and S9D).

In addition, consistently and with high confidence, ZC3H18>7>%

was predicted to
bind to CBP80 (Figures 4B, S9A, S9G and S10A-D) with the conserved W301 in the Trp-
binding pocket also competed for by NELF-E, PHAX and NCBP3 (Figures 4C and 4D).
Trp301 is at the N-terminus of a helix (300-321) that packs against CBP80 and projects in the
same direction as the NCBP3 binding helix but at a different angle (Figure 4B). A second
helix (residues 325-331) also interacts with CBP80. Predictions with larger fragments did not
highlight any other regions of ZC3H18 that might bind to other sites on the CBC, notably the
groove-binding site, although this cannot be excluded.

To test this prediction, we performed MBP pull-down experiments with His-MBP-
ZC3H18%%** The WT construct was able to pull-down the CBC, whereas binding of the
W301E mutant was significantly reduced (Figure 4E, lanes 9,10). We then measured the K4
between His-MBP- ZC3H18**%? and the CBC using surface plasmon resonance (SPR) and
obtained a value of 0.15 uM (Figure 4F), whereas binding of the W301E mutant was not
detectable (Figure 4G). The W301E mutation did not significantly alter the behaviour of this

ZC3H18**7* fragment as judged by gel filtration analysis (Figures SIOF-S10H). Further

evidence for this interaction was obtained by a crosslink between ZC3H18 K319 and CBP80
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K221 reported in a study on the spliceosome (Townsend et al., 2020), which is perfectly
compatible with the AlphaFold prediction (Figure S10E). In summary, these results clearly
show that the contacts between ZC3H18 and either the CBC or ARS2 directly overlap with

those of the positive RNA biogenesis factors NCBP3 and PHAX.

In ternary complexes, ARS2 inhibits direct binding of PHAX, NCBP3 and ZC3H18 to
CBC

PHAX was previously shown to form a ternary complex with CBC-ARS2 (Hallais et
al., 2013; Schulze and Cusack, 2017). Since the binding sites for ARS2 and PHAX within the
CBP20-CBP80 groove overlap, suggesting possible competition between ARS2 and PHAX
for CBC binding, we further investigated interactions between these three proteins. Using
size exclusion chromatography we found, in agreement with our ITC results, that ARS2'*"*"!
and PHAX indeed interact and that the ARM of PHAX is required for this interaction, since
the E9R PHAX mutant no longer bind ARS2 (Figures 5A-5C). We could further show that
the EOR PHAX mutation does not affect the binding of PHAX to the CBC, as that interaction
is mediated by at least the W118-containing helix and the PHAX C-terminus (Figures 5D-
5F). Importantly, while WT PHAX forms a ternary complex with CBC-ARS2 as expected,
the E9R PHAX mutant is unable to interact with CBC-ARS2, despite the presence of its
CBC-binding regions (Figures 5G-51). In addition, when CBC is bound by ARS2, it can no
longer interact with NCBP3°"%?° which lacks the NCBP3 ARM motifs (Figures 5J and 5K).

ARS2 interference with PHAX and NCBP3 binding to the CBC could also be
observed in pull-down assays. Here, NCBP3°°*” and PHAX'"™"®, that lack their respective
ARMs, did interact with the CBC but not with CBC-ARS2"*"*"! (Figure 5L, lanes 20,21). In
addition, these experiments revealed that the presence of ARS2 also blocks the binding of

ZC3H18%%* to the CBC (Figure 5L, lane 22). Taken together, these results suggest that
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PHAX, NCBP3 and ZC3H]18 are initially recruited to CBCA only via their ARMs while their
direct binding to the CBC, in the presence of ARS2, is severely weakened or even blocked,
perhaps through steric hindrance of Trp-helix binding to the CBC.

To explore this hypothesis further, we determined the cryo-EM structure of CBC-
m'GTP-ARS2'"*"! at 3.4 A resolution (Figure S11). While the bulk of ARS2 was not
resolved, presumably because of its flexible connection to the CBC, we found that the C-
terminus of ARS2 binds in the CBP20-CBP80 groove as previously reported (Schulze et al.,
2018) (Figures 5SM and 5N). However, we also observed additional density extending down
from the CBP20 cap-binding site towards the Trp-binding pocket (Figures 5SM and 5N).
Although the resolution did not permit assignment of this density to particular residues of
ARS?2 (and Alphafold does not confidently predict this interaction), occupancy of this region
by ARS2 would compete with Trp-helix binding by several factors, as observed

biochemically.

The conserved W301 of ZC3H18 is required for stable association with CBC and for
function in NEXT-mediated RNA decay.

Consistent with the in vitro interaction studies described above, we have previously
demonstrated that the ARM is required for the stable binding of ZC3H18 to ARS2 in vivo, as
also observed for the ZFC3H1 and ZC3H4 proteins (Polak et al., 2023; Rouviere et al., 2023).
To expand on this, we explored the contribution of the conserved tryptophan site in ZC3H18
in the assembly of CBCA-ZC3H18 complexes with the aim of addressing the functional
consequences of disrupting both the ARM and tryptophan sites in vivo. To achieve this, we
utilized a mouse embryonic stem (mES) cell system where endogenous ZC3H18 alleles were
tagged with a mini-auxin-inducible degron and 3xFLAG (3F-mAID) tag (Gockert et al.,

2022; Natsume and Kanemaki, 2017; Rouviere et al., 2023), allowing the rapid depletion of
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ZC3H18-3F-mAID protein upon addition of indole-3-acetic acid (IAA). We then used the
Piggybac transposon system (Ding et al., 2005) to stably integrate MY C-tagged ZC3H18-
WT, ZC3H18-W297E (mouse equivalent of W301E) or a ZC3H18-ARMmut (D188A,
E190A, D193A, E195A, E203A, E205A) (Figure 6A) with equivalent mutations previously
shown to disrupt the connection with ARS2 (Polak et al., 2023). We carried out 16 hr [AA
(+) or control (-) treatments, ensuring a complete depletion of ZC3H18-3F-mAID (Figure
6B). To address the functional capacity of the ZC3H18 variants in NEXT-mediated RNA
decay, known NEXT targets were analysed by RT-qPCR. Consistent with previous
observations, ZC3H18 depletion increased levels of NEXT-sensitive PROMPTs (Figure 6C)
(Polak et al., 2023; Rouviere et al., 2023; Winczura et al., 2018), which was rescued by
complementation with WT MYC-ZC3H18 (Figure 6C). In contrast, both ZC3H18-W297E
and ZC3H18-ARMmut were unable to complement the ZC3HI18-depletion phenotype,
suggesting both mutants are non-functional (Figure 6C).

To address molecular interactions of the mutants in vivo, we performed MYC-
immunoprecipitation (IP) experiments from ZC3H18-3F-mAID cells, expressing MYC-
ZC3H18-WT, ZC3H18-W297E or ZC3H18ARMmut variants and assessed their interactions
with ARS2, CBP80 and ZCCHCS. Samples were depleted of endogenous ZC3H18-3F-mAID
for 16 hr to avoid any complications due to the dimeric nature of the NEXT complex
(Gerlach et al., 2022:Puno, 2022 #294). MYC-ZC3H18-WT efficiently co-purified ARS2,
CBP80 and ZCCHCS (Figure 6D). Upon mutation of the ZC3H18 ARM, ARS2 and CBP80
interactions were both abrogated, consistent with previous observations in HeLa cells (Polak
et al., 2023), whilst, as expected, the ZCCHCS interaction remained intact. Finally, ZC3H18-
W297E co-purified ARS2 but displayed a reduction in CBP80 colP levels as compared to the
MYC-ZC3H18WT control (Figure 6D), suggesting that the W297E mutant is unable to fully

engage in stable association with the CBC.
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Taken together, these results show that ARS2 plays the dominant role in bridging
CBC to ZC3H18 and hence the NEXT complex, but that the direct interaction between CBC
and ZC3HI18 strengthens the ternary complex and is required for NEXT-mediated

degradation.

Discussion

The relatively large size of the CBC compared with other cap-binding proteins has
long been thought to be a consequence of its function as a platform for binding of multiple,
competing co-transcriptional factors that contribute to transcript fate determination. However,
structural information on how many of these factors interact with the CBC and its cofactor
ARS2 has been lacking. In this work, we have used Alphafold predictions and cryo-EM
structure determination together with biochemical and biophysical analyses to characterise
the binary complexes of effectors NCBP3, PHAX and ZC3H18 with firstly the CBC and
secondly ARS2, as well as the ternary complexes of these same factors with CBCA. These
results reveal an intriguing situation whereby each of these effectors (and possibly others)
compete for the same binding sites on both ARS2 and the CBC, presumably in dynamic flux
(Giacometti et al., 2017), until some transcript dependent cue stabilises one complex over
another to commit RNA metabolism in a specific direction.

Concerning binary interactions with the CBC, including results presented here,
notably the identification of a conserved Trp binding pocket on CBP80, five distinct, non-
overlapping interaction sites on the CBC have now been identified (Figures 7A and 7B).
These include: (1) the proximal CBP20-CBP80 interfacial groove binding site, where at least
NELF-E and ARS2 bind, each with a RxxxxY motif, (2) the distal groove site, where C-
terminal peptides ending in phenylalanine (...xDxF-Cter) were shown to bind for ARS2,

NELF-E and PHAX; (3) the tryptophan-helix binding site on CBP80, where at least NELF-E,
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NCBP3, PHAX and ZC3H18 interact, each with a conserved tryptophan bound in the same
CBP80 pocket irrespective of the directionality of the helix; (4) the peroxisome proliferator-
activated receptor-y coactivator la (PGC-1a) binding site on CBP80 (PDB code: 6D0Y)
(Cho et al., 2018; Rambout et al., 2023) and (5) the Transcription elongation regulator 1
(TCERGTI) binding site, where, in the human pre-Bact-1 spliceosome structure (PDB code:
7ABG), one of the FF domains binds to CBP80 (Townsend et al., 2020).

Concerning binary interactions with ARS2, the ARM, or ‘EDGEI’ motif, which binds
to the effector domain of ARS2, has now been shown to be functionally important for a
number of effectors (Dobrev et al., 2021; Foucher et al., 2022; Kiriyama et al., 2009; Melko
et al., 2020; Polak et al., 2023; Rouviere et al., 2023; Schulze et al., 2018). Here, we identify
a non-canonical, but functional, ARM at the N-terminus of human PHAX. We also report
quantitative in vitro measurements of the affinity to ARS2 of seven different single ARMs
occurring in productive factors and four different double or triple tandem ARMs found in
degradative factors, showing that the latter are generally tighter binders. In the case of
ZC3H18, which has a triple tandem ARM, based on an Alphafold prediction, we also show
that the downstream Zn-knuckle provides additional interaction to ARS2.

Since ARS2 binds directly to the CBC and the considered factors (PHAX, NCBP3,
ZC3H18) bind to both CBC and ARS2, one might expect that each factor can make a stable
ternary complex with all binary interactions satisfied, i.e. a ‘triangular’ complex. We find
that, in vitro, such ternary complexes are indeed formed but surprisingly in the presence of
ARS?2, these binary CBC-factor interactions are weakened, or lost, and the ternary complex is
in fact a ‘linear’ CBC-ARS2-factor complex, with ARS2 responsible for recruitment of the
factor. Thus, for instance disruption of the ARM of PHAX by a point mutation (E9R) is
sufficient to release PHAX from the ternary complex, and similarly for ZC3H18 (Figure 5).

This implies that ARS2 must bind to the CBC in a way that not only occludes the CBP20-
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CBP80 groove but also the Trp-helix binding site. Our structures of the CBC-ARS2
complexes provide an explanation for this, by showing that additional residues of ARS2,
apart from those that bind in the CBP20-CBP80 groove indeed bind to the CBC, likely
inhibiting Trp-helix binding. On the other hand, it should be kept in mind that this is a
dynamic system with all interactions being of comparable affinity. Therefore, the linear CBC-
factor-ARS2 complex is also possible, suggesting a mechanism by which multiple binary
interactions can enhance the stability of a ternary complex, even if the triangular complex is
not possible.

To clarify the importance of these interactions in vivo, we made disruptive mutations
in the Trp-helix (W301E) and ARM of ZC3H18 and studied their behaviour in cells where
endogenous ZC3H18 could be rapidly depleted (Figure 6). In interaction studies, we found,
as in vitro, that abrogation of the ZC3H18-ARS2 interaction prevented co-
immunoprecipitation of the CBC with ZC3H18. However, at the same time, the W301E
mutation reduced the stability of the ternary complex. Importantly, neither mutation was
capable of supporting ZC3H18-mediated degradation of several known targets of ZC3H18-
NEXT. Thus, both binary interactions of ZC3H18 to the CBC and to ARS2 are functionally
important, suggesting that at the point of irreversible fate decision, exclusion of other factors
and other outcomes through competition at both sites is required. Based on this result, we
propose that in the case of PHAX, at some point in the snRNA transcription process,
additional transcript-dependent cues reinforce the binary interaction of PHAX with the CBC,
perhaps with the competitive exclusion of ARS2 (consistent with the partially overlapping
binding sites of ARS2 and PHAX on CBC), thus favouring the assembly of the snRNA
export complex (Figure 7C). Further studies are required to reveal the exact cues that

determine such transcript fate.
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Methods
Protein Expression and Purification

Human CBC was reconstituted as described previously (Schulze and Cusack, 2017).
Briefly, CBPSOANLS (lacking the N-terminal 19 residues) was expressed in High Five insect
cells. CBP20 was expressed in E. coli BL21Star (DE3, Invitrogen) from the pETM30 vector
(EMBL) as His-GST fusion. The cell pellets were lysed together in a buffer containing
20mM Tris pH 8, 100 mM NaCl and 2% glycerol. Lysates were clarified by centrifugation
and the complex was purified on a Ni**-Chelating Sepharose (Cytiva). The His-GST tag was
cleaved off by TEV protease. Following a subsequent passage through a Ni*“-Chelating
Sepharose, CBC was loaded on a Heparin HiTrap column (Cytiva) and further purified by a
gel filtration on Superdex 200 (Cytiva).

Human ARS2'"!' FL-PHAX and its W118E and E9R mutants were expressed as
His-tag fusions in E. coli BL21Star (DE3, Invitrogen) from the pETM11 vector (EMBL). The
proteins were purified on a Ni*'-chelating Sepharose (Cytiva) followed by Hitrap Heparin
column (Cytiva) and gel filtration on Superdex 200 (Cytiva) in a buffer containing 20mM
Tris pH 8, 100 mM NacCl, 2% glycerol.

Human NCBP3, PHAX, ZC3H18 domains and their variants were cloned as His-MBP
fusions into pETM41 vector (EMBL). Human NELF-E***?* and its W345E mutant were
expressed as His-tag fusions from pETMI11 vector (EMBL). The proteins were expressed in
E. coli BL21Star (DE3, Invitrogen) and purified on a Ni*'-chelating Sepharose (Cytiva)
followed by gel filtration on Superdex 200 (Cytiva) in a buffer containing 20mM Tris pH 8,

100 mM NacCl, 2% glycerol.

Assembly of CBC complexes
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In order to prepare the sample for cryo-EM analysis, CBPS8OANLS and His-GST-
CBP20, His-MBP-NCBP3**** FL-PHAX or ARS2"*"*"! were purified separately. The His-
MBP or His-GST fusion tags were cleaved off by TEV protease. Proteins were mixed
together, the mixtures being supplemented by excess of cap analogue, cap-RNA or m’GTP.
CBC- NCBP3*%* complex was purified by an additional passage through a Ni**-chelating

Sepharose. Complexes were further purified by gel filtration on Superdex 200 (Cytiva).

Pull-down assays

Purified CBC or CBC-ARS2'*"! and their mixtures with different His-MBP-tagged
partners were loaded onto Amylose resin columns (NEB). Columns were then extensively
washed with a buffer containing 100 mM Tris pH 8, 100 mM NacCl and 2 % glycerol. Bound

proteins were eluted by addition of 10 mM maltose and analysed on SDS-PAGE.

Isothermal Calorimetry (ITC)

ITC experiments were performed at 25°C using a PEAQ-ITC micro-calorimeter
(MicroCal). Experiments included one 0.5 pl injection and 15-25 injections of 1.5-2.5 uL at
0.2-0.25mM of FL-PHAX or His-MBP-NCBP3, His-MBP-PHAX, His-MBP-ZC3H18
domains and their respective variants, into the sample cell that contained 20-30 uM CBC or
ARS2'7¥in 20 mM Tris pH 8.0, 100 mM NaCl and 2 % glycerol. The initial data point was
deleted from the data sets. Binding isotherms were fitted with a one-site binding model by

nonlinear regression using the MicroCal PEAQ-ITC Analysis software.

Biolayer interferometry (BLI)
Biolayer interferometry binding data were collected using integrated Octet RED96e

(ForteBio) and processed using the integrated software. Similar quantities of biotinylated
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peptides were immobilized on streptavidin-coated biosensors (ForteBio, Menlo Park, CA).
Peptides were diluted at concentrations of 0.1-1 pg/ml in TBS complemented with 0.02%
Tween-20 as analysis buffer. Biosensors were pre-wetted in analysis buffer for 10 min,
allowed to bind for 60-300s and washed in 10mM glycine. After equilibration in analysis
buffer for 120 s, association and dissociation phases were monitored by dipping the
functionalized biosensors in ARS2'**"! analyte solutions followed by analysis buffer for
160s each. Biosensor were regenerated using 10 mM glycine and equilibrated before each
cycle. Signal from zero-concentration sample was subtracted from signals recorded for each
analyte concentration. Specific signals at equilibrium were fitted using a Steady-state affinity

determination method and a 1:1 interaction model.

Surface plasmon resonance (SPR)

Direct binding studies were carried out in real-time on a Biacore T200 instrument
(Biacore, Uppsala, Sweden). Similar levels of His-MBP-ZC3H18°**7*" constructs were
immobilized on independent channels on an NTA Sensor Chip (Cytiva) with a Ni*" coated
channel as a negative control. Binding assays were performed at 25 °C with a running buffer
containing 100 mM NaCl, 20 mM Tris pH 8, 2% glycerol, complemented with 0.05%
Tween-20 and 50uM EDTA. Indicated CBC complex concentration were injected at 30 pl
per min for 100s. Proteins were allowed to dissociate for 200s at 30 pl per min. After each
step, surface was regenerated using 10 mM NaOH and 350 mM EDTA. The kinetic rate
constants Kp, K, and K4 were derived using Biacore T200 Evaluation Software by fitting the

association and dissociation phases to a simple bimolecular interaction model.

Cryo-EM specimen preparation

25


https://doi.org/10.1101/2023.07.25.550453
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.25.550453,; this version posted July 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Before vitrification, cap analogue m’'GpppG, m’Gppp-AAUCUAUAAUAG or
m’GTP were added to each complex (at 20 pM) and the samples were left on ice for at least
lh. Cryo-EM specimens were prepared on Au300 R1.2/1.3 (Quantifoil) that were glow-
discharged for 45s at 25 mA (PELCO easy glow). A drop of 3.5-4 ul sample was applied on
one side in a Vitrobot (Vitrobot Mk IV, Thermo Fisher Scientific) at 4 °C and 100 %
humidity. Blotting was run at force 0, for a total time of 2-3 s. Grids were then vitrified by
plunging into liquid ethane at liquid N2 temperature. Grids were clipped into autoloader
cartridges and screened using a Glacios cryo-electron microscope (Thermo Fisher Scientific)
equipped with a Falcon 4 detector (EMBL Grenoble). Promising samples, corresponding to
well-distributed particles being visible by eye at -1 uM defocus, were used for data collection

at CMO01, ESRF Grenoble France.

Cryo-EM Data Collection and Processing

The CBC-m’GpppG-NCBP3***%*" dataset was acquired using Titan Krios CMO1
(ESRF, Grenoble, France)(Kandiah et al., 2019) operating at 300 keV, equipped with K2
Quantum detector (Gatan) and a GIF Quantum energy filter (Gatan). The CBC-capRNA-
PHAX and CBC-m’GTP-ARS2'**"! datasets were acquired on the same microscope but
equipped with a K3 Quantum detector camera (Gatan).

For the CBC-m’GpppG-NCBP3** complex, 9629 movies were collected at 165K
magnification, corresponding to a pixel size of 0.827 px/A for a total dose of 40 e-/A”. For
the CBC-capRNA-PHAX complex, 6517 movies were collected at 165K magnification, with
a pixel size of 0.84 px/A and a total dose of 41.7 e-/A”. For the CBC-m'GTP-ARS2'*"*7!,
12228 movies were collected at 165K magnification, with a pixel size of 0.84 px/A and a
total dose of 40 e-/A”. For all datasets, movies were imported into CryoSPARC (Punjani et

al., 2017) and aligned and dose-weighted using Patch MotionCorr. CTF estimation was
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performed with Patch CTF and micrographs were manually curated according to CTF based
estimated resolution (<10A) and estimated ice thickness (<1.1).

Particles were firstly picked on 100-200 representative micrographs using Blob Picker
or Topaz (Bepler et al., 2019) and then extracted with a box size of 300x300 pixels (NCBP3)
or 256x256 (PHAX and ARS2 datasets) (Figure S2). The best particles were then used to
generate a Topaz model or to create Templates for particles picking in the remaining
micrographs. After extraction, 2D classification was applied to eliminate bad particles and to
select 2D class averages with lower background noise and stronger features. One to two
cycles of ab-initio reconstruction were then performed, followed by heterogeneous
refinement. For the PHAX and ARS2 containing complexes, 3D variability analysis was
performed to further select particles (Punjani and Fleet, 2021). Importantly, the coordination
of CBC to its partner always correlates with full structuring of CBP20, including its N-
terminal region, a hallmark of cap-binding (Mazza et al., 2002)(Figure S2G). Non-uniform
(NU) refinement was finally performed on the final sets of particles.

The final map was at an average resolution of 3.19 A for CBC-m’GpppG-NCBP3*%"
020330 A for CBC-capRNA-PHAX and 3.40 A for the CBC-m’GTP-ARS2'"*"! (FSC
0.143 threshold) (Table S1).

All final maps were used to calculate directional FSC and local resolution in
CryoSPARC. For model building in COOT, the map was sharpened/blurred using the
mrc_to mtz tool in CCPEM (Burnley et al., 2017). To make figures in ChimeraX 1.4
(Pettersen et al., 2021), maps were locally filtered based on resolution and sharpened (see
Table S1). Processing workflows, comprising data statistics, are shown in Figures S2, S6 and

S11.

Model building and refinement
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Models were iteratively constructed using COOT (Emsley and Cowtan, 2004) and
PHENIX real-space refinement (Afonine et al., 2018) starting with the published CBC-
mGTP-ASR2 structure (PDB: 5006). Refinement and validation statistics, obtained using
the PHENIX validation tool are reported in Table S1. For the CBC-capRNA-PHAX and
CBC-m’GTP-ARS2'*"! ' model building was guided partly by the AlphaFold model (Figure
S6), which correctly predicted the PHAX Trpl18 helix and extreme C-terminus binding.
There is no clear density for the capped RNA apart from the m’GTP although there is
unassignable density near the cap-binding site that could be RNA or another part of PHAX.
Additional extra, but disjointed density close to CBP20 Y142 and Y149 and between CBP20
Y50 and CBP80 Y461 (the conserved arginine binding site for ARS2 and NELF-E) could not
be interpreted.

Software used in this project was installed and configured by SBGrid (Morin et al.,

2013).

Cell culture and transfections

All cell lines used or generated in this study were descendants of E14TG2a mouse
embryonic stem (mES) cells (male genotype, XY). mES cells were cultured on 0.2% gelatin
coated plates in 2i/LIF containing medium (1:1 mix of DMEM/F12 (Gibco) and Neurobasal
(Gibco) supplemented with 1x Pen-Strep (Gibco), 2 uM Glutamax, 50 pM beta-
mercaptoethanol (Gibco), 0.1 mM Non-Essential Amino Acids (Gibco), 1| mM sodium
pyruvate (Gibco), 0.5x N2 Supplement (Gibco), 0.5x B27 Supplement (Gibco), 3 uM GSK3-
inhibitor (CHIR99021), 1 uM MEK-inhibitor (PD0325901) and Leukemia Inhibitory Factor
(LIF, produced in house) at 37°C, 5% CO,. Cells were passaged every 48-72 hours by
aspirating medium, dissociating cells with 0.05% Trypsin-EDTA (Gibco) briefly at 37°C

before neutralizing with an equal volume of 1x Trypsin Inhibitor (Sigma) and gentle
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disruption by pipetting. Cells were pelleted by centrifugation to remove Trypsin before
resuspending in 2i/LIF medium and plating ~ 8x10* cells/ml. Cell lines were transfected with
plasmids using Viafect (Promega) in 6 well plates according to the manufacturer’s
instructions. For antibiotic selection, Blasticidin (BSD) was used at 10 ug/ml. For depletions
in mAID-tagged cell lines, 750 uM indole-3-acetic acid sodium salt (IAA, Sigma) was
supplemented to the medium and cells were incubated for the indicated time points before

harvest.
CRISPR/Cas9 knock-in cell lines

CRISPR/Cas9 mediated genomic knock-ins of C-terminal 3xFLAG(3F) mini-
AID(mAID) tags were carried out using pGolden (pGCT) homology dependent repair (HDR)
donor vectors (Garland et al., 2022; Gockert et al., 2022). The generation of Zc3hl8-3F-
mAID cell lines was described in (Polak et al., 2023). Single guide RNAs (sgRNAs) were
designed using the CHOPCHOP tool (v3) (Labun et al., 2019) and cloned into the
pSLCas(BB)2A-PURO vector (pX459 Addgene plasmid ID: #48139) as previously described
(Ran et al., 2013). OsTIR1-HA expressing mES cells (Garland et al., 2022) were co-
transfected using 2 HDR donor vectors harboring distinct selection markers (HYG/NEO)
along with a sgRNA/Cas9 vector in a 1:1:1 ratio. Colonies were maintained under HY G/NEO
double selection for the donor plasmid markers to increase the likelihood of homozygous
knock-in cells. Single cell clones, that survived the selection process, were expanded before
screening by western blotting analysis and confirmed by Sanger sequencing of the target

locus. All cell lines used and generated in this study are listed in Table S2.
c¢DNA cloning and exogenous expression of ZC3H18

Full-length mouse ZC3H18 cDNA (NM _001029993) was cloned from cDNA

libraries synthesized from 2 pg total RNA using TagMan Reverse Transcription reagents
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(Thermo) into a pCR8/GW/TOPO Gateway entry plasmid (Thermo) by TA cloning. The
pCR8[MZC3H18] plasmid was used as a template to generate subsequent ZC3H18 cDNA
constructs that were cloned into a piggyBAC (pB) vector containing an N-terminal MYC tag
and BSD selection marker using NEBbuilder HiFI DNA assembly (NEB). OsTIRI-HA,
Zc3h18-3F-mAID mES cells were transfected with pB-MYC-mZC3H18*-BSD vectors along
with a piggyBAC transposase expressing vector (pBase) in a 1:1 ratio using Viafect
(Promega). Cell pools were selected with BSD for ~ 7-10 days or until negative control cells
no longer survived. Expression of constructs were validated by western blotting analysis
using MYC antibodies. All generated constructs used and generated in this study are listed in

Table S3.

RNA isolation and RT-qPCR analysis

Total RNA was isolated from cells using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. Extracted RNA was treated with TURBO DNase (Invitrogen)
according to the manufacturer’s instructions, followed by cDNA synthesis from 2 pg RNA
using SuperScript III Reverse Transcriptase (Invitrogen) and a mixture of 80 pmol random
primers (Invitrogen) and 20 pmol oligo d(T)0VN (Merck) primers. gPCR was performed
using Platinum SYBR Green (Invitrogen) and AriaMX Real-Time PCR machine (Agilent

Technologies). Primers used for qPCR are listed in Table S4.

Western blotting analysis

Whole cell protein lysates were prepared using RSB100 lysis buffer (10 mM Tris-HC1
pH 7.5, 100 mM NaCl, 2.5 mM MgClL, 0.5% NP-40, 0.5% Triton X-100) freshly
supplemented with protease inhibitors (Roche). Samples were denatured by the addition of
NuPAGE loading buffer (Invitrogen) and NuPAGE Sample Reducing Agent (Invitrogen)

before boiling at 95°C for 5 minutes. SDS-PAGE was carried out on either NuPAGE 4-12%
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Bis-Tris or 3-8% Tris-Acetate gels (Invitrogen). Western blotting analysis was carried out

according to standard protocols with the antibodies listed in Table S5.
Immunoprecipitation (IP) experiments

Whole cell lysates from ~ 2x10” cells were extracted in HT150 extraction buffer (20
mM HEPES pH 7.4, 150 mM NaCl, 0.5% Triton X-100) freshly supplemented with protease
inhibitors. Lysates were sheared by sonication (3 x 5s, amplitude 2) using a Sonifier 450
(Branson) and cleared by centrifugation at 18,000 rcf for 20 minutes. Clarified lysates were
incubated with Pierce anti-c-MYC magnetic beads (Thermo) overnight at 4°C. Beads were
washed 3x with HT150 extraction buffer and transferred to a fresh tube on the final wash.
Proteins were eluted by incubation at 95°C in NuPAGE Loading Buffer (Invitrogen) for 5
minutes. Eluates were mixed with NuPAGE Sample reducing agent (Invitrogen) and

denatured for a further 5 minutes at 95°C before proceeding with western blotting analysis.
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Figure 1. CBC interacts with the tryptophan-containing helix of NCBP3 and NELF-E.
(A) Schematic representation of the NCBP3 domain structure. RBD: RNA binding domain.
The positions of the CBC binding region as identified in this study and W581 are shown.

(B) Cryo-EM map used to build the CBC-m7GpppG-NCBP3°*%? structure. Map is coloured
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according to molecules location in the structure: CBP80 is in light blue, CBP20 in blue,
m’GpppG in grey and NCBP3°* in gold.

(C) Ribbon representation of the CBC-m’GpppG-NCBP3>*"** structure. CBP80 is in light
blue, CBP20 in blue, m’GpppG in grey and NCBP3**** in gold yellow. W581 is shown as
sticks. A schematic model for the interaction of the CBC with the C-terminal Trp-containing
helix (W) of NCBP3 is shown in the back square.

(D) Details of the interaction between the NCBP3 helix (residues 574-594, gold yellow) and
CBP80 (light blue). Hydrophobic contacts between NCBP3 and CBP80 residues, including
W581, are shown.

(E) NCBP3 residues form several side and main chain hydrogen bonds and electrostatic
interactions with CBP80 and CBP20.

(F) Surface representation of CBC showing conserved CBP80 residues involved in forming a
pocket accommodating NCBP3 W581 (gold yellow). 100 % sequence conservation of surface
residues is represented in light blue and is based on CBP80 sequence alignment show in
Figure S3D.

(G) Sequence alignment of NCBP3 proteins covering the C-terminal fragment (residues 560-
620) involved in the interaction with CBC. Identical residues are in brown boxes. Blue
squares indicate residues involved in the interaction with CBC.

(H) Schematic representation of the NELF-E domain structure. RBD: RNA binding domain.
The CBC binding region as identified in this study is shown.

(I) Alphafold-multimer predicted CBC-NELF-E complex structure, coloured by chain with
NELF-E in magenta. The model was predicted for CBP80, CBP20 and NELF-E***7*_ Only
residues 341-380 of NELF-E are shown. Residues 1-21 of CBP80 predicted with low
confidence are not shown. W345, R362, Y367 and F380 of NELF-E are shown as sticks. A
schematic model for the interaction of the CBC with the Trp-containing helix (W) and C-
terminus containing the conserved arginine (R), tyrosine (Y) and phenylalanine (F) residues
of NELF-E is shown in the back square.

(J) Predicted structure of NELF-E residues 341-380 when bound to CBC, coloured according
to pLDDT.

(K) Details of the interaction between NELF-E W345E and CBPS0.
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Figure 2. Structural characterisation of the PHAX-CBC complex.

(A) Schematic representation of the PHAX domain structure. RBD: RNA binding domain.
The positions of the CBC binding region as identified in this study, W118 and F394 are
shown.
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(B) Cryo-EM map used to build the CBC-capRNA-PHAX structure. Map is coloured
according to molecules location in the structure: CBP80 is in light blue, CBP20 in blue,
capRNA in grey and PHAX in dark brick.

(C) Ribbon representation of the CBC-capRNA-PHAX. CBP80 is in light blue, CBP20 in
blue, capRNA in grey and PHAX in dark brick. W118 and F394 of PHAX are shown as
sticks. A schematic model for the interaction of the CBC with the Trp-containing helix (W)
and C-terminus containing the conserved phenylalanine (F) residue of PHAX is shown in the
back square.

(D) Details of the interaction between the PHAX Trp-containing helix (residues 116-133,
dark brick) and CBP80 (light blue). Hydrophobic contacts between PHAX and CBP80
residues including W118 are shown.

(E) Details of the interaction between PHAX C-terminal residues including F394 (dark brick)
and the groove between CBP80 (light blue) and CBP20 (blue).

(F) Comparison of the positioning of the C-termini of PHAX and ARS?2 in the groove of the
between CBP80 and CBP20. PHAX is in dark brick and ARS2 in red.

(G) Sequence alignment of PHAX proteins covering region involved in the interaction with
CBC. Identical residues are in brown boxes. Blue squares indicate residues involved in the
interaction with CBC.

(H) Superdex 200 gel filtration elution profile and SDS-PAGE analysis of fraction 1-11 of
His-MBP-PHAX'""*® mixed with CBC, showing co-elution of the three proteins in the first
peak.

(I) Superdex 200 gel filtration elution profile and SDS-PAGE analysis of fraction 1-11 of
His-MBP-PHAX'"'*® (W118E) mixed with CBC, showing lack of binding.

(J) ITC measurements of the interaction affinity between CBC and WT (grey) or W118E
mutant (black) of His-MBP-PHAX'”"®° in presence of cap analogue.
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Figure 3. ARS2 interaction with RNA factors.
(A) Crystal structure of ARS2'>7%* coloured according to

domains (PDB code: 6F7P). The

black rectangle highlights the position on the effector domain that interacts with the ARM

found in multiple classifier factors.
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(B) Schematic representation of the PHAX domain structure. ARM: ARS2-recruitment motif.
Lower panel shows details of the interaction between the ARS2 C-terminal leg and the
EDGQ motif of PHAX (residues 9-13, in dark brick) as modelled by AlphaFold-multimer.
The model was predicted for full-length ARS2 and PHAX'*’. The model with full-length
PHAX revealed the same contacts. Corresponding model coloured according to pLDDT and
predicted aligned error (PAE) plot are shown in Figures S8 A-S8C.

(C) Sequence alignment of PHAX proteins covering the motif involved in the interaction
with ARS2. Identical residues are in brown boxes. The blue rectangle shows the ARM.

(D) BLI characterization of the interaction between His-ARS2'"™"" and peptides of RNA-
productive factors containing the ARM motif. Representative BLI sensorgrams measured at
1.9-2.5uM concentrations of indicated protein peptides are shown. Sequences of the peptides
used as well as the dissociation constants (Kq) are listed the lower panel.

(E) BLI characterization of the interaction between His-ARS2'*"*"! and peptides of RNA Zn-
finger factors containing the ARM motif. Representative BLI sensorgrams measured at the
1.9-2.5uM concentrations of indicated protein peptides are shown. Sequences of the peptides
used as well as the dissociation constants (Kq) are listed the lower panel.

(F) BLI measurement of the binding affinity between His-ARS2'**"! and the two NCBP3
ARM motif containing peptides. The K4 was calculated using the integrated Octet RED96e
(ForteBio) software with a 1:1 kinetic model and drawn using Graph Pad Prism5.
Measurements were performed in duplicate for each peptide.

(G) Sequence alignment of NCBP3 proteins covering the two ARM motifs. Identical residues
are in brown boxes. The blue rectangles show the ARMs.

(H) BLI measurement of the binding affinity between His-ARS2'*"*"! and the PHAX WT
and mutated ARM motif peptides. The K4 was calculated using the integrated Octet RED96e
(ForteBio) software with a 1:1 kinetic model and drawn using Graph Pad Prism5.
Measurements were performed in duplicate for each peptide.

(I) ITC measurement of the interaction affinity between ARS2'**"! and PHAX.

(J) ITC measurement of the interaction affinity between ARS2'*"*"! and PHAX (E9R).
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Figure 4. Characterisation of the ZC3H18-CBC complex.

(A) Schematic representation of the ZC3H18 domain structure. ARM: ARS2-recruitment
motif, Zn: Zn-finger, CC- coiled coil. The positions of the previously identified CBC-ARS2
binding region and W301 are shown.

(B) AlphaFold-multimer predicted structure of the CBC-ZC3H18 complex, coloured by chain
with ZC3H18 in lemon. The model was predicted for CBP80, CBP20 and ZC3H18>"">>°,
Only residues 297-335 of ZC3H18 are shown. Residues 1-21 of CBP80 predicted with low
confidence are not shown. W301 of ZC3H18 is shown as sticks. Residues with pLDDT
below 70 are highlighted in yellow. The model coloured according to pLDDT and the
corresponding predicted aligned error (PAE) plot are shown in Figures S10B-S10D.

A schematic model for the interaction of the CBC with the Trp-containing helix (W) of
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ZC3H18 is shown in the back square.

(C) Details of the interaction between the ZC3H18 helix (residues 300-321, lemon) and
CBP80 (light blue). Hydrophobic contacts between ZC3H18 W301 and the CBP80 residues
are shown.

(D) Sequence alignment of ZC3H18 proteins covering the region involved in the interaction
with CBC (residues 297-335). Identical residues are in brown boxes. Blue squares indicate
residues involved in the interaction with CBC according to the AlphaFold model.

(E) MBP pull-down experiments of WT and W301E mutant of His-MBP-ZC3H18*** with
CBC. All proteins were first purified by Ni*"-affinity chromatography. Proteins were mixed
as indicated above the lanes. A total of 1% of the input (lanes 1-5) and 10% of the eluates
(lanes 6-10) were analysed on 4-20% gradient SDS-PAGE gels stained with Commassie
brilliant blue. CBC is retained by ZC3H18%*%% (lane 9), whereas its W301E mutation
significantly reduces the CBC binding (lane 10).

(F, G) Binding kinetics of the CBC complex, in 2-fold dilutions, to WT His-MBP-
ZC3H18%%% shown in F and the W301E mutant of His-MBP-ZC3H18**3* shown in G,
captured on NTA sensor chip by surface plasmon resonance. Sensorgrams recorded for the
association (100 s) and dissociation (200 s) phases for the various CBC concentrations are
shown as solid green lines, with the corresponding curves fitting to a 1:1 Langmuir binding
superimposed as solid blue lines. The derived kinetic rate constants are shown in F.
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Figure 5. Competition between ARS2 and RNA classifier factors for CBC binding.

(A) Schematic representation of the ARS2-PHAX interaction. ARS2 residues R852, Y859
and F871 mediating the interaction with CBC are shown as boxes labelled R, Y and F. PHAX
ARS2-binding EDGQL motif (ARM), W118-containing helix (W) and F394-containing C-
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terminus (F) as well its RBD domain are as shown as boxes. PHAX interacts with ARS2 via
its N-terminal ARM motif.

(B) Overlay of Superdex 200 gel filtration elution profiles of ARS2'**"! and its individual
mixtures with WT PHAX and with the EOR PHAX mutant. While WT PHAX co-elutes with
ARS2"*7! the E9R PHAX mutant does not.

(C) SDS-PAGE analysis of fraction 1-12 of the Superdex 200 gel filtration elution profiles
shown in B. The red square indicates fractions containing the ARS2-PHAX complex
compared to elution profiles of ARS2'"*"! and its mixture with PHAX E9R.

(D) Schematic representation of the CBC-PHAX interaction. PHAX binds CBC via its
W118-containing helix (W) and F394-containing C-terminus (F).

(E) Overlay of Superdex 200 gel filtration elution profiles of CBC, PHAX E9R and their
mixture in presence of m'GTP. Despite the E9R mutation, PHAX still binds CBC.

(F) SDS-PAGE analysis of fraction 1-12 of the Superdex 200 gel filtration elution profiles
shown in E. The red square indicates fractions containing the CBC-PHAX complex
compared to elution profiles of individual proteins.

(G) Schematic representation of the interaction between CBC-ARS2 and PHAX. PHAX
binds ARS2 via its N-terminal ARM motif. ARS2 binding to CBC prevents the direct binding
of PHAX to CBC,

(H) Overlay of Superdex 200 gel filtration elution profiles of CBC-ARS2'*"! complex and
its mixture with WT PHAX or PHAX E9R of presence of m'GTP. While WT PHAX co-
elutes with CBC-ARS2'""*"! the E9R PHAX mutant does not.

(I) SDS-PAGE analysis of fraction 1-12 of the Superdex 200 gel filtration elution profiles
shown in H. The red square indicates fractions containing the CBC-ARS2-PHAX complex
compared to elution profiles of CBC-ARS2'*"*"" and its mixture with PHAX E9R.

(J) Overlay of Superdex 200 gel filtration elution profiles of NCBP3°**** mixed with CBC
or CBC-ARS2""*! in presence of m’GTP. While NCBP3*"*** co-clutes with CBC, in
presence of ARS2'*"™! it elutes in a peak separate from CBC-ARS2'7*"!,

(K) SDS-PAGE analysis of the Superdex 200 gel filtration elution profiles shown in J.

(L) MBP pull-down experiments of His-MBP tagged ZC3H18**7%°, NCBP3°**%" and
PHAX'”" with CBC and the CBC-ARS2'"*"*"! complex in presence of m’GTP. All proteins
were first purified by affinity chromatography. Proteins were mixed as indicated above the
lanes. A total of 2% of the input (lanes 1-11) and 40% of the eluates (lanes 11-22) were
analysed on 4-20% gradient SDS-PAGE gels stained with Commassie brilliant blue. CBC is
retained by all ZC3H18>*7*°, NCBP3°*** and PHAX'""° (lane 17-19), but when it is first
bound by ARS2'7*"! its levels are significantly reduced (lanes 20-22).

(M) Cryo-EM map used to build the CBC-m’GTP-ARS2'¥"*"" structure. The map is coloured
according to each molecule’s location in the structure: CBP80 is in light blue, CBP20 in blue,
m'GTP in grey and ARS2 in red.

(N) Cryo-EM density for the ARS2%**"! peptide within the CBC-m’GTP-ARS2'*"*"! complex.

(O) Interpretation of density map for ARS2-CBC interaction. Density 2.5 A around the CBC-
ARS2 model was subtracted to only highlight additional density spanning from the CBP20
cap-binding site to the CBP80 Trp-binding site (the surface is shown in red). For comparison,
NCBP3 W581 and PHAX WI118 are shown in their respective positions (within their
complexes with CBC) as sticks.

41


https://doi.org/10.1101/2023.07.25.550453
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.25.550453,; this version posted July 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A B ZC3H18-3F-mAID
MYC-  MYC-  MYC-
1 215 241W297395 477 916 948 : Z18/T  Z1vawE  Zqgheans
mmZC3H18%! | @ E JAA] - + - + - + - *
ARM 250 - | 1
- W ™ - ZC3H18-3F-mAID
,, DOGEIDDGEIDDDDLEEGEV |
DAGAIDAGAIDDDDLEAGAY o e s e e | - MYC-ZC3H18
130- | . .
mmZC3H 18R ;| - = 100- | - CBP80
W297E
mmZC3H18vE [§ EOE | O ' ‘
40 - | —————— o e - ACTIN
C proRPL27a proDDX56 proPURB proFIGNL1T OCT4
1 s (PROMPT) 8 (PROMPT) 8 (PROMPT) 4 (PROMPT)
3 ¥ @
o
1y
T 4
3t
£e2
H 2
H
2o 0
QAA] =+t ¥ o QAR - + - + - + - + QAR] - + - + -k - 4 QAR - + - + - + - + PAN = e b < kioik
- zZ18 zZ1a  zZ18 Z18 Z18 Z18 . zZ18 zZ1s8 218 zZ18 Z18  Z18 Z18 Zig ZzZ18
wr W2UTE  ARMmut wt V2ETE ARMme WT  W25TE ARMmut wr W2TE ARMmut wrT W2ETE  ARMmt
Ze3n18-3F-mAID Ze3h18-3F-mAID Zc3h18-3F-mAID Ze3h18-3F-mAID Ze3h18-3F-mAID
D __INPUT _  MYCIP
Zc3h18-3F-mAID  Zc3n18-3F-mAID
e -
H w ]
. b f £ £
b o » ® o
N NN N NN
O OO O 0o
> = = > > >
s 553 £ 3553
i30- ‘ By j-MYC-ZC3H18
130 - ‘ —— -— w-ARSZ
™ R -
130- ] ) .
{ ———— B - ZCCHCE
35-’ ———— ‘-RPLPO

Figure 6. Functional analysis of ZC3H18 ARM and Trp mutants in cells.

(A) Schematic representation of ZC3H18, depicting its predicted domains, and the mutations
used in this study. CC = coiled coil, Zn = zinc finger. The ARS2-recruitment motif (ARM) is
shown and zoomed in sequence displays diagnostic point mutations introduced in the
ZC3H18*"M™ The position of W297E is indicated with an asterisk (*).

(B) Western blotting (WB) analysis of lysates from Zc3h18-3F-mAID mouse embryonic
stem (mES) cell lines stably expressing the indicated MYC-tagged ZC3H18 mutants.
Samples were either mock treated (-) or treated with auxin (IAA) for 16 hours (+) to deplete
Zc3h18-3F-mAID protein. Membranes were probed with antibodies against FLAG, MYC,
NCBP1 and ACTIN as a loading control.

(C) RTgPCR analysis of NEXT-sensitive RNAs (proRPL27a, proDDX56, proPURB,
proFIGNL1). Total RNA was isolated from Zc3hi8-3F-mAID mES cell lines stably
expressing MYC-ZC3H18YT, -ZC3H18V>"F or -ZC3H18**M™" and with the parental cell
line (-) as a negative control. Cells were treated as in panel B. Results were normalized to
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GAPDH mRNA levels and plotted relative to Zc3h18-3F-mAID — IAA control samples.
Columns represent the average values of biological triplicates per sample with error bars
denoting the standard deviation. Individual data values from replicates are indicated as points.
(D) WB analysis of MYC IPs from lysates of Zc3h18-3F-mAID cells stably expressing
MY C-tagged ZC3H18Y", ZC3H18Y**"F or ZC3H18""™™" and with the parental cell line (-)
as a negative control. Cells were treated with IAA (16h) to deplete endogenous Zc3h18-3F-
mAID protein. Input (left panel) and IP (right panel) samples were probed with antibodies
against MYC, ARS2, NCBP1, ZCCHCS8 and RPLPO as a loading control.
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Figure 7. Model for CBC-ARS2 competing interactions.

(A) Summary of structurally characterised CBC interactions.

(B) Comparison of CBC interactions with the Trp-containing helices of NCBP3, NELF-E,
PHAX and ZC3H18. The red arrows indicate the helix direction.

(C) Model for the competing interactions of NELF-E, ARS2, PHAX and ZC3H18 with CBC.
Following the RNA polymerase II pause release NELF-E is replaced on CBC by ARS2. Both
proteins interact with CBC with their C-termini comprising conserved arginine (R), tyrosine
(Y) and phenylalanine (F) residues. NELF-E binds CBC also with its Trp-containing helix
(W). Productive factors such as PHAX (and NCBP3) as well as degradative factors such as
ZC3H18 are recruited to CBC-ARS2 by via their ARM motif binding to the C-terminal leg of
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ARS2. At this stage, their direct binding to CBC is prevented by ARS2. The different
classifier factors compete for the same binding sites on both ARS2 and CBC in dynamic flux.
Additional transcript-dependent cues then probably enable the binary interaction of PHAX or
ZC3H18 with CBC. Given the partially overlapping binding sites of ARS2 and PHAX on
CBC, in the case no RNA anomaly is detected, this might eventually result in exclusion of
ARS?2 favouring the assembly of the snRNA export complex. Alternatively, the binding of

ZC3HI18 to both ARS2 and CBC will result in recruitment of the NEXT complex and
transcript degradation.
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