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Abstract

Pre-mRNA 3’-end maturation is achieved by a mechanism requiring four different protein
complexes assembled from approximately twenty factors. A global understanding of this
essential process is still missing due to the inability to structurally characterize the entire
complexes, even though structures of the isolated factors have been obtained. In this
review, we summarize recent findings regarding the atomic description of one the major
players, the Cleavage and Polyadenylation Specificity Factor complex (CPSF in human, CPF in
yeast). These data provide information on the architecture adopted by the major
components of this complex, and on its capacity to recognize the polyadenylation signal

sequence.
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1. Introduction

As a gene is transcribed by RNA polymerase Il (Pol 1), the pre-mRNA undergoes multiple co-
transcriptional processing steps to produce mature mRNA, including 5’-end capping, splicing,
and 3’-end polyadenylation [1,2]. Most eukaryotic mRNA, with the exception of histone
mRNA [3], follows a two-step cleavage and polyadenylation reaction for their 3’-end
maturation [4]. Upon completion, the mRNA 3’-end carries a polyadenylate tail with an
average length of 60 nucleotides in yeast up to 250 nucleotides in human cells [5].

The functional division of the 3’-end processing machinery into various sub-complexes dates
from the late 1980s. At that time, a minimal set of complexes allowing efficient
recapitulation of pre-mRNA 3’-end maturation in vitro were described. In human, four
complexes were identified: Cleavage Factor | and Il (CFIm and CFlim), the Cleavage
Stimulation Factor (CstF), and the Cleavage and Polyadenylation Specificity Factor (CPSF)[6—
8]. Similar observations were later made in yeast showing that the mechanism relies on
major complexes named: Cleavage Factor IA and IB (CF IA and CF IB /Hrp1), Cleavage Factor
Il (CF Il), and Polyadenylation Factor (PF) [10-13]. The composition of CF IA and CF IB was
clearly defined, but the composition of (yeast) CF lly and PF were more elusive. In the
following decades, the precise protein composition of these complexes has been identified
and showed a strong conservation of the yeast and human core subunits (Table 1)[2,14-16].
These studies also demonstrated that CF lly and PF were in fact part of a larger CPF complex
[12].

These complexes bind to the pre-mRNA by recognizing short RNA sequences. The CFIm in
human or Hrpl in yeast recognize a UGUA sequence or an AU-rich sequence respectively
[17-20]. CFIm and Hrpl increase the precision of the cleavage site, and influence alternative
polyadenylation (APA). However, both CPSF and CPF are also able to recognize the
polyadenylation site (PAS) independently of any other factors (Table 1) [21,22]. Two other
complexes, CstF and CFlim, are thought to provide an additional hook onto the pre-mRNA to
improve efficiency [23-25](Figure 1). CstF and CFllm also regulate the coupling of
polyadenylation to RNA polymerase Il transcription termination [26]. Within the major CPSF
complex, the CPSF73 protein carries the endonuclease activity required to cleave the pre-

MRNA [27], while the poly(A)-polymerase (PAP) synthesizes the poly(A) tail.



From a structural perspective, the first data on the 3’-end processing factors came from the
crystal structures of the isolated yeast and mammalian poly(A)-polymerases [28,29]. These
were followed by structures of by their cognate complexes with RNA and hFip1 [30,31]. Soon
after, the structures of CstF/CF IA and CFIm provided insights into their architecture,
including the dimerisation of subunits such as CstF77, CstF50 and CFIm25 [32-37]. Also
available at this time were structures of the isolated domains [38], as well as the structural
basis for RNA recognition [19,39,40]. Altogether, these data provided a partial picture at the
atomic scale of some pre-mRNA 3’-end processing factors.

The most important complex is CPSF, which although containing the cleavage and
polyadenylation activities remained the least described for many years. Nevertheless, the
structures of some individual subunits of CPSF were solved in the past decade revealing
details of the enzymatic center carried by the CPSF73 protein, and the strong similarity
between CPSF73 and CPSF100 [27]. Additional information came with the atomic details of
the interaction between the phosphorylated RNA polymerase Il Carboxy Terminal Domain
(CTD) with the CPSF-associated subunit Ssu72 [41,42]. More recently, the interaction
between Ysh1 and Mpel was revealed [43].

A bigger picture of the essential CPSF complex was finally provided by several recent
independent studies, describing both the human and the yeast complexes [44—-47]. In this
review, we will focus on these recent advances on the organization and architecture of CPSF

(and CPF).

2. CPSF modular organization

Mass spectrometry analysis using either native (noncovalent) nano-electrospray, or with
disuccinimidyl suberate (DSS)-based cross-linking experiments, allowed a more refined view
of the CPSF and CPF organization [44,46]. Native mass spectrometry analysis performed on
purified yeast CPF complexes demonstrated the existence of three modules that were
named the Nuclease, the Poly(A) polymerase and the Phosphatase module (Table 1)[44].
Each module carries one of the three enzymatic activities required for efficient pre-mRNA 3’-
end processing. The Phosphatase module is composed of six proteins in yeast, out of which
four have a human homologue (i.e. Ptal (Symplekin), SSU72 (hSsu72), Swd2 (WDR82) and
Glc7 (PPl1a/b)(Table 1)[48]. The phosphatase module added to Sycl forms the Associated



with Ptal complex (APT) involved in non-coding RNA transcription, a function that is
independent of the 3’-end pre-mRNA processing [48]. The Nuclease module is made of three
proteins: a dimer of Ysh1 (CPSF73) and Ydh1 (CPSF100), plus the Mpel protein (RBBP6)[49].
The Poly(A) polymerase module contains the Yhh1 (CPSF160) and Yth1l (CPSF30) proteins,
Pfs2 (WDR33), Fipl (hFip1), and the Poly(A) polymerase. This modular organization had been
proposed for the nuclease part of the mammalian machinery specifically responsible for
histone pre-mRNA 3’-end processing [50]. Another study of the homologous human
complexes [45] is consistent with the biochemical definition of the Poly(A) polymerase
module [21]. In addition, the latter study describes an extensive combinatorial analysis using
different length constructs of four subunits from the CPSF, namely CPSF160, CPSF30, hFip1
and WDR33. Despite the existence of a new cross-link-based contact map, the atomic
picture of the pre-mRNA cleavage and polyadenylation machinery was still missing. This
overall atomic organization of CPSF/CPF finally found a first solution in a series of articles in
which atomic models for the newly-defined yeast and human Poly(A) polymerase modules
of CPSF were obtained, both in the RNA-free form and bound to the highly conserved

polyadenylation signal [44-47].

3. Overall description and comparison

Numerous technical obstacles have hindered the search for an integrated description of
CPSF/CPF, in particular difficulties in the recombinant production of well-behaving
complexes. The identification of functional modules within CPF has helped in their
recombinant production. Subsequently, several core component structures of the Poly(A)
polymerase module were obtained using either cryo-electron microscopy or X-ray
crystallography. Both techniques lead to models at resolutions ranging from 2.5 A to 3.5 A
(Figure 2)[44-47]. The structures of homologous subunits from the human and the yeast
complexes showed a high degree of similarities with a global root mean square deviation of
2.8 A over more than 7,200 individual atoms. Altogether, these studies led to the conclusion
that a similar function is supported by identical architectures of CPSF and CPF.

The reported structures correspond to three major components of the Poly(A) polymerase
module: CPSF160, WDR33 and CPSF30 (Figure 2A). CPSF160 was predicted to contain three

WD repeat domains although their precise boundaries were not easily predicted from the



primary sequence [51]. It turns out that the CPSF160 WD3 is composed of three non-
consecutive stretches of residues distributed along its entire coding sequence. The first
stretch is located just N-terminus to the WD1, the second stretch is found between the WD1
and WD2 domains, and the major part of the sequence for WD3 is located at the C-terminus
of WD2 (Figure 2A and 2B). The three WD40 domains form a “Y” shape structure with a
binding cavity that accommodates the WD40 domain of WDR33 (Figure 2A and 2B). Several
key residues of CPSF160 responsible for docking WDR33 are highly conserved between
species (Figure 2F). As expected, WDR33 folds as a WD40 domain. Critical residues involved
in CPSF160 binding are located at the N-terminus of the WD-repeat domain and insert in the
binding cavity located between the WD1 and the WD3 of CPSF160 (Figure 2A). The WDR33
N-terminus is not fully visible despite being present in the construct used for crystallization.
Interestingly, part of this N-terminal sequence folds upon interaction with the PAS RNA (see
next section; Figure 2C). The third component, CPSF30, is predicted to have five zinc finger
domains connected by flexible linkers [52]. The tandem structure of zinc finger (ZF) 2 and 3
has been solved in complex with the NS1A protein in the context of preventing the antiviral
cellular response [53]. Now, the structure of the N-terminal fragment of CPSF30 covering
ZF1 to ZF3 (approximately from res. 1 to res. 130) is observed in complex with its native
cellular partner CPSF160, as well as WDR33 and the PAS RNA (Figure 2C and 2D). The
localization and orientation of the CPSF30 ZF3 domain is defined only in presence of the
hexamer AAUAAA RNA (Figure 2D). Little is known about the Nuclease and the Poly(A)
polymerase module interaction. Mapping sequence conservation onto the CPSF160 atomic
surface highlights several large surface patches, which do not appear to contain residues
from the CPSF160, CPSF30, WDR30 and hFip1 inter-subunit contacts (Figure 2E-2F)[45]. This
high level of conservation usually indicates functionally relevant areas, and thus may

indicate contact surfaces to the Nuclease module.

4. Polyadenylation signal recognition

The recent articles have also reported the structure of the CPSF Poly(A) polymerase module
in complex with a short RNA molecule harboring the PAS sequence AAUAAA [46,47]. In the
structure, the authors provide molecular details of the intimate recognition of the PAS by

CPSF30 ZF2 and ZF3. This interaction is helped by the N-terminus and the WD40 domain of



WDR33 (Figure 3). These structures confirm that CPSF160 is not in direct contact with the
PAS, contrary to what was believed prior to discovery of WDR33 as the PAS recognition
factor [21,22]. Furthermore, CPSF160 is shielded from the PAS by the CPSF30 ZF2 and ZF3
domains. In these structures, the PAS signal contact with CPSF30 is stabilized by a short N-
terminal peptide from WDR33 that folds onto the RNA to form a molecular embrace (Figure
3). WDR33 further contributes to the PAS interaction through two of the [3-barrel blades
from its WD-repeat domain (Figure 3). The recognition of the PAS sequence by the Poly(A)
module involves numerous interactions. Specifically, the first two adenosines at position 1
and 2 are hydrogen-bonded to the ZF2 domain of CPSF30. The uridine at position 3 is also
located between CPSF30 and WDR33 in such a conformation that its Watson-Crick edge
interacts with the Hoogsteen edge of the adenosine at position 6 (Figure 3). Finally, the two
“internal” adenosines of the PAS, A4 and A5, are interacting with the ZF3 domain of CPSF30.
Around half of the PAS sequences in human and 40% in mouse do not match the canonical
AAUAAA sequence although the third and the sixth positions are strictly conserved (Figure
1)[20,54]. These structures of the PAS recognition by CPSF factors explain at the molecular
level why these two positions need to be conserved as they must be able to form a
Hoogsteen base pair (Figure 3). Interestingly, mutations that specifically affect these
positions are correlated with the appearance of human diseases such as a- and [-
thalassemia [55,56].

Since the RNA sequence corresponds to a minimal PAS signature of 6 nucleotides, one
should keep in mind that polyadenylation requires additional RNA sequence elements within
the 3’ UTR for efficient processing to occur (Figure 1). The distance between the PAS and the
cleavage site varies between 10 to 30 nucleotides [57-59] and it is likely that Fip1l and
CPSF160 helps stabilize the RNA in addition to roles as scaffolding proteins. Indeed, hFipl
was shown to bind RNA using different techniques such as gel shift assays, UV-cross linking
with recombinant protein, and iCLIP-seq data [60,61]. CPSF160 was in fact wrongly
attributed the role of PAS recognition subunit [6,54,55]. However, this conclusion was based
on data from experiments using UV-cross linking. When those experiments were carried out,
the presence of WDR33 as a CPSF component was unknown and unfortunately, WDR33 and
CPSF160 co-migrate in SDS-PAGE. However, even though CPSF160 does not recognize the
PAS, it was still shown to bind RNA using recombinant protein [64]. Other factors such CstF
[23,39,65] and (mammalian) CFlim [25,66] also harbor RNA binding activity. These extra RNA



sequences are particularly important when one considers the case of alternative
polyadenylation, which occurs in almost half of human mRNAs [67]. Indeed, it has been
demonstrated that the UGUA sequence recognized by CFIm plays an important role in the
choice of the polyadenylation site [68,69]. It is also possible that very few contacts exist
between RNA and the various proteins of the 3’ processing machinery outside the key
signature sequences already known for decades. This situation would ensure plasticity
required for this single machinery to process several thousand different mRNAs. The final
answer to whether additional RNA interactions are required to properly cleave and
polyadenylate pre-mRNA will likely require the use of longer RNA sequences in addition to a

more complete reconstitution of the system.

5. Concluding remarks

With these recent outstanding studies, the scientific community has gained considerable
atomic insight into polyadenylation signal recognition by the core proteins of the Poly(A)
polymerase module from the pre-mRNA 3’-end maturation machinery. Nevertheless, a
bigger picture is still needed to completely understand how the newly defined modules are
integrated into CPSF, what are their respective roles in RNA recognition and to determine
the interplay that undoubtedly exists between CPSF and the CstF, CFIm, and CFlim
complexes. It is also unclear whether the current definition of CPF in yeast is fully shared
with human CPSF, apart from the previously proposed conservation of the Poly(A)
polymerase and cleavage modules [21]. Another exciting topic awaiting structural details is
the connection between 3’-end pre-mRNA processing factors and the maturation of histone
MRNA or certain non-coding RNA that are not polyadenylated. It is clear that numerous
mechanistic questions are still pending. Nevertheless, we anticipate in the coming years an
enormous amount of exciting data thanks to the development of advanced technologies for

cryo-EM and for expression and purification of recombinant materials.

Acknowledgements

We would like to thank Cameron Mackereth and Lionel Minvielle-Sébastia for their critical

reading of the manuscript. This work was funded by an ANR grant (ANR Blanc 2010 grant



RIBOPRE40S (ANR-10-BLAN-1224) and RIBOMAN ANR-16-CE11-0029 to S.F.), the INSERM,
the CNRS, and the University of Bordeaux.

Figure Legend

Figure 1: Schematic representation of the mammalian factors required for the pre-mRNA

3’-end maturation.

The various subcomplexes are labeled and their protein composition indicated according to
current information. The cis-acting RNA elements and consensus sequences are displayed in
black (or grey) and labeled. DSE stands for Downstream Sequence Element, Aux DES for
Auxiliary Distal Sequence Element. There is a specific focus on the PolyAdenylation Signal

(PAS), for which the strictly conserved positions have been highlighted in red.

Figure 2: Overall structure of the CPSF Poly(A) polymerase module.

The model shown in panels A, B and C is the PAS-bound form of the core components of
CPSF corresponding to the PDB code 6FBS. The PAS-unbound CPSF30 structure comes from
the PDB entry 6EOJ.

A) CPSF160 structure is shown as cartoon, colored by domain (green for WD40 domains,
blue for the C-terminal helical domain (CTD), left panel) or represented as green surface
(right panel). In the left panel, CPSF30 and WDR33 structures are shown as colored cartoons
(gold for CPSF30,light pink for WDR33) with a transparent surface on top. In the right panel
WDR33 is shown as cartoon and colored by domain (magenta for the WD40 domain, red for

the N-terminal helix). The PAS RNA is shown in black sticks.

B) Domain organization for CPSF160, CPSF30 and WDR33.

C) Closeup view of the CPSF30 structure, represent as a gold-colored cartoon. CPSF160 and
WDR33 models are shown as colored cartoon (green for CPSF160, light pink for WDR33) with
transparent surface on top. Gold spheres correspond to the zinc ions present in the zinc

finger domains. The PAS is shown as in panel A.

D) Superposition of the CPSF30 structures from yeast (in blue) and human (in gold) obtained

in absence and in the presence of PAS RNA, respectively (in black). The third zinc finger



domain is only visible in the presence of the PAS RNA.

E and F) Side and top views of the CPSF160 model surface, colored according to sequence
conservation as calculated using the ConSurf webserver (white: low conservation; magenta:
high or strict conservation)[70]. Several areas show a high degree of conservation. The
conservation has been calculated using 144 sequences with a sequence identity between

35% and 95%.
Figure 3: Polyadenylation signal sequence recognition by the Poly(A) polymerase module.

Closeup view of the PAS RNA binding site between CPSF30 and WDR33. Proteins and ions
are shown as in Figure 2. PAS RNA is depicted as sticks colored according to atom type
(white for carbon, blue for nitrogen, red for oxygen, and orange for phosphate). CPSF30 side
chains that coordinate the zinc ions are shown as sticks. Individual bases, zinc finger domains

and RNA chain extremities are labeled.
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Table I: Yeast and human pre-mRNA 3’-end maturation proteins.

Human Yeast
Complex Subunit Complex Subunit
CPSF CPSF160 Poly(A) polymerase CPF Cft1/Yhh1 Poly(A)
WDR33 module Pfs2 polymerase
hFipl Fipl module
CPSF30 Ythl
PAPOLA* Papl
CPSF100 Nuclease module Cft2/Ydh1 Nuclease
CSPF73 Ysh1/Brr5 module
RBBP6* Mpel
Symplekin* Ptal Phosphatase
PP1a/b Glc7 module
SSU72 Ssu72
WDRS82 Swd2/Cps35
Ptil
Ref2
Sycl
CstF CstF77 CF 1A Rnal4d
CstF64 Rnal5
CstF50 -
CFllm hPcf11 Pcf11
hClp1 Clp1
CFlm CFlm
68/59
CFIm 25
CFIB Hrpl

* Note: Currently there is no exact correspondence between the human and the yeast factors
organization into modules, although partial overlap has been documented. A cleavage module
was proposed for human CPSF that includes CPSF73 and CPSF100, but not Symplekin and
RBBP6 21, Similarly, PAPOLA is independent of CPSF. WDR82 and PP1a/b were not shown to
be involved in the 3’-end pre-mRNA processing, and Sycl is not a component of CPF but
defines the APT complex (Associated with Ptal) in association to the phosphatase module 42,

Finally, one should not confuse mammalian CFlim (defined as hPcf11 and hClp1) and yeast CF

Il (defined as Cft1, Ydh1, Ysh1 and an unknown factor) *2.

21. Schonemann L, Kiihn U, Martin G, Schafer P, Gruber AR, Keller W, Zavolan M, Wahle




12.

E. Reconstitution of CPSF active in polyadenylation: Recognition of the

polyadenylation signal by WDR33. Genes Dev 2014; 28:2381-93.

Wahle E, Riegsegger U. 3’-End processing of pre-mRNA in eukaryotes. FEMS
Microbiol. Rev.1999; 23:277-95.





