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ABSTRACT

3’ end formation of most eukaryotic mRNAs is dependent on the assembly of a ~1.5 megadalton
multiprotein complex, that catalyzes the coupled reaction of pre-mRNA cleavage and polyadenylation.
In mammals, the cleavage and polyadenylation specificity factor (CPSF) constitutes the core of the
3’ end processing machinery onto which the remaining factors, including cleavage stimulation factor
(CstF) and poly(A) polymerase (PAP), assemble. These interactions are mediated by Fip1, a CPSF
subunit characterized by high degree of intrinsic disorder. Here, we report two crystal structures
revealing the interactions of human Fip1 (hFip1) with CPSF30 and CstF77. We demonstrate that CPSF
contains two copies of hFip1, each binding to the zinc finger (ZF) domains 4 and 5 of CPSF30. Using
polyadenylation assays we show that the two hFip1 copies are functionally redundant in recruiting one
copy of PAP, thereby increasing the processivity of RNA polyadenylation. We further show that the
interaction between hFip1 and CstF77 is mediated via a short motif in the N-terminal “acidic” region of
hFip1. In turn, CstF77 competitively inhibits CPSF-dependent PAP recruitment and 3’ polyadenylation.
Taken together, these results provide a structural basis for the multivalent scaffolding and regulatory

functions of hFip1 in 3’ end processing.
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INTRODUCTION

3’ end polyadenylation is a fundamental process in eukaryotic messenger RNA (mRNA)
biogenesis, essential for the maturation of non-histone precursor mMRNAs (pre-mRNAs) prior to their
export into the cytoplasm. Poly(A) tails possess key functions in mMRNA metabolism, governing mRNA
export, translational efficiency, and stability (Nicholson and Pasquinelli, 2019; Passmore and Coller,
2022). Furthermore, alternative mRNA polyadenylation constitutes a key mechanism of gene
expression control through dynamic regulation of polyadenylation site selection in pre-mRNA transcripts
(Di Giammartino et al., 2011; Tian and Manley, 2016). Accordingly, defects in polyadenylation are linked
to human diseases such as cancer, B-thalessemia, diabetes, or systemic lupus (Hollerer et al., 2014;
Gruber and Zavolan, 2019; Dharmalingam et al., 2022).

mRNA 3’ end biogenesis occurs by a two-step mechanism comprising endonucleolytic
cleavage of the pre-mRNA transcript by the cleavage and polyadenylation specificity factor (CPSF)
complex and subsequent polyadenylation of the free 3’ end by the poly(A) polymerase (PAP). In human
cells, the process is dependent on the controlled assembly of several protein factors on the pre-mRNA,
including CPSF, RBBPS, cleavage stimulation factor (CstF), as well as mammalian cleavage factors |
and Il (CF Im and CFlIm, respectively), and PAP (Zhao et al., 1999; Xiang et al., 2014; Kumar et al.,
2019; Boreikaite et al., 2022; Schmidt et al., 2022). Most of these protein factors are highly conserved
between mammals and yeast, underlining the fundamental nature of this process (Xiang et al., 2014).
The cleavage site, typically within a CA dinucleotide, is defined by the polyadenylation signal (PAS), a
conserved hexanucleotide motif (predominantly AAUAAA) located approximately 10-30 nucleotides
upstream (Proudfoot and Brownlee, 1976; Proudfoot, 2011).

The PAS is specifically recognized by CPSF (Chan et al., 2014; Schénemann et al., 2014;
Clerici et al., 2018; Sun et al., 2018), which consists of two functional modules: the mammalian
polyadenylation specificity factor (mMPSF) comprising subunits CPSF160, WDR33, CPSF30 and hFip1
(for human factor interacting with poly(A) polymerase 1) (Bienroth et al., 1991; Murthy and Manley,
1992; Kaufmann et al., 2004; Shi et al., 2009), and the mammalian cleavage factor (mCF) containing
the endonuclease CPSF73 (Mandel et al., 2006), CPSF100 as well as Symplekin (Sullivan et al., 2009).
RBBP6 associates with mCF and is essential for pre-mRNA cleavage (Di Giammartino et al., 2014;
Boreikaite et al., 2022; Schmidt et al., 2022). Within mPSF, the CPSF160-WDR33 subcomplex forms a

rigid scaffold (Clerici et al., 2017) that interacts with CPSF30 (Clerici et al., 2018; Sun et al., 2018;
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Zhang et al., 2019) and the CPSF100 subunit of mCF (Zhang et al., 2019). CPSF30 contains five C3H1-
type zinc finger (ZF) domains and a C-terminal zinc knuckle domain which is absent in yeast homologue
Yth1 (Barabino et al., 1997) and not required for mPSF complex assembly (Clerici et al., 2017). The
ZF1 domain is necessary and sufficient for binding to the CPSF160-WDR33 heterodimer, while ZF2
and ZF3 together with WDR33 mediate recognition of the AAUAAA PAS hexamer motif (Clerici et al.,
2018; Sun et al., 2018). ZF4 and ZF5 domains interact with hFip1 (Barabino et al., 2000; Hamilton and
Tong, 2020). In previously determined cryo-EM structures of the yeast CPF and human mPSF
complexes, ZF4 and ZF5 remained unresolved, indicating conformational flexibility with respect to the
rigid mPSF core. Recently, a crystal structure of human CPSF30 ZF4-5 domains in complex with hFip1
has been determined (Hamilton and Tong, 2020) and complementary NMR studies of the yeast Fip1
homolog (Kumar et al., 2021) have shed light on the molecular details of the CPSF30-Fip1 interaction
and revealed considerable structural dynamics of Fip1 in the context of the 3’ processing machinery.

Mammalian CstF is a dimer of trimers comprising CstF77, CstF64 and CstF50 subunits
(Takagaki et al., 1990; Yang et al., 2018). It is recruited to the pre-mRNA by U- and G/U-rich sequences
located downstream of the cleavage site (Takagaki and Manley, 1997) that are recognized by CstF64
(Takagaki et al., 1992; MacDonald et al., 1994). Through stabilization of CPSF on the pre-mRNA, CstF
plays an important role in PAS recognition and is essential for pre-mRNA cleavage (Takagaki et al.,
1990; Boreikaite et al., 2022; Schmidt et al., 2022). Dimerization of CstF is mediated by the CstF77
HAT (half-a-tetratricopeptide repeat) domain homodimer (Bai et al., 2007), and further stabilized by
CstF50 (Yang et al., 2018). The CstF77 homodimer has an arch-like shape and interacts asymmetrically
with CPSF, contacting the CPSF160-WDR33 mPSF scaffold via only one side of the arch (Zhang et al.,
2019).

Fip1 interacts with PAP and tethers it to CPSF bound near the nascent 3’ end of the cleaved
pre-mRNA, which is required for its processive polyadenylation (Preker et al., 1995; Helmling et al.,
2001; Kaufmann et al., 2004; Meinke et al., 2008; Ezeokonkwo et al., 2011). Besides CPSF30 and
PAP, biochemical and cellular studies have implicated Fip1 in interactions with other proteins including
CPSF160, CstF77 (Preker et al., 1995; Kaufmann et al., 2004), WDR33 (Ohnacker et al., 2000; Clerici
et al., 2017), Symplekin (Ghazy et al., 2009), and CF Im (Venkataraman et al., 2005). However, the

molecular details of these interactions have not yet been revealed.
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Here, we report structural and biochemical analysis of the interactions of hFip1 with CPSF30,
PAP and CstF77 within the human 3’ polyadenylation machinery. While confirming previous structural
data (Hamilton and Tong, 2020), we notably show that mPSF contains two hFip1 copies, yet recruits
only one PAP molecule at a time. The presence of two PAP binding sites in mPSF contributes to the
processivity of 3’ polyadenylation. Furthermore, we show that hFip1 interacts with CstF77 through a
conserved helix in its N-terminal “acidic” region and reveal that CstF77 competes with PAP for hFip1-
binding, which attenuates polyadenylation efficiency. These results deepen our understanding of hFip1
as a key interaction partner for 3’ end processing factors, facilitating or regulating their spatiotemporal
assembly on the pre-mRNA, and establish a framework for further mechanistic studies of hFip1

interactions and CstF-mediated regulation of mMRNA 3’ end biogenesis.
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85 RESULTS

86 Structural basis for the human hFip1-CPSF30 interaction
87 The ZF4 and ZF5 domains of CPSF30 are necessary and sufficient for the interaction with the
88  conserved central domain of hFip1 (hereafter referred to as hFip1©P) (Clerici et al., 2017; Hamilton and
89 Tong, 2020). Yet these domains could not be resolved in previously determined cryo-EM
90  reconstructions of the human mPSF (Clerici et al., 2018; Sun et al., 2018), indicating that they are likely
91 flexibly tethered to the mPSF core. To gain insights into the CPSF30-hFip1 interaction, we determined
92  a crystal structure of a CPSF30 fragment spanning ZF4 and ZF5 domains (CPSF30%F4%F5, residues
93 118-178) in complex with hFip1°P (residues 138-180, hFip1 isoform 4) at a resolution of 2.2 A (Figure
94 1B). The structure reveals that hFip1©P binds CPSF30 in a 2:1 stoichiometry, with one hFip1°P molecule
95 (hFip1©Pa) binding predominantly to ZF4 and the other (hFip1Pb) to ZF5. Structural superpositions
96 reveal that hFip1°Pa and hFip1°Pb bind to the same surfaces of ZF4 and ZF5 domains with a root-
97 mean-square deviation of 0.87 A over 54 aligned residues (Figure 1C). Moreover, superpositions with
98 CPSF30 ZF2 and ZF3 domains reveal that the interaction surfaces on ZF4 and ZF5 are located on the
99  opposite side of the ZF fold relative to the PAS RNA binding surfaces of ZF2 and ZF3 (Figure 1C). ZF2
100 and ZF3 interactions with the RNA are mainly mediated by n-n stacking of aromatic side chains with
101 nucleobases and supplemented by protein mainchain hydrogen bond interactions (Clerici et al., 2018;
102  Sun et al., 2018). Although the aromatic residues are conserved in ZF4 and ZF5 (Figure 1 — figure
103  supplement 1A), RNA binding is likely precluded by the presence of proline residues at key mainchain
104  hydrogen binding positions. The hFip1°Pa-CPSF30 interaction surface (803 A?) is almost twice as large
105 as the hFip1°Pb-CPSF30 interface (478 A?) because hFip1°Pa binds at the ZF4-ZF5 junction and has
106  additional contacts with ZF5. hFip1°Pa and hFip1°Pb also contact each other directly (215 A?). ZF4
107  interaction with hFip1°Pa is mediated by a hydrophobic interface centered on Phe127¢PSF30 and
108  Phe131°PSF30 and supported by additional salt-bridge contact involving Arg144¢PSF0 and Asp155"Fiet
109  (Figure 1D). In turn, the interaction of ZF5 with hFip1°Pb is mainly mediated by Tyr151¢PSF30 and
110  Phe155°PSF30 (Figure 1E). As Fip1 is conformationally dynamic in isolation (Meinke et al., 2008;
111 Ezeokonkwo et al., 2011; Kumar et al., 2021), CPSF30 binding results in structural ordering of the CD
112 region. Interactions with both ZF4 and ZF5 are mediated by a hydrophobic patch in hFip1°P comprising

113  the aromatic side chains of Trp150"®', Phe161" P! and Trp170""*' (Figure 1D,E).
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114 To validate our structural observations, we initially mutated ZF4 and ZF5 interaction surface
115  residues in CPSF30%7+%F5 and tested the interactions of the mutant proteins with hFip1°P in a pull-down
116  assay (Figure 1 — figure supplement 2A). Individual substitutions of Tyr127¢PSF30 Tyr151CPSF30 or
117 Phe155CPSF30 with glutamate resulted in substantial reduction of hFip1©P binding, while simultaneous
118 mutation of both ZF4 and ZF5 residues resulted in loss of hFip1 binding, in agreement with our structural
119 observations. In hFip1¢P, glutamate substitution of aromatic residues in the hydrophobic interaction
120  patch either substantially reduced (Trp150"®', Trp170"F*") or completely disrupted (Phe161"FP1) the
121 hFip1°P-CPSF307744F5 interaction (Figure 1 — figure supplement 2B). We subsequently performed
122 size exclusion chromatography coupled to multi-angle static light scattering (SEC-MALS) to analyze the
123  stoichiometry of hFip1°P-CPSF30%742F% complexes. hFip1°P and wild-type CPSF30%74%7® formed a 2:1
124 complex. In contrast, CPSF30%74%5 proteins containing Y 127ECPSF30 or F155ECPSF30 mutations formed
125  a 1:1 complex with hFip1°P, while simultaneous mutation of both residues resulted in complete loss of
126  binding (Figure 1F). Together, these results confirm that human CPSF30 has two independently

127  functional hFip1 binding sites, one on ZF4 and the other on ZF5, each recruiting one copy of hFip1.

128 Functional redundancy of hFip1-CPSF30 interactions in human CPSF

129  To probe the functional significance of the dual CPSF30-hFip1 interaction interfaces in the context of
130  human CPSF, we co-expressed wild-type or mutant CPSF30 together with FLAG epitope-tagged
131 CPSF160, WDR33 and hFip1 in baculovirus-infected insect cells, and performed tandem affinity
132 purifications during which purified recombinant PAP was added in trans after the first purification step.
133 hFip1 co-purified with mPSF containing wild-type CPSF30 and co-precipitated PAP (Figure 1G).
134 Expression of CPSF30 ZF4 or ZF5 mutants (Y127E or Y151E, respectively) resulted in reduced
135  recovery of both hFip1 and PAP (Figure 1G), consistent with the reduced stoichiometry of the CPSF30-
136 hFip1 interaction observed in vitro (Figure 1F). In turn, expression of a CPSF30 construct containing
137 mutations in both the ZF4 and ZF5 binding sites resulted in the loss of hFip1 from mPSF, which was
138 thus unable to interact with PAP (Figure 1G). Together, these results indicate that both hFip1 binding
139  sites in CPSF30 contribute to the integrity of mPSF in vivo and both are capable of recruiting hFip1 and
140 consequently PAP. Notably, the expression levels of mPSF mutant complexes incapable of binding
141 hFip1 (Y127E/Y151CPSF30) were substantially reduced, consistent with the role of hFip1 in stabilizing the

142  CPSF30 zinc finger fold (Kumar et al., 2021).
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143 We next assessed the requirement of the hFip1-CPSF30 interactions for RNA 3
144 polyadenylation using an in vitro polyadenylation assay. Incubation of a model RNA substrate with
145 purified wild-type mPSF (Figure 2 — figure supplement 1A) and PAP resulted in processive
146 polyadenylation, which was dependent on the presence of ATP in the solution and an AAUAAA
147 hexameric PAS in the RNA (Figure 2A). The efficiency and processivity of 3’ polyadenylation were
148  reduced upon incubation of the substrate with mPSF complexes containing CPSF30 ZF4 or ZF5
149 mutants capable of binding only one copy of hFip1 (Figure 2A). No RNA polyadenylation was observed
150  upon incubation with mPSF containing the CPSF30 ZF4/ZF5 double mutant (Figure 2A), consistent
151 with the loss of hFip1 (Figure 1G). The loss of polyadenylation could not be rescued by the addition of
152 recombinant hFip1 in trans. Collectively, these observations indicate that both hFip1 binding sites in
153  CPSF30 contribute to the processivity of RNA 3’ polyadenylation, suggesting that the presence of two
154 hFip1 copies, and thus two PAP recruitment sites, in mPSF is required for high efficiency of 3’
155 polyadenylation. However, neither hFip1 binding site is strictly necessary for RNA 3’ polyadenylation,

156 suggesting their functional redundancy.

157 PAP recruitment occurs via hFip1 N-terminal region

158 In S. cerevisiae, a poorly conserved peptide motif in the N-terminal region of Fip1 directly interacts with
159  the poly(A) polymerase Pap1 (Meinke et al., 2008). Similarly, the N-terminal region of human hFip1,
160 upstream of the CD, is required for PAP interaction (Kaufmann et al., 2004) but the precise PAP
161 interaction site in human hFip1 has not been identified. To this end, we tested the interaction of green
162  fluorescent protein (GFP)-tagged PAP with purified mPSF complexes containing truncated hFip1
163  fragments in an in vitro pull-down experiment. PAP was detectably, albeit weakly, co-precipitated by
164  mPFS containing a hFip1 fragment spanning both the N-terminal and CD regions (residues 1-195) as
165  well as by mPFS containing an N-terminally truncated hFip1 (residues 36-195) (Figure 2B). However,
166 further truncation of hFip1 resulted in the loss of PAP binding, indicating that a region spanning residues
167 36-80 in human hFip1 is required for PAP interaction (Figure 2B). An additional pull-down experiment
168 using recombinant PAP and glutathione-S-transferase (GST)-fused hFip1 fragments revealed that
169 although the hFip1 region comprising residues 36-80 was required for PAP interaction, it was not
170 sufficient (Figure 2 — figure supplement 1B). This suggests that additional parts of hFip1 contribute

171 to PAP binding.
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172 We subsequently tested the activity of mPSF complexes containing N- or C-terminally truncated
173 hFip1 in the polyadenylation assay. In agreement with the interaction data, mPSF complexes containing
174  hFip1 fragments spanning residues 1-195 or 36-190 were able to support efficient RNA 3’
175 polyadenylation (Figure 2C), whereas mPSF complexes containing hFip1 fragments comprising
176 residues 80-195 or 130-195 were not. Together, these results indicate that hFip1 residues 36-80 are
177 required for the recruitment of PAP to effect mMPSF-dependent 3’ polyadenylation. Interestingly, we also
178  observed that polyadenylation levels were reduced with mPSF containing full-length hFip1 (residues 1-
179 378, isoform 4), as compared to mPSF containing C-terminally truncated hFip1 (residues 1-195),
180 suggesting that the C-terminal region of hFip1, which is proline-rich and predicted to be intrinsically

181 disordered, has an inhibitory effect on mPSF-dependent 3’ polyadenylation.

182  CPSF recruits only one copy of poly(A) polymerase

183 Prior studies have indicated that a complex comprising CPSF30 ZF4 and ZF5 domains and two hFip1
184  molecules is capable of simultaneous interaction with two PAP molecules in vitro (Hamilton and Tong,
185  2020). To determine whether this also occurs in the context of mPSF, we analyzed the mPSF-PAP
186 interaction by SEC-MALS. Despite only weakly interacting in pull-down analysis, at high PAP
187  concentrations (40 uM), mPSF and PAP formed a stable complex that could be purified by SEC.
188  Analysis of this complex using SEC-MALS revealed an apparent molecular mass of 347 kDa, consistent
189  with the molecular mass expected for a complex containing two hFip1 molecules and one PAP (337
190  kDa) (Figure 2D). Addition of excess PAP to the pre-purified mPSF-PAP sample did not lead to stable
191 formation of a 1:2 complex. These results indicate that mPSF is capable of stable association with only

192  one PAP molecule at a time, despite the presence of two copies of hFip1 in the complex.

193  The N-terminal region of hFip1 interacts with CstF77

194 In analogy with the yeast polyadenylation machinery, human Fip1 has previously been shown to interact
195  with CstF77 (Preker et al., 1995; Kaufmann et al., 2004). To validate these observations and identify
196 the interaction determinants in hFip1, we performed a pull-down experiment with GST-tagged hFip1
197  fragments and maltose binding protein (MBP)-tagged fragment of CstF77 comprising the HAT domain
198  (residues 21-549). The very N-terminal region of hFip1 spanning residues 1-35 was necessary and
199  sufficient for the interaction with the CstF77 HAT domain (Figure 3A). Notably, this region is

200  dispensable for the interaction of hFip1 with PAP and for RNA 3’ polyadenylation (Figure 2B,C).
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201 To shed light on the hFip1-CstF77 interaction, we subsequently reconstituted a complex
202 comprising the hFip1'-3® fragment with a truncated construct of the CstF77 HAT domain (residues 241-
203  549) and determined its X-ray crystallographic structure at a resolution of 2.7 A. The structure reveals
204  that hFip1 binds to a conserved positively-charged patch located on the convex surface of the CstF77
205  HAT domain arch (Figure 3B, Figure 3 — figure supplement 1A,B). Within the hFip1'-° fragment, only
206  the evolutionarily conserved residues 20-27 were ordered, adopting an alpha-helical conformation (Fig
207  3C,D). Interaction of hFip1'3® with CstF77 involves salt bridge contacts of Glu22"FP! and Glu23"Fr!
208  with Arg402°sF77 and hydrophobic contacts involving Leu26" P! and Tyr27"7°" with Phe398CsF77,
209  Val428CstF77 11e432CsF77 and Leu435°°F77, Additionally, the Tyr27"F*' side chain interacts with
210  Arg395°%F77 via a n-n stacking. Corroborating these structural observations, simultaneous alanine
211 substitutions of Glu22" P! and Glu23"FP!, or Trp25" P!, Leu26"™ P! and Tyr27"F?1, respectively, disrupted
212 the hFip1'3-CstF772"%9 interaction in a pull-down experiment, whereas alanine substitution of
213  Trp25"PT alone did not have an effect (Figure 3E). In turn, mutation of the positively charged interaction
214  interface in CstF77 (Arg395, Arg402, and Lys431 mutated to alanines) abolished the interaction with
215  hFip1'-% (Figure 3E).

216 A previously determined cryo-EM reconstruction of the human mPSF-CstF77 complex revealed
217 that the interaction of the CstF77 HAT domain dimer with mPSF is primarily mediated by extensive
218  contacts with WDR33 and CPSF160 (Zhang et al., 2019). Upon close inspection, the cryo-EM map from
219  this dataset (EMDB entry EMD-20861) exhibits residual densities on both CstF77 protomers that could
220 be attributed to the binding of two hFip1 molecules via their N-terminal regions (Figure 3H). This
221 observation indicates that CstF77 is capable of binding two hFip1 copies when bound to mPSF. We
222 subsequently tested the contribution of hFip1'3 to the mPSF-CstF77 interaction in a pull-down
223 experiment using MBP-tagged CstF77 and mPSF complexes containing truncated hFip1 fragments.
224  Although all mPSF complexes were capable of binding CstF77, reduced levels of CstF77 co-
225 precipitation were observed with mPSF containing N-terminally truncated hFip1 that lacked the CstF77
226  interacting region (Figure 3 — figure supplement 2A). Taken together, these results suggest that direct
227 interactions between hFip1 and CstF77 contribute to the assembly of the CPSF-CstF complex during

228 mRNA 3’ end biogenesis.
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229 CstF77 inhibits polyadenylation by competition for hFip1

230 As CstF77 and PAP bind to non-overlapping, yet adjacent, sites in hFip1, CstF77 binding could
231 nevertheless preclude PAP recruitment due to steric hindrance. To probe this, we carried out a pull-
232  down experiment with GST-tagged hFip1 and mixtures of MBP-tagged CstF77 and GFP-tagged PAP
233 at varying molar ratios. In the presence of excess CstF77, PAP binding was considerably reduced,
234 indicating that CstF77 competes with PAP for binding to hFip1 (Figure 4A). Consistent with this, CPSF-
235  dependent RNA 3’ polyadenylation was substantially reduced in the presence CstF77, suggesting that
236 CstF77 inhibits 3’ polyadenylation via interaction with hFip1 (Figure 4B). Consistently, the inhibitory
237  effect of CstF77 was reduced either when mPSF lacked the N-terminal CstF77 interaction site in hFip1
238  (Figure 4B) or when CstF77 (CstF™!) was incapable of interaction with the N-terminal region of hFip1
239  (Figure 4 - figure supplement 1A). In both cases, addition of excess CstF77 led to a reduction of RNA
240 3’ polyadenylation rate, although not to the same extent (Figure 4B, Figure 4 — figure supplement
241 1A). Together, these results suggest that CstF77 inhibits RNA 3’ polyadenylation in both hFip1-

242 dependent and independent manners.
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243  DISCUSSION

244 Despite extensive efforts to obtain structural insights into the molecular organization and regulation of
245 the eukaryotic mRNA 3’ end processing machinery, high-resolution structural information has so far
246  only been obtained for stable sub-assemblies composed of structurally rigid subunits (Casafial et al.,
247 2017; Clerici et al., 2017, 2018; Sun et al., 2018; Hill et al., 2019; Zhang et al., 2019; Hamilton and
248  Tong, 2020; Kumar et al., 2021). Although hFip1 is an integral component of the CSPF complex,
249  specifically its mPSF module, it has not been structurally visualized in this context owing to its
250 intrinsically disordered nature (Meinke et al., 2008).

251 In our study, we reveal the molecular basis for the interactions of human hFip1 with both
252  CPSF30, PAP and CstF77. While confirming the 2:1 binding stoichiometry of the hFip1:CPSF30
253 interaction in isolation (Hamilton and Tong, 2020; Kumar et al., 2021), we expand this finding to the
254 CPSF complex, confirming that its mPSF module assembles with two hFip1 copies in cells and
255  demonstrating that both the ZF4 and ZF5 domains in CPSF30 are capable of binding hFip1
256 independently. Using polyadenylation assays we show that the two hFip1 copies are functionally
257 redundant in recruiting PAP to the mPSF, which increases the processivity of RNA 3’ polyadenylation.
258  As recruitment of PAP to the 3’ end of the cleaved pre-mRNA is prerequisite for its processivity
259 (Ezeokonkwo et al., 2011), while PAP only weakly associates with the mPSF, the presence of two hFip1
260 copies thus likely increases the 3’ polyadenylation efficiency polyadenylation by increasing the local
261 PAP concentration. While recent studies of human CPSF30 and its yeast homologue Yth1 reported
262 higher binding affinity for the Fip1:ZF4 interaction as compared to Fip1:ZF5 (Hamilton and Tong, 2020;
263 Kumar et al., 2021), we show that polyadenylation efficiency is reduced equally independent of which
264 hFip1 interaction site (ZF4 or ZF5) is impaired. This indicates that PAP recruitment by mPSF is the
265 limiting factor in 3’ polyadenylation.

266 Although the yeast Fip1-Pap1 interaction has been extensively characterized biochemically and
267 structurally (Meinke et al., 2008), the yeast Pap1 interaction motif is poorly conserved in human Fip1
268 (Figure 4 — figure supplement 2A), only partially mapping to residues 80-86 (hFip1 isoform 4). We
269 show that an additional N-terminal segment in human Fip1 spanning residues 36-80 is required but not
270 sufficient for PAP binding, underscoring the differences between human and yeast Fip1-PAP
271 interactions and explaining the low degree of conservation in the respective interacting regions

272  (Helmling et al., 2001; Meinke et al., 2008). Notably, our biophysical analysis of the human mPSF-PAP
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273 interaction reveals that despite the presence of two hFip1 copies, only one copy of PAP is stably
274 recruited by mPSF, in contrast to the observation of two PAP copies stably bound by the CPSF30-hFip1
275  subcomplex in isolation (Hamilton et al., 2020) ), and the detection of two Pap1 copies in the polymerase
276 module of yeast CPF (Casafal et al., 2017). It is not clear why the binding of a second PAP molecule
277 by mPSF is precluded, even though our results imply that PAP can be recruited via either hFip1
278 molecule. We speculate that this might be due to molecular crowding or steric hindrance when mPSF
279 is bound to a substrate RNA, particularly considering that the two Fip1 molecules make asymmetric
280 interactions with mPSF. Notwithstanding, these findings suggest that mPSF contains two hFip1
281 interaction modules to ensure efficient PAP recruitment. Furthermore, the presence of two hFip1 copies
282  might be required for mPSF integrity and its interactions with CstF.

283 The interaction between CPSF and CstF has previously been shown to involve direct contacts
284 between the CstF77 homodimer and an extensive interface provided by the CPSF160 and WDR33
285  subunits of CPSF (Zhang et al., 2019), yet CstF also interacts with CPSF via hFip1 (Kaufmann et al.,
286  2004). Our crystal structure of the hFip1-CstF77 subcomplex reveals that a hFip1 binds via conserved
287 motif within the N-terminal “acidic” region to the convex arch of the CstF77 HAT domain on both
288 protomers in the CstF77 homodimer, resulting in a 2:2 stoichiometry. By reanalysis of previously
289 reported cryo-EM data (Zhang et al., 2019), we reveal that this interaction mode is preserved in the
290  context of the mPSF-CstF complex. Strikingly, CstF77 inhibits 3’ polyadenylation in a manner both
291 dependent and independent of its interaction with hFip1. Accordingly, the hFip1-PAP and hFip1-CstF77
292 interactions appear to be competitive, possibly as a result of the proximity of the PAP and CstF77
293 interaction sites within the hFip1 N-terminus. As CstF is strictly required for CPSF73-dependent pre-
294  mRNA cleavage while PAP might not be (Boreikaite et al., 2022), these results imply that the CPSF-
295  CstF interaction is disrupted or undergoes a conformational rearrangement after cleavage to enable
296  PAP recruitment to the cleaved pre-mRNA and subsequent 3’ polyadenylation.

297 To perform the coupled reaction steps of cleavage and polyadenylation, the 3’ end processing
298  machinery likely undergoes a sequence of conformational and compositional rearrangements as
299 polyadenylation site recognition by the mPSF module of CPSF and activation by RBBP6 triggers CstF-
300 dependent cleavage by the mCF, after which the nascent 3’ end needs to be made accessible to PAP
301 for subsequent poly(A) synthesis (Boreikaite et al., 2022; Schmidt et al., 2022). Based on our structural

302 and biochemical findings, we propose a model in which hFip1 acts as a coordinator of the two steps of
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303 3’ end processing. Initially, the two hFip1 molecules present in mPSF facilitate the assembly of CPSF
304  and CstF on the pre-mRNA via the interactions of their N-terminal motifs with CstF77 (Figure 4C). In
305 part, these interactions also preclude PAP recruitment until the pre-mRNA has been cleaved and a free
306 3’ end has been generated. Upon endonucleolytic cleavage of the pre-mRNA by CPSF73, a
307 conformational rearrangement, possibly driven by the dissociation of the downstream cleavage product
308 and concomitant displacement of CstF, reduces sterical constraints around the nascent 3’ end, which
309  enables hFip1 to associate with PAP to initiate processive 3’ polyadenylation of the cleaved pre-mRNA
310  (Figure 4D). The conformational and compositional transitions required for accessing the nascent 3’
311 end are orchestrated by hFip1 and facilitated by its flexible attachment to mPSF via CPSF30, as well
312 as by its intrinsic conformational dynamics (Meinke et al., 2008; Ezeokonkwo et al., 2011; Kumar et al.,
313 2021). The presence of two hFip1 molecules in the 3’ end processing complex promotes efficient PAP
314 recruitment and contributes to the processivity of 3' end polyadenylation. This model is supported by
315 recent findings reported by Boreikaite et al., which demonstrated that the presence of PAP is not
316 required for endonucleolytic cleavage by mCF, but is contradicted by the study of Schmidt et al., which
317 reported that PAP is required for pre-mRNA cleavage, necessitating further studies focused on the
318  functional role of PAP in pre-mRNA cleavage.

319 In sum, these results advance our understanding of hFip1 as a multivalent interaction scaffold
320 for 3 end processing factors and unravel a novel aspect of polyadenylation regulation by CstF. Through
321 interspacing binding sites for processing factors with intrinsically disordered, low-complexity sequences
322  hFip1 can achieve the required degree of conformational freedom to accommodate the remodeling of
323  the 3’ end processing machinery and ensure correct spatiotemporal regulation of the processing factors
324 at the nascent mRNA 3’ end. The molecular basis of these transitions, however, awaits further structural

325  and biophysical investigations.
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326 MATERIALS AND METHODS

327 Protein expression and purification

328 Cloning for expression in E. coli

329  Constructs encoding for CPSF30 isoform 3 (Uniprot 095639-3), hFip1 isoform 4 (Uniprot Q6UN15-4),
330  poly(A) polymerase alpha (Uniprot P51003-1), and CstF77 (Uniprot Q12996-1) were cloned into
331 ligation-independent cloning (LIC) expression vectors 1B (gift from Scott Gradia, Addgene plasmid
332  #29653), 1M (Addgene plasmid #29656), 2G-T (Addgene plasmid #29707), 2GFP-T (Addgene plasmid
333  #29716), and co-transformation vector 13S-A (Addgene plasmid 48323), respectively. DNA encoding
334  for hFip1'3%-1% was first cloned into 2G-T, PCR amplified starting from the GST-tag and inserted into
335 13S-A using LIC cloning. Point mutations in CPSF30, hFip1, PAP, and CstF77 were introduced by
336  obtaining linear DNA fragments (GeneArt Strings, Thermo Fisher) encoding for the desired construct
337 with LIC overhangs and cloned into the respective expression vectors according to Supplementary

338  Table 1.

339  Cloning for expression in Sf9 cells

340  DNA encoding human CPSF160 (Uniprot Q10570), WDR33 (Uniprot Q9C0J8-1), CPSF30 isoform 3,
341 and hFip1 isoform 4 were cloned into MacroBac Series 438 cloning system vectors (Gradia et al., 2017)
342 according to Supplementary Table 1. Subcloning of three- or four-subunit mMPSF complexes into a single
343  baculovirus transfer plasmid was performed following the MacroBac protocol (Gradia et al., 2017). For
344  FLAG-tagged mPSF complexes, subcloning was performed using the biGBac protocol (Weissmann et

345  al., 2016).

346 Expression and purification of CPSF30 and hFip1 for SEC-MALS
347  Hiss-MBP-TEV-CPSF30'243 wt and mutants (Y127E, F155E, Y127E/F155E) were expressed overnight

348 in E. coli BL21 star (DE3) cells and Hiss-GFP-TEV-hFip1"'% in E. coli Rosetta2 (DE3) cells,
349  respectively, at 18 °C by addition of IPTG to a final concentration of 0.5 mM at ODeoo of about 0.6-0.8.
350  Cells were resuspended in buffer A supplemented with 0.5 mM TCEP, 1 uM Pepstatin, and 400 uM
351 AEBSF protease inhibitor followed by lysis via sonication. Lysate was cleared by centrifugation (20 min,
352 20,000 x g, 4°C) and clarified lysate was purified on Ni-NTA agarose resin (QIAGEN) eluted with buffer
353 A supplemented with 0.5 mM TCEP and 200 mM imidazole. The protein was further purified by size

354 exclusion chromatography on a Superdex 75 (Cytiva) column, eluting with buffer A supplemented with
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355 1 mM DTT. Eluting peak fractions were concentrated in centrifugal filter (Amicon Ultra-15, MWCO 30

356  kDa, Merck Millipore), flash frozen, and stored at -80 °C.

357 PAP expression and purification

358  Hiss-MBP-TEV-PAP'%% was expressed in E. coli Rosetta2 (DE3) cells overnight at 18 °C by induction
359  with 0.5 mM IPTG at ODsoo of about 0.6-0.8. Cells were lysed by sonication in 20 mM Tris-HCI pH 8.0,
360 500 mM NaCl, 5 mM imidazole, 0.5 mM TCEP supplemented with 0.1 uM Pepstatin and 400 uM AEBSF
361 protease inhibitor. Lysate was cleared by centrifugation (20 min, 20,000 x g, 4°C) and cleared lysate
362  was subjected to Ni-NTA resin (QIAGEN), washed and protein eluted with buffer B (20 mM Tris-HCI pH
363 8.0, 200 mM NaCl) supplemented with 200 mM imidazole. Eluted protein was further purified on
364 MBPTrap HP (Cytiva), eluting in buffer B supplemented with 10 mM maltose. The eluted protein
365  fractions were injected onto a Superdex 200 column (Cytiva) equilibrated in buffer B supplemented with
366 1 mM DTT. Tag was cleaved off the protein with Hise-MBP-TEV protease, and the cleavged tags
367 including protease removed from protein sample using a MBPTrap HP (Cytiva). For use in pull-down
368  analysis, the tag was not cleaved from Hiss-MBP-TEV-PAP'-5* wt and mutant (R395A, R402A, K431A)
369  after size exclusion chromatography. Purified protein was concentrated in centrifugal filter (Amicon

370 Ultra-15, MWCO 50 kDa, Merck Millipore), aliquoted, flash frozen, and stored at -80 °C.

371 Expression of mPSF complexes

372 For expression of mPSF complexes in Sf9 cells (Thermo Fisher Scientific, cat. no. 11496015; cell line
373  was authenticated and tested for mycoplasma contamination by manufacturer, no further validation was
374 done by the authors), recombinant baculoviruses were generated according to the Bac-to-Bac
375 Baculovirus expression system (Invitrogen). 2 ml of P3 virus were used to infect 1 L of Sf9 insect cells

376 at a density of 1.1x10% ml"". Cells were harvested 72 h post infection.

377 Purification of CPSF complexes for polyadenylation assays and pull-down analysis

378  Cells were resuspended in buffer C (25 mM Tris-HCI pH 7.5, 200 mM NaCl, 10% Glycerol, 0.5 mM
379  TCEP) supplemented with 5 mM imidazole, 0.05% Tween-20, and cOmplete Protease-Inhibitor-
380  Cocktail (Roche). Cells were lysed by sonication, cleared by centrifugation (20 min, 20,000 x g, 4°C)
381 and the clarified lysate was purified on Ni-NTA resin (QIAGEN) eluting in buffer C supplemented with
382 200 mM imidazole. The eluted protein was incubated with Strep-Tactin Sepharose (IBA Lifesciences)

383 beads, washed with ten column volumes of buffer B, and eluted with buffer C supplemented with 5 mM
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384  Desthiobiotin. Strep-Tactin purified mPSF complexes were concentrated in centrifugal filter (Amicon
385 Ultra-15, MWCO 300 kDa, Merck Millipore) to approximately 0.5 mg-ml'. To account for impurities,
386  mPSF complex concentrations were assessed on SDS PAGE and adjusted accordingly (Figure S1C),
387  aliquoted, flash frozen, and stored at -80 °C. For use in pull-down analysis, CPSF complexes were used

388  directly after Strep-Tactin purification.

389  Purification of CPSF-PAP complex for SEC-MALS analysis
390 mPSF complexes comprising CPSF160-WDR33'410-CPSF30-hFip1''%8 for SEC-MALS analysis were

391 produced as described above with subsequent tag removal by incubation with Hise-TEV protease.
392 mPSF (assuming to comprise two hFip1) was supplemented with untagged PAP'%% in 2.5-fold molar
393 excess and 1.2-fold molar excess of 27 nt SV40 PAS-containing mRNA with cryptic polyA tail
394 (CUGCAAUAAACAACUUAACAACAAAAA). The complex was purified on a Superose 6 column
395 (Cytiva) in 20 mM HEPES pH 8.0, 150 mM KCI, 0.5 mM TCEP. mPSF:PAP complex was concentrated
396 in centrifugal filter (Amicon Ultra-15, MWCO 100 kDa, Merck Millipore), aliquoted, flash frozen, and

397 stored at -80 °C.

398  Expression and purification of GST-hFip1 proteins for pull-down analysis

399  Hise-GST-TEV-hFip1''®® and Hisse-GST-TEV-hFip1'-3® were expressed overnight in E. coli BL21 star
400 (DE3) cells at 18 °C by induction with 0.5 mM IPTG at ODsoo of about 0.6-0.8. Cells were lysed by
401 sonication in buffer A supplemented with 5 mM imidazole, 1 uM Peptsatin A, and 400 uM AEBSF
402  protease inhibitor. Lysate was cleared by centrifugation (20 min, 20,000 x g, 4°C) and clarified lysate
403  was purified on Ni-NTA resin (QIAGEN) eluting in buffer A supplemented with 200 mM imidazole in
404  gravity flow. Eluted protein was loaded on a HiTrap Q FF (Cytiva) anion exchange chromatography
405  column and eluted with a linear gradient from 200 mM to 1 M NaCl over 15 CV in 25 mM Tris-HCI pH
406 7.5 and 1 mM DTT. Eluting peak fractions were further purified on a Superdex 75 (Cytiva) column
407 equilibrated in 25 mM Tris-HCI pH 7.5, 500 mM NaCl, 1 mM DTT. Protein was concentrated in
408  centrifugal filter (Amicon Ultra-15, MWCO 30 kDa, Merck Millipore), aliquoted, flash frozen, and stored
409  at -80 °C. Hise-GST-TEV-hFip1%¢-1% was expressed in E. coli BL21 star (DE3) cells overnight at 18 °C
410 by induction with 0.5 mM IPTG at ODeoo of about 0.6-0.8. Cells were lysed by sonication in buffer A
411 supplemented with 1 mM DTT, 1 uM Peptsatin A, and 400 uM AEBSF protease inhibitor. Lysate was
412  cleared by centrifugation (20 min, 20,000 x g, 4°C). Clarified lysate was subjected to a GSTrap Fast

413  Flow (Cytiva) column and eluted in buffer A supplemented with 1 mM DTT and 10 mM GSH. Hiss-GST-
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414  TEV-hFip1"% mutants (E22A, E23A; W25A, L26A, Y27A; W25A) were expressed and purified
415  analogously to Hiss-GST-TEV-hFip136-1% put with buffers containing 500 mM NaCl. All proteins were
416  further purified on a Superdex 200 (Cytiva) column equilibrated in buffer A supplemented with 1 mM
417 DTT. Protein was concentrated in centrifugal filter (Amicon Ultra-15, MWCO 30 kDa, Merck Millipore),

418  aliquoted, flash frozen, and stored at -80 °C.

419  Expression and purification of Hise-CstF77 proteins for pull-down analysis

420  Hise-TEV-CstF7721-54 wt and mutant (R395A, R402A, K431A) were expressed overnight in E. coli BL21
421 star (DE3) cells at 18 °C by induction with 0.5 mM IPTG at ODsoo of about 0.6-0.8. Cells were lysed by
422 sonication in 40 mM Tris-HCI pH 7.5, 500 mM NaCl, 5 mM imidazole, supplemented with 1 yM Peptsatin
423 A and 400 uM AEBSF protease inhibitor. Lysate was cleared by centrifugation (20 min, 20,000 x g,
424  4°C) and clarified lysate was purified on Ni-NTA resin (QIAGEN) eluting with buffer A supplemented
425  with 250 mM imidazole in gravity flow. Salt concentration and pH of protein sample were reduced to 60
426 mM NaCl and pH 7.0 by dilution and purified on a HiTrap SP FF (Cytiva) cation exchange
427 chromatography column. Protein was eluted from column with a linear gradient from 60 mM to 1 M NaCl
428  over 10 CV in 20 mM Tris-HCI pH 7.0 and 1 mM DTT. Eluting peak fractions were further purified on a
429  Superdex 200 (Cytiva) column equilibrated in 20 mM Tris-HCI pH 7.5, 200 mM NaCl, 1 mM DTT. Protein
430  was concentrated in centrifugal filter (Amicon Ultra-15, MWCO 100 kDa, Merck Millipore), aliquoted,

431 flash frozen, and stored at -80 °C.

432 Expression and purification of MBP-CstF77 proteins for pull-down analysis

433  For use in pull-down analysis, Hiss-MBP-TEV-CstF772'%4° wt and mutant (R395A, R402A, K431A) were
434  expressed and purified analogous to CstF77 for co-crystallization with hFip1, omitting tag cleavage with

435 Hise-TEV protease prior to size exclusion chromatography.

436 Expression and purification of GFP-PAP for pull-down analysis
437  Hise-GFP-TEV-PAP'%% was expressed overnight in E. coli Rosetta2 (DE3) cells at 18 °C by induction

438  with 0.5 mM IPTG at ODsoo of about 0.6-0.8. Cells were lysed by high-pressure cell disruption at 25 kpsi
439 in buffer B supplemented with 5 mM imidazole, 0.5 mM TCEP, 0.1 yM Pepstatin, and 400 uM AEBSF
440  protease inhibitor. Lysate was cleared by centrifugation (20 min, 20,000 x g, 4°C) and clarified lysate
441 was subjected to Ni-NTA resin (QIAGEN), washed and protein eluted with buffer B supplemented with

442 250 mM imidazole. Eluted protein was further purified on Superdex 200 column (Cytiva) equilibrated in
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443 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.5 mM TCEP. Purified protein was concentrated in centrifugal

444  filter (Amicon Ultra-15, MWCO 50 kDa, Merck Millipore), aliquoted, flash frozen, and stored at -80 °C.

445 CPSF30-hFip1 complex preparation
446  Plasmids encoding for Hise-TEV-CPSF30''817® and GST-TEV-hFip1'30-1% were co-transformed and

447 proteins were expressed overnight in E. coli BL21 star (DE3) cells at 18 °C by addition of IPTG to a
448  final concentration of 0.5 mM at ODeoo of about 0.6-0.8. Cells were resuspended in buffer A (25 mM
449 Tris-HCI pH 7.5, 200 mM NaCl) supplemented with 1 yM Pepstatin and 400 uM AEBSF, and lysed by
450 sonication. Lysate was cleared by centrifugation (20 min, 20,000 x g, 4°C) and protein was purified on
451 Glutathione Sepharose 4 Fast Flow resin (Cytiva), eluting with buffer A supplemented with 10 mM
452 reduced L-Glutathione (GSH). After overnight cleavage with Hise-TEV protease, the protein was further
453 purified by size exclusion chromatography on a Superdex 75 (Cytiva) column with a GSTrap Fast Flow
454  (Cytiva) column in tandem to capture any residual GST tags, eluting with 25 mM Tris-HCI pH 7.5,
455 150 mM NaCl, 1 mM DTT. Eluting peak fractions were concentrated in centrifugal filter (Amicon Ultra-

456 15, MWCO 10 kDa, Merck Millipore) to 6.14 mg-ml, flash frozen, and stored at -80 °C.

457 CstF77-hFip1 complex preparation
458  Hise-MBP-TEV-CstF77241%4° was expressed in E. coli BL21 star (DE3) cells at 18 °C overnight by

459  addition of IPTG to a final concentration of 0.5 mM at ODeoo of about 0.6-0.8. Cells were resuspended
460 in buffer containing buffer A supplemented with 1 mM DTT, 1 yM Pepstatin and 400 uM AEBSF, and
461 lysed by sonication. Lysate was cleared by centrifugation (20 min, 20,000 x g, 4°C) and protein was
462  purified on amylose resin (NEB) including a high salt wash with buffer containing 25 mM Tris-HCI
463 pH 7.5, 500 mM NaCl, and 1 mM DTT prior to elution with buffer A supplemented with 1 mM DTT and
464 10 mM maltose. After digestion with Hise-TEV protease, the tags and protease were removed from the
465 protein by passage through a Ni-NTA superflow cartridge (QIAGEN). The protein was further purified
466 by size exclusion chromatography on a Superdex 200 Increase (Cytiva) column, eluting with 20 mM
467 HEPES pH 7.5, 150 mM KCI, 1 mM TCEP. Hiss-GST-TEV-hFip1'-3® was expressed in E. coli BL21-Al
468  (Invitrogen) cells overnight at 18 °C by induction with 0.2% arabinose at ODsoo of 0.8. Cells were lysed
469 by high-pressure cell disruption at 25 kpsi in buffer A supplemented with 1 mM DTT, 1 uyM Pepstatin
470  and 400 uM AEBSF protease inhibitor. Lysate was cleared by centrifugation (20 min, 20,000 x g, 4°C)
471 and cleared lysate was subjected to a GSTrap Fast Flow (Cytiva) column, washed with 25 mM Tris-HCI

472 pH 7.5, 500 mM NaCl, and 1 mM DTT prior to elution in buffer A supplemented with 1 mM DTT and
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473 10 mM GSH. Affinity tag was cleaved from protein using Hiss-MBP-TEV protease while dialyzing into
474 buffer A supplemented with 1 mM DTT and hFip1'3 was further purified by size exclusion
475  chromatography on a Superdex 75 (Cytiva) column into 25 mM HEPES pH 7.5, 150 mM KCI, 1 mM
476 DTT. The absolute mass of hFip1'® (4.1 kDa) was confirmed with ESI-MS analysis. Peak fractions of

477  both CstF77 and hFip1 were pooled individually, concentrated, flash frozen, and stored at -80 °C.

478 CPSF30-hFip1 complex crystallization and structure determination

479  CPSF30:hFip1 complex was crystallized at 20 °C using the hanging drop vapour diffusion method by
480  mixing 0.5 pl of protein at 6.14 mg-ml™* with 0.5 pl of reservoir solution containing either 1.8 M (NH4)SOs4,
481 0.1 M Bis-Tris pH 6.5 (native data set) or 1.626 M (NH4)SO4, 0.1 M Bis-Tris pH 6.5 (zinc SAD data
482  set). Crystals were transferred into reservoir solution supplemented with 20% (v/v) Glycerol for cryo-
483 protection prior to flash-cooling by plunging into liquid nitrogen. X-ray diffraction data were recorded at
484  beam line X06DA (PXIIl) at Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland) on an
485 PILATUS 2M-F (Dectris) detector, at a wavelength of 1.28095 A using an oscillation range of 0.1° and
486 an exposure time of 0.1 s per image while rotating the crystal through 360°. Detailed data collection
487  statistics are listed in Table 1. Diffraction data were processed with XDS (Kabsch, 2010) in space group
488 P21, with four complex copies in the asymmetric unit and the presence of pseudmerohedral twinning.
489  Twin law h, -k, -h-l was determined using phenix.xtriage (Zwart et al., 2005) comprising a twin fraction
490 of approximately 48%. Exploiting the presence of zinc ions bound to CPSF30, phase determination was
491 performed by single-wavelength anomalous diffraction (SAD) followed by phasing and density
492  modification with autoSHARP (Vonrhein et al., 2007). A homology model based on CPSF30 ZF2 (PDB
493 ID: 6FUW) was fitted into the electron density in Coot (Emsley and Cowtan, 2004), followed by
494 automated model building using phenix.autobuild (Terwilliger et al., 2007). The structure was completed
495 by iterative cycles of manual model-building in Coot and refinement with phenix.refine (Adams et al.,

496  2010). Molecular models were visualized using PyMOL (Schrédinger LLC, 2021).

497 CstF77-hFip1 complex structure elucidation

498 A 1.5-fold molar excess of hFip1 was added per CstF77 molecule (corresponding to a 3-fold molar
499  excess to a dimer of CstF77) and concentrated to 13.7 mg-ml' (A280=23.36) using a centrifugal filter
500 (Amicon Ultra-0.5, MWCO 3 kDa, Merck Millipore) prior to crystallization. The CstF77-hFip1 complex

501 was crystallized using the sitting drop vapor diffusion method by mixing 0.1 pl protein with 0.1 pl
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502  reservoir solution containing 0.1 M Bicine pH 9.0, 10% w/v PEG 20k, 2% v/v Dioxane. Crystals were
503  cryo-protected by transfer into reservoir solution supplemented with 24% (v/v) Glycerol prior to flash-
504  cooling with liquid nitrogen. X-ray diffraction data were recorded at beam line X06SA (PXI) at Swiss
505  Light Source (Paul Scherrer Institute, Villigen, Switzerland) on an EIGER 16M (Dectris) detector, using
506  an oscillation range of 0.2° and an exposure time of 0.1 s per image while rotating the crystal through
507 360°. Detailed data collection statistics are listed in Table 1. Diffraction data were processed with
508  Autoproc (Vonrhein et al., 2011) in space group P6122. The structure was solved using residues 241-
509 549 of murine CstF77 (PDB ID: 200E) as search model for phasing with molecular replacement (MR)
510  in phenix.phaser (McCoy et al., 2007). A total of two CstF77 molecules could be placed into the electron
511 density, corresponding to a dimer. After rigid-body refinement of the molecular replacement solution,
512  the structure was completed by iterative cycles of manual model-building in Coot, including the
513 placement of the hFip1 peptides into the electron density unoccupied by CstF77, and refinement with
514  phenix.refine (Adams et al., 2010). Molecular models were visualized using PyMOL (Schrodinger LLC,

515  2021).

516 Pull-down assays

517  Pull-down analysis of mPSF-PAP interaction
518  Strep-Tactin purified mPSF complexes were incubated with 30 pl Anti-FLAG M2 magnetic beads

519 (Sigma-Aldrich) equilibrated in FLAG wash buffer (25 mM Tris pH 8.0, 200 mM NaCl, 0.1% Tween-20)
520  and gently agitated at 4 °C for 2 h. The beads were washed three times with 0.5 ml of FLAG wash buffer
521 and the bound protein was eluted with 1X SDS-PAGE loading buffer supplemented with 100 ug-ml' 3X
522 FLAG peptide (Sigma-Aldrich) on ice. FLAG elutions were analyzed by SDS-PAGE on 4-20% Mini-
523 PROTEAN TGX Precast Protein Gels (Bio-Rad) without prior heating to preserve the GFP fluorescence.
524  GFP fluorescence was visualized on a Typhoon FLA 9500 laser scanner (Cytiva) at 473 nm and
525  subsequently stained with Coomassie brilliant blue R250. For equal mPSF complex concentrations to
526 compare the corresponding GFP-hFip1 and GFP-PAP fluorescences, loading volumes were adjusted
527 according to CPSF160 band intensities. Beads control loading volume correspons to the maximum

528  mPSF sample loading volume.
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529  Pull-down analysis of hFip1-CstF77 interaction
530 For pull-down analysis with purified hFip1 and CstF77 proteins (wt and mutants), 10 pg of purified Hise-

531 GST-hFip1 protein was immobilized on 15 pl Glutathione Sepharose 4 Fast Flow beads (Cytiva) and
532  washed three times with 0.5 ml pull-down wash buffer (20 mM Tris pH 7.5, 200 mM NaCl, 0.05% Tween-
533 20, 0.5 mM TCEP). Hise-MBP-CstF77 protein was added to the immobilized protein at 4-fold molar
534 excess and incubated gently agitating at 4 °C for 1 h followed by washing three times with 0.5 ml of
535 pull-down wash buffer. The bound protein was eluted at room temperature by adding 1X SDS-PAGE
536  loading buffer and analyzed by SDS-PAGE on 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-

537  Rad) stained with Coomassie brilliant blue R250.

538  Pull-down analysis of hFip1-CstF77-PAP interaction
539  For competetive pull-down analysis of both CstF77 and PAP with hFip1''%5, 5 ug of purified Hise-GST-

540  hFip1"'% protein was immobilized on 15 pl Glutathione Sepharose 4 Fast Flow beads (Cytiva)
541 equilibrated in pull-down wash buffer, gently agitated at 4 °C for 1 h, and washed three times with 0.5
542 ml pull-down wash buffer. Hise-MBP-CstF77 and Hiss-GFP-PAP were incubated with the bait, either
543  individually or combined (1:1) at 4-fold molar excess, as well as adding a 32-fold molar excess of one
544  protein while keeping the other at 4-fold molar excess, resulting in a de facto 8-fold excess of one

545  protein over the other (8:1, 1:8).

546 In-vitro polyadenylation assays

547 Reaction conditions for pre-mRNA polyadenylation were adjusted for the individual need of each assay
548 and evolved over the course of the project. To account for potential impurities and to ensure equal
549  mPSF complex concentrations, CPSF 160 band intensities were assessed on SDS-PAGE (Figure S1C)
550 and concentrations adjusted accordingly. All polyadenylation reactions were performed in
551 polyadenylation buffer (25 mM Tris pH 7.5, 10% Glycerol, 50 mM KCI, 2 mM MgClz, 0.05% Tween-20,
552 1 mM DTT) with 20 nM 5’ Cy5-labelled 27-nucleotide mRNA with cryptic poly(A) (five A’s) tail as
553  template. All proteins were first diluted in polyadenylation buffer. Protein-RNA mixes with a total volume
554  of 36 pl were prepared on ice, pre-heated at 37 °C for 1 min and reaction was started by the addition of
555 pre-heated 12 pl ATP at 37 °C. Reaction mix for polyadenylation assay with CPSF30 ZF4/ZF5 mutants
556 (Figure 2A) contained 80 nM mPSF complexes, 1.46 uM PAP, and a final concentration of 4 yM ATP.
557 Reaction mix for polyadenylation assay with hFip1 truncations (Figure 2C) contained 40 nM mPSF

558  complexes, 120 nM PAP, and a final concentration of 500 uM ATP. Reaction mix for polyadenylation
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559  assay with CstF77 at 80 nM (denoted 0.5), 160 nM (denoted + or 1), 320 nM, 640 nM, or 1280 nM
560  (denoted 2, 4, 8, respectively) (Figure 4B) contained 80 nM mPSF complexes, 160 nM PAP, and a final
561 concentration of 500 uM ATP. Time points were taken at indicated times (1 min, 10 min) and
562 polyadenylation stopped by the addition of EDTA with final concentration of 166 mM and incubation
563  with 20 ug Proteinase K at 37 °C for 10 mins. The reactions were mixed with 2X denaturing PAGE
564  loading dye (90% Formamide, 5% Glycerol, 25 mM EDTA, Bromphenol blue), incubated at 95 °C for
565 10 minutes and analyzed on a 15% denaturing PAGE gel containing 8 M urea and 0.5X TBE. In-gel
566  fluorescence of 5’ Cy5-labelled RNA was visualized with Typhoon FLA 9500 laser scanner (Cytiva) at

567 635 nm.

568  SEC-MALS analysis

569  Size exclusion chromatography combined with multiangle light-scattering (SEC-MALS) was carried out
570  on an HPLC system (Agilent LC1100, Agilent Technologies) coupled to an Optilab rEX refractometer
571 and a miniDAWN three-angle light-scattering detector (Wyatt Technology). Data analysis was

572  performed using the ASTRA software (version 7.3.2; Wyatt Technology).

573  SEC-MALS analysis of hFip1-CPSF30 complex

574 For unambigous determination of the stoichiometry of the respective hFip1-CPSF30 complexes, tagged
575 proteins were used to increase the molecular weight difference between the 2:1 and 1:1 complexes of
576 hFip1-CPSF30. Stoichiometry of the complexes was determined injecting 33 pg Hiss-MBP-CPSF30™"
577 2% (wtand mutants) and 4-fold molar excess of Hiss-GFP-hFip1'-'% pre-mixed in a total injection volume
578  of 100 pl. Proteins were separated on a Superdex 200 10/300 GL column (Cytiva) run at 0.5 ml/min at
579  room temperature in 20 mM Tris-HCI pH 7.5, 200 mM NaCl, 0.5 mM TCEP (pH was adjusted at room

580  temperature).

581 SEC-MALS analysis of mPSF-PAP complex

582 Stoichiometry of the mPSF-PAP complex was determined injecting 50 pg of pre-purified mPSF-PAP
583  comprising CPSF160-WDR33"41%-CPSF30-2xhFip1'1%, PAP1504 and 27-nt SV40 PAS-containing
584 mRNA in a total injection volume of 100 pl. In a second run, pre-purified 50 ug of mMPSF:PAP was spiked
585  with additional 41.6 ug PAP'%% (5-fold molar excess) in a total injection volume of 100 pl to test whether

586 excess PAP can lead to a stable 1:2 complex of mPSF and PAP. Proteins were separated on a
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587  Superose 6 10/300 GL column (Cytiva) run at 0.5 ml/min at room temperature in 20 mM HEPES pH

588 8.0, 150 mM KCI, 0.5 mM TCEP (pH was adjusted at room temperature).

589 Multiple sequence alignment
590 The multiple sequence alignment of hFip1 orthologs was produced with MAFFT version 7 (Katoh et al.,
591 2018) and visualized using Jalview (Waterhouse et al., 2009). Input sequences are listed in

592 Supplementary Table 3.

593  Analysis of interaction interfaces
594  Buried surface area of the hFip1-CPSF30 interaction interface was calculated using the PDBePISA

595  (Proteins, Interfaces, Structurs and Assemblies) tool (Krissinel and Henrick, 2007).

596 3D density map analysis

597  Visualization and analysis of the 3D density map for CPSF160-WDR33-CPSF30-PAS RNA-CstF77
598  complex (EMD-20861) was performed with UCSF Chimera (Pettersen et al., 2004), developed by the
599  Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco.
600  The 3D density map was segmented and color-coded based on the corresponding atomic model (PDB
601 ID: 6BURO). The CstF77-hFip1 crystal structure from this study was superimposed onto the atomic

602 model of CstF77.
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603 DATA AVAILABILITY

604 The atomic coordinates and structure factors for the crystallographic structures of the Fip1-CPSF30Fip1
605 and Fip1-CstF77 complexes have been deposited in the Protein Data Bank under accession codes
606 7ZYH and 7ZY4, respectively. All data generated or analyzed during this study are included in the
607  manuscript and supporting files. Source data files for gel images in Figures 1, 2, 3, 4, and associated

608 Figure Supplements are provided.
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787 Figure 1: hFip1 interacts with CPSF30 with 2:1 stoichiometry. (A) Schematic representation of domain
788  architecture of CPSF30 and hFip1. CPSF30 consists of five zinc finger (ZF) domains and a zinc knuckle domain.
789 hFip1 isoform 4 comprises acidic, conserved, and proline-rich regions but lacks the RE/D region interacting with
790 CF Im, as well as the R-rich region, which has been shown to bind U-rich RNA in hFip1 isoform 1 (Kaufmann et al.,
791 2004). (B) Cartoon representation of the crystal structure of CPSF30%74-2% in complex with two hFip1 fragments
792 comprising the conserved domain (CD). (C) Superposition of CPSF30 ZF2 domain in complex with PAS RNA onto
793 ZF4 and ZF5. (D) Detailed interaction interface of hFip1°P with CPSF30 ZF4. (E) Detailed interaction interface of
794 hFip1cP with CPSF30 ZF5. (F) SEC-MALS chromatogram of MBP-CPSF30%74-%5 selective hFip1 binding mutants
795 for stoichiometry analysis with GFP-hFip1. (G) In vitro pull-down analysis of FLAG-epitope tagged mPSF
796 comprising wild-type CPSF30 and its selective hFip1 binding mutants with GFP-PAP. Asterisk indicates anti-FLAG
797 M2 antibody light chain. GFP-hFip1 and GFP-PAP are also visualized with in-gel GFP fluorescence (bottom).
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799 Figure 2: hFip1 directly recruits poly(A) polymerase. (A) Polyadenylation activity assay of mPSF complexes
800 containing wild-type and mutant CPSF30 proteins using a Cy5-labelled PAS-containing RNA substrate.
801 Polyadenylated RNA products are indicated as RNA-(A),. (B) Pull-down analysis of immobilized Strepll-tagged
802 mPSF complexes comprising N-terminal truncations of hFip1 with GFP-PAP. GFP-PAP is visualized by in-gel GFP
803 fluorescence (bottom). (C) Polyadenylation activity assay of mPSF complexes containing hFip1 truncations. (D)
804 SEC-MALS analysis of reconstituted mPSF:PAP:RNA complexes and in the absence (purple) or presence of
805 excess PAP (yellow). Theoretical molecular masses of 1:1 and 1:2 mPSF:PAP complexes are indicated.
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Figure 3: hFip1 interacts with CstF77 through a conserved motif within its N-terminal acidic domain. (A)
Pull-down analysis of immobilized GST-hFip1 fragments with MBP-CstF7721-54%, (B) Cartoon representation of the
crystal structure of the CstF77241-54°-hFip1'-35 complex, superimposed onto the structure of murine CstF77 (white,
PDB ID: 200E). (C) Zoomed-in view of the hFip1-CstF interaction interface. (D) Multiple sequence alignment of
the N-terminal region of Fip1 orthologs. (E) Pull-down analysis of immobilized wild-type and mutant GST-hFip17-3®
proteins with MBP-CstF7721-%4° and MBP-CstF77mu (R395A/R402A/K431A). Asterisk indicates contaminating free
GST protein. (F) 3D cryo-EM density map (EMD-20861) of the human CPSF160-WDR33-CPSF30-PAS RNA-
CstF77 complex (Zhang et al., 2019), displayed at contour level 0.015 and color-coded according to the
corresponding atomic protein model (PDB ID 6URO). The hFip1-CstF77 crystal structure from this study was
superimposed onto the atomic model of CstF77, and atomic model of hFip1 is shown (cyan). Inset shows a
zoomed-in view of unassigned density that matches hFip1.
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Figure 4: CstF77 competitively inhibits 3’ polyadenylation. (A) Pull-down analysis of immobilized GST-hFip1'-
195 with varying molar ratios of GFP-PAP and MBP-CstF772'-%4°. GFP-PAP is visualized by in-gel GFP fluorescence
(bottom). Asterisk denotes contaminating protein. (B) Polyadenylation activity assay of mPSF complexes
containing full-length hFip1 and N-terminally truncated hFip1 (hFip1%6-1%) in the presence of varying molar ratios
of CstF77. Polyadenylated RNA products are indicated as RNA-(A)». (C) Model of CPSF-mediated pre-mRNA
cleavage and polyadenylation and CstF77-dependent inhibition of polyadenylation. The interactions between
CstF77 and hFip1 competitively inhibit PAP recruitment (left). (D) Upon pre-mRNA cleavage, structural remodeling
of the CPSF-CstF complex enables hFip1 to recruit PAP to the nascent 3’ end of the mRNA and consequently
stimulates polyadenylation.
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ZF2 67  [CE-WLR-GECHEKGDQCEFLHEY
ZF3 95 [ECIFYSKFGECENK-ECPFLHID
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ZF5 147 ICVNYLV-GFCPEGPSCKFMHPR
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Figure 1 - figure supplement 1: Sequence alignment of CPSF30 zinc finger domains. (A) Sequence alignment
of human CPSF30 zinc finger domains. Residues responsible for RNA interactions (in ZF2/ZF3) or hFip1 interaction
(in ZF4/ZF5) are highlighted and the nature of their interaction color-coded. ZF4/ZF5 domains contain proline

residues (yellow) at positions corresponding to critical main-chain hydrogen bonding interactions in ZF2/ZF3.
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Figure 1 — figure supplement 2: Analysis of the hFip1-CPSF30 interaction using structure-guided point
mutants. (A) Pull-down assay of immobilized MBP-tagged wild-type (wt) or mutant CPSF30 proteins with GFP-
hFip1. GFP-hFip1 is visualized by in-gel GFP fluorescence (bottom). Asterisk indicates contaminating free MBP
protein. (B) Pull-down assay of immobilized MBP-tagged wt CPSF30 and GFP-hFip1 mutants.
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Figure 2 - figure supplement 1: Analysis of hFip1 regions required for PAP recruitment. (A) Purified mPSF
complexes containing hFip1 isoform 4 and truncations thereof (indicidated with red dots) used in polyadenylation
activity assay (Fig. 2C). (B) Pull-down assay of immobilized GST-tagged hFip1 fragments with GFP-PAP. GFP-
PAP is visualized by in-gel GFP fluorescence (bottom). Asterisk denotes protein contaminant.

CPSF160

Figure 3 — figure supplement 1: hFip1 binds to a conserved positively-charged patch on CstF77. (A) Color-
coded representation of surface conservation of CstF77. Cartoon representation of bound hFip1'-3® (cyan). Inset
shows a zoomed-in view of the sequence conservation of CstF77 surrounding at the Fip1 binding site. (B) Color-
coded electrostatic surface representation of CstF77 HAT homodimer alone (left) or bound to mPSF (right), both
with hFip1 (cyan) shown in cartoon representation. Inset shows a zoomed-in view of the CstF77 surface

electrostatics at the hFip1 binding site.
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853 Figure 3 - figure supplement 2: The N-terminal region of hFip1 contributes to mPSF-CstF77 interaction. (A)
854 Pull-down analysis of immobilized Strepll-tagged mPSF complexes containing N-terminally truncated hFip1
855 proteins with MBP-CstF77 HAT domain.
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858  Figure 4 — figure supplement 1: CstF77 reduces RNA 3’ polyadenylation rate. (A) Polyadenylation activity
859 assay of mPSF in the presence of varying molar ratios of wild-type CsftF77 or a CstF77 mutant (CstFm.) incapable
860 of binding hFip1. Polyadenylated RNA is indicated as RNA-(A)n.
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Homo sapiens isol 1 VERLVSEL - - SGGTGGREI W PWDVHVHSDLAKDLDENE 56
Homo sapiens iso4 1 VERLVSEL - - SGGTGE ! 41
Pteropus 1 VERLVSEL - - SGGT! ! E 41
Fukomys 1 VERLVSEL - -SGGTGG ! E 41
Callorhynchus 1 ISA - EADTMVPEAGAANAGPG : 44
Danio 1 \EEADKTTT- - --TDASAGDEEEEW G‘SKET EEEAKLTAAISAT 48
Nematostella 1 D PQDKGQSGTDGK----STEA 31
Hydra 1 FE ETSIGRQiAPTAR 39
Saccharomyces 1 LALPSSKRSR 31
Homo sapiens isol 57 === GVPKPKVT - ------------ VHUTEG- - - - - 101
Homo sapiens iso4 42 ---- SGIEDETAENGYPKPKVT - ------------ DEPDVHUTEG- - - - - 86
Pteropus 42 See- SGIE A {PKPKVT----------=-- DEDDVHNTIG- - - - - 86
Fukomys 42  ----SANPPSGIEDETAENGVPKPKVI---=---=-=---- g VHUTIG- - - - - 86
Callorhynchus 45 SATENAPLPAATVEEPKDNGVARMQPTD- - - - -~~~ -~~~ DDPDVQUTIG- - - - - 94
Danio 49 STTPVAEDAPTTTNNSSDSATPPTTTITTGNGVASQEEAPGEDEDS ) VRUTIG- - - - - 11e
Nematostella 32 PKTEKTETTEAKDN'PT[E)FAVAVKEED— -DAKEAGE LSNEDEEDDBDDDBBDDPBVOVTIG- - - - - 91
Hydra 40 EVSSRLEFISNGHIAEE i!ENNSDNN ------- AEDQNDEDGEFEESDBBEDBNIQ¥HEG- - - - - 94
Saccharomyces 32 ADAGASSNPDIVKRQKFDSPVEETPATA------- RDDRSDEDIYSDSSD 91
Fip1-PAP interaction
Homo sapiens isol 102  ----eemmeseeeene- KTG GTA E RVYG T . 137
Homo sapiens iso4 87, EeEsooosiosessuas A RV! R -N--------- 122
Pteropus 87 mrsmmsmmemmesenes ¢ (GTA L RV GTKV-R--------- 122
Fukomys 87 e A RVYGTTGTKY -K--------- 122
Callorhynchus 95 =msseresescese--- [ RLYG-SGIKAGK--------- 129
Danio 111 --eeememmemeee- KTGAI { RA) GAKY -K--------- 146
Nematostella 92  ormcssronoToooToD ‘ ‘ GAGS-K--------- 128
Hydra 95  —-o--meieoeeeo- EVNIISGTNPG KKDATI --------- 131
Saccharomyces 92 [TRLDAKLLDSYSTAATSSSKBVISVATDVSNTITKTSDERLITEGEANQGVTATTV- 198
Homo sapiens isol 138 157
Homo sapiens iso4 123 183
Pteropus 123 183
Fukomys 123 183
Callorhynchus 130 190
Danio 147 207
Nematostella 129 189
Hydra 132 193
861 Saccharomyces 158 223

862 Figure 4 — figure supplement 2: Pap1 interaction motif in Fip1 orthologs is poorly conserved. (A) Multiple
863 sequence alignment of hFip1 isoform 1, hFip1 isoform 4 and selected orthologs, colored by sequence similarity.
864 Residues of yeast Fip1 that directly interact with Pap1 (Meinke et al., 2008, PDB ID: 3C66) are indicated in red.

36


https://doi.org/10.1101/2022.05.31.494127
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.31.494127; this version posted May 31, 2022. 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

TABLES

made available under aCC-BY 4.0 International license.

Table 1. Crystallographic data collection and refinement statistics.

hFip1-CPSF30

hFip1-CstF77

Data collection
Space group
Cell dimensions

a, b, c(A)

a, B, v(°)
Wavelength (A)
Resolution (A)
Total reflections
Unique reflections
Rmerge (%)

Rpim (%)

il

Cc(1/2)
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections

Rwork / Rfree

No. non-hydrogen
atoms

Protein
Ligand/ion
Water

B-factors (A?)
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran plot
% favored
% allowed
% outliers

P24

60.127, 115.125 , 66.444
90, 116.781, 90

1.2809

48.65-2.201 (2.28-2.201)
226720 (15294)

37698 (3244)

7.5 (95.9)

3.2 (46.9)

13.5 (1.1)

0.998 (0.557)

92.3 (80.22)

6.0 (4.7)

48.65-2.201
37698
0.2406/0.2622

4607
8
67

56.53
63.69
49.83

0.008
1.03

95.83
417
0

P6122

157.612, 157.612, 161.005
90, 90, 120

1.0000

56.31-2.55 (2.641-2.55)
1577004 (162259)
38981 (3836)

9.2 (186.1)

1.5 (28.8)

36.0 (2.6)

1(0.836)

99.96 (100.00)

40.5 (42.3)

56.31-2.55
38975
0.2410/0.2647

5188
98
25

65.34
69.46
55.9

0.009
1.1

97.9
21

Values in parentheses are for highest-resolution shell.
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SUPPLEMENTARY INFORMATION

866 = SUPPLEMENTARY METHODS

867 Protein expression and purification

868  MacroLab Series 2 Biobricks adaption

869 In order to allow for biobricks-type assembly to generate polypromoter plasmids for E. coli expression
870 using ligation-independent cloning analogous to MacroLab Series 438, MacroLab Series 2 vectors were
871 modified by inserting whole expression cassettes as gBlocks (IDT) into 2B-T with Gibson assembly
872 carrying the necessary modifications. The resulting vectors denoted 16-B (for Hiss-TEV-tagged protein
873 expression), 16-M (for Hise-MBP-TEV-tagged protein expression), and 16-M_AHis (for MBP-TEV-
874 tagged protein expression), have two Pmel restriction sites flanking the T7 expression cassette, an
875 internal Sspl site for target gene insertion, and a Swal site downstream of the T7 terminator for
876 biobricks-type assembly using ligation-independent cloning. Gene assembly proceeds following the

877  Series 438 vectors assembly protocol (Gradia et al., 2017).

878 MBP-CPSF30 proteins for pull-down analysis
879  Hiss-MBP-TEV-CPSF30"24 mutants were expressed and purified as described for SEC-MALS. For

880  CPSF30 point mutants Y151E, Y127E/Y151E, Y127E/Y155E, a high salt wash (25 mM Tris-HCI pH 7.5,
881 1 M NaCl) during Ni-IMAC purification was included prior to elution with buffer A buffer supplemented

882 with 200 mM imidazole.

883 GFP-hFip1 proteins for pull-down analysis
884  Hiss-GFP-TEV-hFip1''®® mutants (W150E, F161E, W170E) were expressed and purified following the

885  same purification strategy as for the Hise-GFP-TEV-hFip1''% wt protein.

886 GST-hFip1 proteins for pull-down analysis
887  Hiss-GST-TEV-hFip13¢-8° was expressed in E. coli BL21 star (DE3) cells overnight at 18 °C by induction

888  with 0.5 mM IPTG at ODeoo of about 0.6-0.8. Cells were lysed by sonication in buffer A supplemented
889  with 1 mM DTT, 1 uM Peptsatin A, and 400 uM AEBSF protease inhibitor. Lysate was cleared by
890  centrifugation (20 min, 20,000 x g, 4°C). Clarified lysate was subjected to a GSTrap Fast Flow (Cytiva)
891 column, washed with buffer A supplemented with 1 mM DTT prior to elution in buffer A supplemented

892  with 1 mM DTT and 10 mM GSH. Protein was further purified on a Superdex 200 (Cytiva) column
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893 equilibrated in buffer A supplemented with 1 mM DTT. Protein was concentrated in centrifugal filter
894 (Amicon Ultra-15, MWCO 30 kDa, Merck Millipore), aliquoted, flash frozen, and stored at -80 °C. Hise-

895  GST-TEV-hFip18%-1% was expressed and purified using the same protocol, but changing to buffer B.

896 Pull-down assays

897  For all pull-down assays, bound proteins were eluted with 1X SDS-PAGE loading buffer on ice and
898  analyzed by SDS-PAGE on 4-20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) without prior
899 heating to preserve the GFP fluorescence. GFP fluorescence was visualized on a Typhoon FLA 9500

900 laser scanner (Cytiva) at 473 nm and subsequently stained with Coomassie brilliant blue R250.

901 Pull-down analysis of hFip1-CPSF30 interaction
902 For pull-down analysis of hFip1 mutants binding to CPSF30, 120 pg of purified Hise-MBP-TEV-

903  CPSF30"23wt protein was incubated with 120 ul Amylose resin (NEB) equilibrated in pull-down wash
904  buffer and gently agitated at 4 °C for 1 h. The beads were washed three times with 0.5 ml of pull-down
905 wash buffer and equally distributed in four tubes. Hise-GFP-TEV-hFip1''%5 wt and point mutants
906  (W150E, F161E, W170E) were added in 5-fold molar excess to the beads. After incubation at 4 °C for
907 1 h, gently agitated, unbound protein was washed off by adding three times 0.5 ml pull-down wash
908 buffer. For pull-down analysis of the hFip1-interaction with the ZF of CPSF30, 15 pg of Hise-MBP-TEV-
909 CPSF30"%3wt and ZF mutants were incubated each with 30 ul Amylose resin (NEB) equilibrated in
910 pull-down wash buffer and gently agitated at 4 °C for 1 h. Unbound protein was washed off three times
911  with 0.5 ml of pull-down wash buffer and Hiss-GFP-TEV-hFip1'-1% wt was added in 4-fold molar excess
912  to the resin and incubated at 4 °C for 1 h, gently agitated. Beads were washed three times with 0.5 ml

913 pull-down wash buffer.

914 Pull-down analysis of hFip1-PAP interaction
915 For pull-down analysis of the hFip1:PAP interaction, 20 ug of Hise-GST-TEV-hFip1 truncation constructs

916  (hFip1""%, hFip1%6-195 hFip180-19% hFip1%6-80, and hFip1'-3%) were incubated each with 15 pl Glutathione
917  Sepharose 4 Fast Flow beads (Cytiva) equilibrated in pull-down wash buffer and gently agitated at 4 °C
918  for 1 h. Unbound protein was washed off three times with 0.5 ml of pull-down wash buffer and Hise-
919  GFP-TEV-PAP'-%% was added in 4-fold molar excess to the resin and incubated at 4 °C for 1 h, gently

920 agitated. Beads were washed three times with 0.5 ml pull-down wash buffer.

921
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922 Pull-down analysis of mPSF-CstF77 interaction
923 For pull-down analysis of the mPSF:CstF77 interaction, Ni-IMAC purified mPSF complexes from Sf9

924  cells containing hFip1''%5 and N-terminal truncations hereof (hFip13¢-1%, hFip180-1%5) were incubated
925  with 20 pl Strep-Tactin (IBA Lifesciences) beads in buffer containing 20 mM HEPES-KOH pH 8.0, 150
926 mM KCI, 0.05% Tween-20, 0.5 mM TCEP and gently agitated at 4 °C for 1 h. Unbound protein was
927  washed off three times with 0.5 ml of buffer containing 20 mM HEPES-KOH pH 8.0, 150 mM KCl, 0.05%
928  Tween-20, 0.5 mM TCEP and 10 pg Hiss-MBP-TEV-CstF772'-54° was added to the resin and incubated

929  at 4 °Cfor 1 h, gently agitated. Beads were again washed three times with 0.5 ml.

930 Polyadenylation assay with titration of CstF77

931 Polyadenylation reactions were performed according to standard procedure described above. Reaction
932  mix for polyadenylation assay with varying CstF77 concentrations (Figure 4 — figure supplement 1)
933  contained 80 nM of either mPSF complex (CPSF160-WDR33"#1°-CPSF30-hFip1'1%® or CPSF160-
934  WDR33"1°-CPSF30-hFip1%6-1%8), 160 nM PAP'-%%4 and a final concentration of 500 uM ATP. Hise-TEV-
935  CstF77?%"%* or Hise-TEV-CstF77mu?'-%*° were added at 160 nM (denoted as + or 1) or 1280 nM (denoted

936  8).

937  Bioinformatic analysis of CstF77

938  Color-coded electrostatic surface representation of CstF77 was generated for the biological assembly
939  of murine CstF772-%4° (PDB ID: 200E) in PyMOL 2.5.0 (Schrodinger LLC, 2021) using the protein
940  contact potential option. The CstF77241-54%-hFip1'-3® structure from this study and cryo-EM structure of
941 human CPSF160-WDR33-CPSF30-PAS RNA-CstF77 complex (PDB ID: 6URO) were superimposed
942  onto murine CstF77 using PyMOL'’s align command to identify and visualize the hFip1- and mPSF-
943 binding regions, respectively. Analysis of evolutionary conservation of CstF77 was carried out using the
944  ConSurf web server (Ashkenazy et al., 2016) with murine CstF7720-549 (PDB ID: 200E) as input and
945  applying standard settings (sequence alignment with MAFFT, homologues taken from UniRef90). The
946  degree of conservation was visualized in PyMOL by color-coding (green: variable, violet: conserved)
947  the protein surface according to the conservation scores which are written into the tempFactor column

948  of the ConSurf web server output PDB file.
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949  SUPPLEMENTARY TABLES

950 Supplementary Table 1. Expression constructs.

# Protein Vector Figure Expression
pLM B092 Hise-MBP-TEV-HsCstF772%4 ™ Fig. 3A, E. coli
Fig. 3E, Fig. 4A,

Fig. 3-Supplement 2A

pLM B123 Hise-TEV-CstF772% 16-B Fig. 4B E. coli

Fig. 4-Supplement 1A

pLM B142 Hise-GST-TEV-MmPAP* 2GT Fig. 2D E. coli

pLM B156 Hiss-MBP-TEV-HsPAP™ %% 1M Fig. 4B E. coli

Fig. 4-Supplement 1A

pLM B157 Hise-GFP-TEV-HsPAP** 2GFP-T | Fig. 1G E. coli
Fig. 2B
Fig. 4A

Fig. 2-Supplement 1B

pLM B164 Hise-MBP-TEV-CstF77241:%4 ™ Fig. 3B E. coli

pLM B167 Hise-MBP-TEV-CstF77%1%4 1™ Fig. 3E E. coli
R395A/R402A/K431A

pLM B168 Hise-MBP-TEV-CstF77%1%% ™ Fig. 3E E. coli
R395A/R402A/K431A

pLM B170 Hise-TEV-CstF77254 16B Fig. 4-Supplement 1A | E. coli
R395A/R402A/K431A

pMC B051 Hise-MBP-TEV-CPSF30'"*"7® 1B Fig. 1B-E E. coli

pMC B054 Hise-MBP-TEV-CPSF30 wt 16-M Fig. 1F, E. coli

Fig. 1-Supplement 2A

Fig. 1-Supplement 2B

pMC B055 Hise-MBP-TEV-CPSF30 F131E 16-M Fig. 1-Supplement 2A | E. coli

pMC B056 Hiss-MBP-TEV-CPSF30 F155E 16-M Fig. 1F, E. coli

Fig. 1-Supplement 2A

pMC B057 Hise-MBP-TEV-CPSF30 16-M Fig. 1-Supplement 2A | E. coli
F131E/F155E
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pMC B058 Hiss-MBP-TEV-CPSF30 Y127E 16-M Fig. 1F, E. coli
Fig. 1-Supplement 2A
pMC B059 Hise-MBP-TEV-CPSF30 16-M Fig. 1-Supplement 2A | E. coli
Y127E/F131E
pMC B060 Hise-MBP-TEV-CPSF30 Y151E 16-M Fig. 1-Supplement 2A | E. coli
pMC B061 Hise-MBP-TEV-CPSF30 16-M Fig. 1-Supplement 2A | E. coli
Y151E/F155E
pMC B062 Hise-MBP-TEV-CPSF30 16-M Fig. 1-Supplement 2A | E. coli
Y127E/Y151E
pMC B063 Hiss-MBP-TEV-CPSF30 16-M Fig. 1F, E. coli
V127EIF155E Fig. 1-Supplement 2A
pMC CO011 Hise-GST-TEV-hFip17%% 13S-A Fig. 1B-E E. coli
pMC C015 Hise-GST-TEV-hFip12°1%° 2GT Fig. 2-Supplement 1B | E. coli
pMC C030 Hise-TEV-hFip1'%0-1% 16-B E. coli
pMC C049 Hise-TEV-GFP- hFip173%1% 16-B Fig. 1F, E. coli
Fig. 1-Supplement 2A,
Fig. 1-Supplement 2B
pMC C050 Hise-GST-TEV-hFip1°*% 2GT Fig. 2-Supplement 1B | E. coli
pMC C059 Hise-GST-TEV-hFip1'* 2GT Fig. 3A, E. coli
Fig. 3B,
Fig. 3E
pMC C060 Hise-GST-TEV-hFip1™'%° 2GT Fig. 2A, E. coli
Fig. 3A
pMC C066 Hise-TEV-GFP-TEV-hFip1 16-B¥ Fig. 1-Supplement 2B | E. coli
W150E
pMC C067 Hise-TEV-GFP-TEV-hFip1 F161E | 16-B* Fig. 1-Supplement 2B | E. coli
pMC C068 Hise-TEV-GFP-TEV-hFip1 16-B¥ Fig. 1-Supplement 2B | E. coli
W170E
pMC C073 Hise-GST-TEV-hFip1%1% 2GT Fig. 3A E. coli
pMC C093 Hise-GST-TEV-hFip1'* 2GT Fig. 3E E. coli
E22A + E23A
pMC C094 Hise-GST-TEV-hFip1'<° 2GT Fig. 3E E. coli
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W25A + L26A + Y27A

pMC C096 Hise-GST-TEV-hFip1'* W25A 2GT Fig. 3E E. coli
pMC NO015 Hise-TEV-CPSF160'144° 438-B Fig. 2C S79
Hiss-TEV-2xStrepll-TEV- 438-D
WDR33"41°
CPSF30™""7 438-A
pMC N018 Hise-TEV-CPSF160'144° 438-B Fig. 2C S79
Hiss-TEV-2xStrepll-TEV- 438-D
WDR33"41°
CPSF30"'7® 438-A
Strepll-GFP-TEV-hFip1™30-195 438-
RGFP
pMC NO18A Hise-TEV-CPSF160'144° 438-B Fig. 2B, S79
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2C,
WDRS3? Fig. 2-Supplement 1A
CPSF30'24 438-A
pMC N018C-2 Hise-TEV-CPSF160'144° 438-B Fig. 2C, S79
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2-Supplement 1A
WDR33"41°
CPSF30"2% 438-A
Strepll-GFP-TEV-hFip1™378 438-
RGFP
pMC N018G Hise-TEV-CPSF160'144° 438-B Fig. 2A, S79
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2B,
WDR33™ Fig. 2C,
CPSF30'24 438-A
Fig. 2D,
Strepll-GFP-TEV-hFip1 ™% 438-
Fig. 4B
RGFP .
Fig. 2-Supplement 1A,
Fig. 3-Supplement 2A,
Fig. 4-Supplement 1A
pMC NO018G-0 Hise-TEV-CPSF160™"4 438-B Sf9
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Hise-TEV-2xStrepll-TEV- 438-D
WDR33'410
CPSF30'2% 438-A
GFP-TEV-hFip1"% 438-
RGFP
pMC N018G-8 Hise-TEV-CPSF160" %4 438-B Fig. 2A Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33'410
CPSF30"2%3 F155E 438-A
Strepll-GFP-TEV-hFip1"% 438-
RGFP
pMC NO18G-10 | Hiss-TEV-CPSF160™4 438-B Fig. 2A Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33'410
CPSF30"24 Y127E 438-A
Strepll-GFP-TEV-hFip1"% 438-
RGFP
pMC NO18G-12 | Hiss-TEV-CPSF160™4 438-B Fig. 2A Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33'410
CPSF30"22 Y151E 438-A
Strepll-GFP-TEV-hFip1"% 438-
RGFP
pMC NO18G-14 | Hiss-TEV-CPSF160™4 438-B Fig. 2A Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33'410
CPSF30"22 Y127E/Y151E 438-A
Strepll-GFP-TEV-hFip1"% 438-
RGFP
pMC NO18G-15 | Hiss-TEV-CPSF160™4 438-B Fig. 2A Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33'410
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CPSF30'2% Y127E + F155E 438-A
Strepll-GFP-TEV-hFip1™'% 438-
RGFP
Hise-TEV-2xStrepll-TEV- 438-D
WDR33"410
CPSF30'2% Y127E/F155E 438-A
GFP-TEV-hFip1'1% DNA
fragment*
pMC N018G-21 | Hise-TEV-FLAG-CPSF160'* 438-B** Fig. 1G Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33"410
CPSF30"24 438-A
Strepll-GFP-TEV-hFip1™'% 438-
RGFP
pPMC N018G-22 | Hise-TEV-FLAG-CPSF160'* 438-B** Fig. 1G Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33"410
CPSF30'2* Y127E 438-A
Strepll-GFP-TEV-hFip1™'% 438-
RGFP
pPMC N018G-23 | Hise-TEV-FLAG-CPSF160'* 438-B** Fig. 1G Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33"410
CPSF30'2* Y151E 438-A
Strepll-GFP-TEV-hFip1™'% 438-
RGFP
PMC N018G-24 | Hise-TEV-FLAG-CPSF160'* 438-B** Fig. 1G Sf9
Hise-TEV-2xStrepll-TEV- 438-D
WDR33"410
CPSF30'2% Y127E/Y151E 438-A
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Strepll-GFP-TEV-hFip1™1% 438-
RGFP
pMC NO18H Hise-TEV-CPSF160'144° 438-B Fig. 2C, Sf9
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2-Supplement 1A
WDR33'410
CPSF30'2% 438-A
Strepll-GFP-TEV-hFip1'30378 438-
RGFP
pMC NO18I Hise-TEV-CPSF160'144° 438-B Fig. 2C, Sf9
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2-Supplement 1A
WDR331410
CPSF30'2% 438-A
Strepll-GFP-TEV-hFip1'30-1% 438-
RGFP
pMC N018J Hise-TEV-CPSF160™"4 438-B Fig. 2B, Sf9
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2C,
WDR33™ Fig. 4B,
CPSF30"2% 438-A
Fig. 2-Supplement 1A,
Strepll-GFP-TEV-hFip1%-1% 438-
Fig. 3-Supplement 2A
RGFP
pMC NO18K Hise-TEV-CPSF160'144° 438-B Fig. 2B, Sf9
Hiss-TEV-2xStrepll-TEV- 438-D Fig. 2C,
WDR33T? Fig. 2-Supplement 1A
CPSF30'2% 438-A .
Fig. 3-Supplement 2A
Strepll-GFP-TEV-hFip18-1% 438-
RGFP

951 *GeneArt Strings: Insert with LIC overhangs ordered as DNA fragment that already contains GFP-hFip1
952  *GeneArt Strings: Pmel-digested insert ordered as DNA fragment and directly subcloned

953  **FLAG-tag inserted by FLAG-overhang in Oligo for PCR.
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954 Supplementary Table 2. RNA oligos.

# Accession No. Database Source
rLM 011 CUGCAAUAAACAACUUAACAACA unlabeled IDT
rLM 015 CUGCAAUAAACAACUUAACGUCA 5'-Cy5 IDT
rLM 016 CUGCAGUACACAACUUAACGUCA 5'-Cy5 IDT

955
956

Supplementary Table 3. hFip1 ortholog input sequences for multiple sequence alignment.

Organism Accession No. Database
Homo sapiens (isoform 1) Q6UN15 UniProtKB
Homo sapiens (isoform 4) Q6UN15-4 UniProtKB

Pteropus vampyrus

XP_011360945.1

NCBI Reference Sequence

Fukomys damarensis

XP_010638552.1

NCBI Reference Sequence

Xenopus tropicalis

NP_001037890.1

NCBI Reference Sequence

Callorhinchus milii

XP_007890936.1

NCBI Reference Sequence

Danio rerio

NP_001006042.1

NCBI Reference Sequence

Drosophila melanogaster

NP_649476.1

NCBI Reference Sequence

Nematostella vectensis

XP_032230323.1

NCBI Reference Sequence

Hydra vulgaris

XP_004208725.1

NCBI Reference Sequence

Saccharomyces cerevisiae

NP_012626.1

NCBI Reference Sequence
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