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ABSTRACT

Cleavage stimulation factor (CstF) is a highly con-
served protein complex composed of three subunits
that recognizes G/U-rich sequences downstream of
the polyadenylation signal of eukaryotic mRNAs.
While CstF has been identified over 25 years ago, the
architecture and contribution of each subunit to RNA
recognition have not been fully understood. In this
study, we provide a structural basis for the recruit-
ment of CstF-50 to CstF via interaction with CstF-77
and establish that the hexameric assembly of CstF
creates a high affinity platform to target various G/U-
rich sequences. We further demonstrate that CstF-77
boosts the affinity of the CstF-64 RRM to the RNA tar-
gets and CstF-50 fine tunes the ability of the complex
to recognize G/U sequences of certain lengths and
content.

INTRODUCTION

Cleavage and polyadenylation (3’-end processing) at the 3'-
end of genes is a crucial step in the maturation of mR-
NAs prior to packaging and export to the cytoplasm and
for many non-coding RNAs as well. This co-transcriptional
process is well conserved between yeast and humans and
represents a critical stage of quality control, since improp-
erly processed transcripts are subject to nuclear retention
and degradation. While 3’-end processing is a relatively sim-
ple reaction, consisting of an endonucleolytic cleavage and
subsequent polyadenylation at the newly formed free 3'-
OH, several dozen proteins, assembled into various sub-

complexes, are required to execute and regulate this reaction
(1,2).

Early fractionation experiments identified three com-
plexes responsible for the recognition of sequence elements
within the polyadenylation signals (3). The Cleavage and
Polyadenylation Specificity Factor (CPSF), comprised of
six different subunits, is responsible for the recognition
of the nearly universal metazoan polyadenylation signal,
AAUAAA, via WDR33 and CPSF30. It also coordinates
both cleavage and polyadenylation reactions (4,5). Cleav-
age Factor I (CFI,) recognizes a strong consensus se-
quence (UGUA, USE) upstream of the polyA site (6-8).
Finally, the Cleavage Stimulation Factor (CstF) recognizes
the downstream sequence element (DSE), which contains a
conserved G/U-rich sequence, and plays a key role in polyA
site selection (9). Unlike the polyA site and the USE, how-
ever, the DSE has no clear consensus sequence (10,11), mak-
ing it somewhat counterintuitive to understand how it can
be specifically recognized by CstF.

CstF is composed of three subunits of molecular weights
77, 64 and 50 kDa. The 77 kDa subunit is highly conserved,
with homologs found in all eukaryotes. Crystal structures of
CstF-77 show an N-terminal helical HAT domain [Half-a-
TPR (tetratricopeptide repeat)] that dimerizes strongly and
interacts directly with CPSF160, linking the two complexes
to establish a connection between the DSE and polyA sites
(12,13). In addition, CstF-77 acts as the scaffold around
which the other two components of CstF assemble (14-16).

CstF-64 is the primary RNA binding component of the
complex, with an RNA recognition motif (RRM) domain
within the N-terminal ~100 residues. Both solution and
crystallographic studies have shown that CstF-64 and its
yeast homolog bind RNAs representative of the G/U-rich
DSE with low wM affinity, irrespective of the detailed se-
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quence composition, but discriminates against adenine and
cytosine nucleotides (17,18). The hinge domain of CstF-
64 binds to the CstF-77 C-terminal tail in a highly inter-
twined fashion, suggesting the two proteins have co-evolved
to be stoichiometrically related to one another (15). The
C-terminus of CstF-64 contains a small, but conserved do-
main that recruits other components of the 3'-end process-
ing and termination complex (19). Like CstF-77, CstF-64
is also highly conserved, with identified homologs in all eu-
karyotes.

The smallest subunit, CstF-50 has been identified only
in multicellular eukaryotes and has no known yeast ho-
molog. It contains a predicted seven-bladed WD40 domain
that interacts with CstF-77 (14), though how this occurs is
unknown. In addition, its N-terminus contains a small do-
main that mediates homodimerization (20). However, CstF-
50 has not been studied as much as the two other compo-
nents and its precise biochemical role in the 3’-end process-
ing reactions is unclear.

Since two of the three subunits of CstF form homod-
imers, it has been suggested that CstF forms a dimer of het-
erotrimers (12,20). However, no confirmation of the hexam-
erization of the CstF complex has been reported and only
limited biochemical studies on the holocomplex have been
reported. Here we present the in vitro reconstitution of the
CstF complex from recombinant sources and demonstrate
that the assembly is hexameric, containing two copies of
each subunit. Using structural and biochemical techniques,
we demonstrate the structural basis of CstF-50 recruitment
to the CstF complex and dissect the contribution of each
subunit to RNA recognition.

MATERIALS AND METHODS
Protein preparation

The CstF-64 RRM domain and all human CstF-77 con-
structs were cloned into a modified pET-28a (Novagen) vec-
tor with a N-terminal Protein G B1 domain (GB1) to facil-
itate expression and increase solubility. The genes encoding
full-length human CstF-50 and the WD40 domain of CstF-
50 were inserted into a modified pFastBac (Life Technolo-
gies) vector to incorporate an N-terminal GST tag to facili-
tate purification, while the N-terminal dimerization domain
was cloned into a pGEX backbone for bacterial expression.
Sequences coding for human CstF-77AN and CstF-64RH
were cloned into a modified pRSF-Duet-1 (Novagen) vec-
tor with a 6His-GB1 tag at the N-terminus of CstF-77AN.
Identity of all clones were verified by DNA sequencing.

All bacterial expression vectors were transformed into
BL21 (DE3) competent cells. Transformants were then
grown in LB media at 37°C to an ODg reading of 0.6. The
recombinant proteins were overexpressed in Escherichia coli
at 18°C overnight upon induction by addition of 0.5mM
IPTG. Standard methods were used for production and ex-
pansion of baculovirus Sf9 cells expressing CstF-50. Viruses
at P3 stage of expansion were used to infect High Five (In-
vitrogen) monolayer insect cells for 72 h. The cells were har-
vested by centrifugation and resuspended in buffer A (20
mM Tris pH 8.0, 150 mM NaCl) and lysed by sonication at
4°C. The crude extracts were centrifuged at 27 000g for 60
min to remove the cell debris.

The proteins with a 6His-GB1 tag were purified by nickel
affinity chromatography. Unspecific bound proteins were
extensively washed with buffer B (buffer A + 20 mM imida-
zole) and the target proteins were eluted from the column
with buffer C (buffer A + 250 mM imidazole). The GST
tagged proteins were loaded onto a glutathione sepharose
(GE Healthcare) column then washed with buffer A, and
finally eluted with buffer D (buffer A + 10 mM reduced glu-
tathione). TEV protease was added to the purified material
to remove the 6His-GB1 tag and GST tag, and the mixture
was then dialyzed against buffer E (20 mM Tris pH 8.0, 1
mM DTT).

Following dialysis, proteins were further purified on a Q
HP column (GE Healthcare) using a linear gradient of 0—
IM Nacl in buffer E. Fractions containing pure material
were concentrated and loaded onto a Superdex 200 10/300
GL (GE Healthcare) column equilibrated in storage buffer
(20 mM Tris pHS8.0, 150 mM NaCl, | mM DTT). The pu-
rified proteins were flash frozen for future use.

GST pull-down assays

All purified CstF-77 constructs and the CstF-77AN/CstF-
64RH subcomplex were incubated with GST-CstF-50
beads for one hour at 4°C in storage buffer and washed ex-
tensively with storage buffer following incubation. The sam-
ples were eluted from beads with buffer D and applied to
SDS-PAGE gel for analysis. The same protocol was scaled
up to produce milligram amounts of the CstF complex for
assays used in this study. Samples from the scale up were
subject to ion exchange, and gel filtration as described un-
der ‘Protein preparation’.

Crystallization, data collection, structure determination and
refinement

For crystallization, the WD40 domain of CstF-50 was con-
centrated to ~15mg/ml in storage buffer then mixed in 1:1.2
ratio with the CstF-77 peptide obtained from Genscript.
Crystals were obtained using the hanging-drop vapor diffu-
sion method at 4°C by mixing one volume of protein sample
with an equal volume of precipitant (0.1 M MES pH 6.0—
6.5, 1.6-1.9 M ammonium sulfate, 2-5% PEG400, 0.2 M
NaCl). Crystals appeared in ~1 day and matured to final
size after a week. Crystals were cryoprotected by addition
of 20% (v/v) glycerol to the crystallization solutions, then
flash frozen in liquid nitrogen and harvested for further data
collection.

All X-ray diffraction data were collected at the Advanced
Light Source at the Lawrence Berkeley National Labora-
tory at beam lines BL8.2.1. All diffraction data were in-
dexed, integrated, and scaled with the HKL2000 package
(21). Complete data collection statistics are summarized in
Table 1.

For structure determination, phases were solved by
molecular replacement using Phaser (22) in the CCP4 suite
(23) with a model generated by the Phenix MR _Rosetta pro-
tocol (24,25) using an HHPred (26) derived alignment. The
initial models were then rebuilt using COOT (27) and re-
fined by Refmac5 (28). A detailed summary of the refine-
ment statistics are provided in Table 1. Graphics figures



Table 1. Data collection and refinement statistics
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CstF-50-WD40/CstF-77 (581-600)

Data collection
Space group
Cell dimensions

a, b, c(A)

o By (),
Wavelength (A)
Resolution (A)
Rsym or Rmerge
Ijol
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Ryork / Riree
No. atoms
Protein
Water
B-factors
Protein
Water
R.m.s deviations _
Bond lengths (A)
Bond angles (°)
Ramachandran plot (%)
Favored
Allowed
Outliers

P21212;

43.974.595.1
9090 90

1.000

50-2.3 (2.34-2.30)
0.116 (0.584)
29.3(3.2)

98.9 (93.2)
59(3.8)

4723
13548
21.2/26.0
2810
2708

102

48
55

0.006
1.076

97
3
0

were rendered in PyMOL and conservation analysis was
performed by Chimera.

Size exclusion chromatography multi-angle light scattering

The SEC-MALS system consisted of a P900 HPLC pump
(GE Healthcare), a UV-2077 detector (Jasco), a Tri Star
Mini Dawn light scattering instrument (Wyatt), and an Opti
Lab T-Rex refractive index instrument (Wyatt). Approxi-
mately 200 wg of purified CstF complex was injected into a
Superdex 200 10/300 GL column and eluted at 0.5 ml/min
in buffer containing 20 mM Tris pH 8.0, 250 mM NacCl,
0.05% NaNj3. The specific refractive index of the CstF com-
plex was assumed to be 0.186 ml/g. Data collection and
analysis were performed with Astra 6 software (Wyatt). To-
tal molecular mass of the complex was determined with As-
tra 6 software using protein analysis. Both peak overlap and
peak broadening were corrected with Astra 6 software. The
SEC-MALS system was pre-calibrated with BSA.

Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) was performed at
293 K with a MicroCal ITC200. All protein samples were
dialyzed against PBS buffer. All of the RNA ligands used in
this study were purchased from Integrated DNA Technolo-
gies and the CstF-77 peptide was synthesized by GenScript.
RNAs and peptide were dissolved in RNase-free water and
desalted by a PD MiniTrap G-10 or Illustra NAP-10 (GE),
finally dissolved in PBS buffer after overnight lyophiliza-
tion. The concentrations of proteins and RNAs were cal-
culated by absorbance spectroscopy with extinction coef-
ficients at 280 and 260 nm, respectively, and the peptide

concentration was estimated by weighting lyophilized pow-
der. The typical titration was carried out with proteins in
the cell as titrate (5 wM) and the ligands in the syringe
as titrant (100 wM), except 300 .M UUUUU-containing
RNA (GUGUGACCCUUUUU) was titrated into 15 pM
CstF-77AN/CstF-64RH subcomplex due to weak binding.
Data were analyzed by Origin 7 and all measurements were
performed at least in duplicate.

RESULTS

CstF-50 binds to a conserved patch of CstF-77 between the
HAT domain and CstF-64 binding site

The interaction between CstF-77 and CstF-64 has been
well established by structural studies of yeast homologs
(Rnal4/Rnal$) (15,16), but it is unclear how CstF-50 is
integrated into the CstF complex. Preliminary studies sug-
gested that CstF-50 binds to a region C-terminal to CstF-
77’s HAT domain and N-terminal to CstF-64’s binding site
(14). To investigate this interaction, we performed GST
pull-down assays to confirm binding of CstF-77 (residues
241-610) using purified full length GST-CstF-50 fusion
protein as bait. As shown in Figure 1A, CstF-77 was
successfully pulled down by GST-CstF-50. To establish
whether dimerization of CstF-50 is important for CstF-
77 binding, we repeated the GST pull-down assay by us-
ing GST-tagged CstF-50 N-terminal dimerization domain
and C-terminal WD40 domain as baits. As shown in Figure
1A, the WD40 of CstF-50 but not the dimerization domain
binds to CstF-77.

To further define the binding site of CstF-50 within CstF-
77, we made a series of C-terminal truncations of CstF-77
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Figure 1. The WD40 domain of CstF-50 binds to a conserved segment of CstF-77. (A) Mapping the domains of CstF-50 required for interaction with
CstF-77 by pull-down assays. GST-tagged CstF-50FL, CstF-50-WD40 or CstF-50-NTD were pre-bound to glutathione sepharose beads (lanes 2, 4, 6)
and the pull-down assays were carried out using excess pre-purified CstF-77 (241-610) (lane 1). The results clearly show that CstF-77 can be pulled down
by both full-length CstF-50 (lane 3) and the WD40 domain (lane 5) but not by the NTD (lane 7). (B) Mapping the C-terminal boundary of CstF-77
required for association with CstF-50. GST-tagged CstF-50FL protein was pre-bound to glutathione sepharose beads (lane 5) and the pull-down assays
were performed using different C-terminal extensions of CstF-77 (lanes 1-4). Only the proteins extended at least to residue 600 bind to CstF-50 strongly. (C)
Identifying the N-terminal boundary of CstF-77 that recognizes CstF-50. A series of internal deletions of CstF-77 based on residues 241-610 were purified
(lanes 1-4) and the pull-down assays were performed using GST-tagged CstF-50FL (lane 5). CstF-77 retains the ability to bind CstF-50 after removal
of residues 560-570 or 560-580 (lanes 6-7), while binding is lost upon deletion of 560-590 or 560-600 (lanes 8-9). (D) Representative ITC curve for the
binding of the WD40 domain of CstF-50 and the CstF-77 peptide (581-600). Raw injection heats are shown in the upper panel and the corresponding
integrated heat changes are shown in the bottom panels versus the molar ratio of CstF-77 peptide to the WD40 domain of CstF-50. (E) Ribbon diagram
of the WD40 domain of CstF-50 in complex with the CstF-77 peptide. The two proteins are colored in wheat and cyan. The canonical seven blades in the
WD40 domain of CstF-50 were numbered and both N- and C-termini were labeled. The dashed lines represent two flexible loops that were not modeled
due to poor electron density. (F) Surface representation of the complex structure (orthogonal view to E) with domains colored with the same scheme as in
Figure 1E.



based on the above construct (residues 241-610) and suc-
cessful purification of all relevant proteins (Figure 1B). Us-
ing GST-CstF-50 as bait, we tested the ability of these CstF-
77 constructs to bind to CstF-50. As shown in Figure 1B,
the CstF-77 HAT-C domain (residues 241-550) and the re-
gion consisting of amino acids 551-590 lack the ability to
bind CstF-50. However, proteins truncated at residue 600
and beyond can bind to CstF-50 without significant differ-
ence in binding between, e.g. constructs 241-600 and 241-
610 (Figure 1B). These results show that the C-terminal
boundary of the CstF-50 binding site is located around
residue 600. To identify the minimal binding site recognized
by CstF-50, we made a series of internal deletions of CstF-
77 based on residues 241-610 and repeated the above GST
pull-down assay. As shown in Figure 1C, CstF-77 retains
the ability to bind CstF-50 after removal of residues 560—
580, while binding is lost upon deletion of 560-590. Alto-
gether, these results identify residues 581-600 as the mini-
mal binding site that recognizes CstF-50. Consistent with
this conclusion, comparison of sequences spanning meta-
zoan species also showed a highly conserved patch between
residues 581-600 (Supplementary Figure S1).

We further performed ITC to measure the binding be-
tween the WD40 domain of CstF-50 and a synthetic peptide
spanning residues 581-600 of CstF-77. As predicted, we ob-
served a 1:1 complex with a K4 of ~200 nM (Figure 1D).
Altogether, we conclude that the WD40 domain of CstF-50
binds to CstF-77 via a conserved patch (residues 581-600)
between the HAT domain and the CstF-64’s binding site.

Structural basis for recognition of CstF-77 by CstF-50

In order to gain structural insight into the CstF-50/CstF-
77 interaction, we determined the co-crystal structure of
the WD40 domain of human CstF-50 in complex with the
CstF-77 peptide (residues 581-600) to 2.3 A resolution (Ta-
ble 1). CstF-50 has a relatively canonical seven-bladed -
propeller domain (Figure 1E) and the observed CstF-77
peptide (residues 581-594) fits well into a side cleft that is
formed by blades 3 and 4, and extends from the bottom face
to the top face of the B-propeller of CstF-50 (Figure 1E-F
and Supplementary Figure S2).

To prevent ambiguities, we refer to residues in the CstF-
77 peptide using the three-letter code, while residues on
CstF-50 will be referred to using single letter abbrevia-
tions. The first two amino acids, Tyr581 and Pro582, in the
CstF-77 peptide form non-specific interactions with P227
and A274 in CstF-50 through hydrophobic contacts (Fig-
ure 2A). To further anchor the N-terminus of the peptide
on the bottom face of CstF-50, the backbone carbonyl oxy-
gen of Pro582 forms a hydrogen bond with the side chain
(Ne2 atom) of H226 (Figure 2A).

Pro584 is the first residue that contributes specific con-
tacts between the peptide and CstF-50, predominantly
through intermolecular hydrophobic interactions. A hy-
drophobic pocket formed by F231, 1233, 1L.243, Y277 and
V292 in CstF-50 can accommodate Pro584 in that position
(Figure 2B). Although no specific interaction was found be-
tween the side chain of Asp585 and CstF-50, the main chain
amide nitrogen of Asp585 in the peptide forms a hydro-
gen bond with the backbone carbonyl oxygen of V292 in
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CstF-50 to further stabilize the peptide conformation (Fig-
ure 2B). Residues 586-588 form a short « helix to facili-
tate the redirection of the peptide from the bottom to the
top face of CstF-50. Several intramolecular hydrogen bonds
stabilize this turn (Figure 2C). No specific interactions were
observed between this turn and CstF-50, but the side chain
of Thr586 contacts F252 of CstF-50 through hydrophobic
interactions (Figure 2B and C).

The second residue that is specifically recognized by
CstF-50 is Met589, whose side chain protrudes into a hy-
drophobic pocket next to the Pro584 binding site, formed
by L243, F252 and N294 on CstF-50 (Figure 2C). To re-
inforce the interaction and lock this second determinant
residue in position, three residues immediately following
Met589 form several backbone interactions with CstF-50
(Figure 2D). No specific recognition was identified between
these three residues and CstF-50, except that the side chain
of Phe592 contacts V253 through hydrophobic interactions
(Figure 2D).

In order to validate the significance of the molecular
interactions observed in the structure, we carried out a
mutational analysis on CstF-77 (residues 241-610). Us-
ing GST tagged CstF-50-WD40 domain as bait, we tested
the ability of these CstF-77 mutants to bind to CstF-
50 (Figure 2E). Each of the single mutants Pro584Ala,
Thr586Ala, Met589Ala and Phe592Ala significantly de-
creased the binding affinity to CstF-50, while Tyr581Ala,
Lys583Ala, Ile590Ala and Pro591Ala mostly retained the
ability to interact with CstF-50. Of note, a new CstF-77
construct containing residues 241-592 also retained the full
binding ability to CstF-50, suggesting residues GIn593 and
Pro594 of CstF-77 do not participate in recognition of
CstF-50.

These data, combined with our structural investigation,
demonstrate that Pro584, Thr586, Met589 and Phe592 pre-
dominantly contribute to recognition of CstF-50 and func-
tion as the structural determinants for the specific recogni-
tion of CstF-77 by CstF-50, whereas the peripheral residues
in the peptide predominantly interact with CstF-50 through
backbone hydrogen bonds to stabilize and lock the peptide
conformation in place.

In vitro reconstitution of the CstF complex demonstrates that
CstF is a dimer of heterotrimers

To further study the architecture and biochemical activity
of the entire CstF complex, we sought to assemble it us-
ing recombinant proteins (Figure 3A). While an early re-
constitution of CstF from baculovirus was reported (29),
we attempted to setup an efficient method to reconstitute
a stoichiometric complex. Full-length CstF-77 can be read-
ily purified when co-expressed with the CstF-64’s RRM and
Hinge domains (denoted CstF-64RH) in bacteria. Using a
GST-pull-down strategy, we immobilized full-length GST-
CstF-50 and used it to capture a preformed CstF-77/CstF-
64RH heterodimeric subcomplex. With this approach, we
were able to robustly form a stoichiometric 3-subunit com-
plex, which was amenable to scale-up to prepare large quan-
tities of protein. However, we observed that CstF-77 under-
went extensive N-terminal degradation (data not shown), as
was also seen in previous studies (30). Removal of the HAT-
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Figure 2. Structural and mutagenesis analyses of the CstF-50/CstF-77 interface. (A-D) Close-up views of interactions at the CstF-50/CstF-77 interface,
colored in the same scheme as in Figure 1E. Dash lines indicate intermolecular hydrogen bonds. (E) The effect of structure-based CstF-77 mutations
assayed by GST pull-down methods. The CstF-77 variants P584A, T586A, M589A and F592A have significantly decreased binding affinity for CstF-50,

while other mutants largely retain the ability to interact with CstF-50.

N domain from CstF-77 (residues 1-240, denoted CstF-
77AN) resulted in highly homogenous preparations, yet did
not impair complex assembly (Figure 3B).

To validate our pull-down results, the eluted CstF com-
plex was loaded onto a gel filtration column, and all three
proteins co-eluted in a single monodisperse peak. We also
observed a supershift of free CstF-50 to an earlier elution
volume, indicating stable integration into the CstF complex
(Figure 3C). Curiously, given that CstF-77AN/CstF-64RH
subcomplex has a similar mass to CstF-50, comparison of
elution volumes of the CstF-77AN/CstF-64RH subcom-
plex with that of the full CstF complex only shows a small
shift on gel filtration (Figure 3C), suggesting that CstF-50
must be incorporated in a fashion that minimally increases
the overall hydrodynamic size of the complex, perhaps due
to a non-globular shape. To validate the assembly and the
molecular weight of the complex, we used size exclusion
chromatography coupled with multi-angle light scattering
(SEC-MALS), which allows for accurate molar mass deter-
minations of macromolecules based on light scattering of
column fractions. The results demonstrated that CstF mi-
grated as a single species with an approximate molecular
weight of 250 kDa on a Superdex 200 column (Figure 3C).
These results are consistent with a hexameric complex con-
taining two copies each of CstF-77AN (~50 kDa), CstF-

64RH (~25 kDa) and CstF-50 (~50 kDa), and conclusively
demonstrate that CstF is indeed a dimer of heterotrimers,
with dimerization reinforced by both CstF-77 and CstF-50.

CstF binds various G/U-rich target RNAs with high affinity
and specificity

Early SELEX experiments and bioinformatics studies
showed that CstF complex isolated from native sources
binds to G/U-rich RNAs regardless of the particular se-
quence (9,31,32), while discriminating against A/C-rich se-
quences. However, to date, the RNA binding activities by a
recombinant CstF complex have yet to be studied, because
such a study would require properly expressed and recon-
stituted complex, which we now have available.

First, we sought to define the length of G/U-rich RNAs
that can be optimally recognized and bound by the CstF
complex. To address this point, we synthesized a series of
G/U-rich RNAs (GU6 to GU14) as binding targets, and
tested protein-RNA interactions quantitatively by isother-
mal titration calorimetry (ITC). As shown in Figure 4A, B
and Supplementary Figure S3A-D, CstF binds to G/U-rich
RNAs with two different stoichiometries. Each CstF binds
two G/U RNA molecules independently in the case of GU6
and GUBS, but exhibits equimolar binding with the longer
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Figure 3. In vitro reconstitution of the hexameric CstF complex. (A) Domain organization of CstF-77, CstF-64 and CstF-50. All numbering and domain
breakdowns are based on the human proteins. The fragments used for assembling the CstF complex are underlined and the regions of crystallized CstF-50
and CstF-77 are colored in wheat and cyan, as in the previous figures. (B) SDS-PAGE gel of the purified CstF-50, CstF-77AN/CstF-64RH subcomplex,
and of the full complex used in gel filtration runs and RNA binding assays. All of the affinity tags have been removed. (C) Size exclusion chromatography
elution profiles of the isolated CstF-50 (brown), CstF-77AN/CstF-64RH subcomplex (green), and of their complex (purple).

RNA substrates (GU10-GU14). Control experiments using
a CstF complex assembled in the absence of the CstF-64’s
RRM domain show no binding to G/U-rich RNA (data not
shown), confirming that primary RNA interactions occur
via the RRM even in the context of the complete complex.
Additionally, control experiments with an A/C sequence of
comparable length (AC14) show no detectable binding to
the complex either, indicating that CstF retains its speci-
ficity to G/U-rich sequences (Supplementary Figure S3I).
Considering that each CstF complex contains two copies of
CstF-64’s RRM domain, the different stoichiometry sug-
gests that 10 G/U-rich nucleotides is the minimum length
of RNA that enables the two RRMs present in each CstF
complex to bind RNA simultaneously, under the structural
constraints of complex assembly.

Independently of the binding stoichiometry, longer RNA
substrates consistently exhibited stronger binding to CstF,
e.g. GUS binds to CstF ~2.5-fold tighter than GU6, and
GU14 has a low nanomolar K4 (120 nM) compared with
GU10’s more moderate binding (Kg ~ 500 nM) (Figure 4A,
B and Supplementary Figure S3A-D). The stronger affinity
to the longer RNAs are likely a result of multiple frames of
binding along a longer RNA, allowing for CstF to ‘slide’
and provide greater opportunities for the RNA to interact.

Previous work identified DSE’s as likely composed of two
variably spaced G/U- and U-rich elements (10,11,33), and
the GU10 RNA used in above experiments could be con-
ceptually separated into two segments, in which GUGUG
acts as the G/U-rich element while UGUGU is the U-rich
element. Since no spacer sequence is left in GU10 RNA, we

investigated if and how spacing between the two elements
plays a role in CstF recognition. Thus, we prepared a series
of GU10 RNAs where G/U- and U-rich sequences are sep-
arated by a varying number of adenosines inserted in the
middle as spacers (Figure 4A), and repeated the ITC exper-
iments against the CstF complex. Since CstF-64 does not
recognize adenosine, these bidentate RNAs will reflect di-
rect recognition of DSE sequences. As shown in Figure 4A
and Supplementary Figure S3E-H, the binding stoichiome-
try observed for all RNAs is 1:1 and the CstF complex dis-
plays no obvious preference with regards to spacer lengths,
with Ky’s consistently at ~500 nM, up to a longer spacer
sequence of 19 adenosines. Given the relatively low uridine
content of the U-rich element (UGUGU) used above, we
optimized the RNA by replacing UGUGU with a UU-
UUU sequence that reportedly significantly increases the
efficiency of 3’-end processing (34), inserted a 4 nts A/C
spacer between the two elements, and repeated the ITC ex-
periment. As shown in Figure 4A and D, the CstF com-
plex exhibits a binding affinity of ~900 nM, ~2-fold weaker
than against GU10-derived RNAs (K4 ~500 nM). Together,
these data demonstrate that CstF is able to simultaneously
bind two various downstream elements separated by spac-
ers of different length.

Dissecting the contribution of each subunit in CstF to RNA
recognition

A previous study has shown that the intact CstF com-
plex binds G/U-rich RNAs much more strongly than the
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Figure 4. RNA binding of fully assembled CstF complex and CstF-77/CstF-64 subcomplex. (A) The binding stoichiometry and affinities of full CstF
complex and CstF-77AN/CstF-64RH subcomplex to G/U-rich RNAs. AC14 was used as negative control for specificity. Representative ITC curves
for the binding of full CstF complex to (B) GU10 and (D) UUUUU-containing RNA (GUGUGACCCUUUUU); binding of CstF-77AN/CstF-64RH
subcomplex to (C) GU10 and (E) UUUUU-containing RNA. Raw injection heats are shown in the upper panels and the corresponding integrated heat
changes are shown in the bottom panels versus the molar ratio of RNA to protein.

isolated CstF-64 RRM domain (9), suggesting the com-
plex assembly creates a high affinity platform that opti-
mally targets G/U-rich sequences. To dissect the contribu-
tion of each subunit to RNA recognition, we performed
ITC experiments using the GU14 sequence against CstF
the complex, CstF-77AN/CstF-64R H subcomplex and the
CstF-64 RRM alone. Using the isolated CstF-64 RRM do-
main, we measured a Ky ~2.5 puM (Supplementary Fig-
ure S3I; small differences from previous observations may
arise from the exact RNA lengths and sequences used in
the experiments (17,18)). Both the CstF complex and CstF-
77AN/CstF-64RH subcomplex showed superior binding
to GU14, with a measured K4 of approximately 120 and
160 nM, respectively, ~20-fold stronger binding relative to
the single RRM, suggesting CstF-77 is the key factor that
boosts the affinity of the CstF-64 RRM.

The data presented above show CstF-77/CstF-64 sub-
complex assembly plays an important role in boosting the
affinity against G/U-rich RNAs. In agreement with this ob-
servation, the lack of an obvious yeast homolog of CstF-50
suggests it might not be strictly required for basal cleav-
age and polyadenylation. We therefore wondered about
the functional role for metazoan’s CstF-50 in the fully as-
sembled complex, and specifically whether it affects recog-
nition of G/U-rich RNAs. ITC experiments performed
using CstF-77AN/CstF-64RH subcomplex against G/U-
rich RNAs of varying length (GU6-GU14; Figure 4A,

C and Supplementary Figure S3A-D) showed that CstF-
77AN/CstF-64RH binds G/U-rich RNAs with generally
comparable affinities to those observed for the entire com-
plex, suggesting CstF-50 plays a small role in the recog-
nition of these RNAs. However, the CstF-77AN/CstF-
64RH subcomplex binds to GU10 with an unexpected pro-
tein:RNA molar ratio of 1:1.63, close to a 1:2 binding mode,
while 1:1 binding was observed for the intact complex (Fig-
ure 4A-C).

We also repeated the ITC experiments with the CstF-
77AN/CstF-64RH subcomplex against the bidentate
RNAs with different length spacers. As shown in Figure
4A and Supplementary Figure S3E-H, the subcomplex
also displays no obvious preference for spacer length with a
comparable Kq of ~1 wM to the fully assembled complex,
suggesting CstF-50 only affects subtle improvements in
RNA recognition. However, CstF-77AN/CstF-64RH
subcomplex binds the UUUUU-containing DSE much
more weakly, with a K4 of ~3.7 wM (Figure 4A and D-E),
a binding constant that resembles that of a single CstF-64
RRM domain, suggesting that CstF-50 is likely needed to
boost affinities towards a bidentate G/U-, U-rich that have
been described in the literature as being part of a strong
3’-end signal (34).
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Figure 5. A model for DSE recognition by CstF complex and the contribution of each subunit to RNA recognition. (A) A molecular graphic model showing
all available structures of CstF complex components (PDBs: 200E (CstF-77HAT), 2L9B (Rnal4/Rnal5), 1P1T (CstF-64RRM), 2J8P (CstF-64CTD),
2XZ2 (CstF-50NTD) and 6P3X (CstF-50WD40)). The three proteins are colored in cyan, pink and wheat. The symmetry copy is shown in grey for clarity.
The dashed lines represent flexible loop regions unresolved in the structures and the numbers of missing residues are also labeled. Potential cross-talk
with other components of the 3’-end processing apparatus are shown with black arrows. (B) Top: CstF-77 boosts the affinity of the CstF-64 RRM for
RNA due to its dimeric assembly that incorporates two RNA binding motifs in a single complex in close spatial proximity. However, without CstF-50,
the CstF-77/CstF-64 subcomplex binds to DSE signals less favorably due to the highly flexible linker region between the HAT domain and CstF-64 hinge
binding site on CstF-77, which results in the random movement of the two RRMs of CstF-64 (represented with dashed lines). Bottom: The dimerized
CstF-50 acts as a clamp to restrict the flexibility of the linker region by binding to a conserved patch of CstF-77 between the HAT domain and CstF-64
binding site, limiting the movement of the two RRMs and allowing more efficient engagement of G/U- and U-rich motifs. The dashed lines indicates that
the full complex has modest flexibility allowed by the linker between the dimerization and WD40 domains of CstF-50, which allows recognition of DSE

signals of different length.

DISCUSSION

Biochemical and structural analysis of the polyadenyla-
tion machinery has been hampered by the ability to ob-
tain sufficient amounts of highly pure recombinant pro-
teins and their reconstitution into functional complexes.
Earlier studies used complexes purified from native sources
such as transformed cell lines (3,35-39), but these may con-
tain contaminating proteins, or could be isolated as non-
stoichiometric complexes. Using these sources as starting
material also becomes difficult to design mutants to probe
activity. In this work, we describe an efficient method to re-
constitute a functional RNA-binding core of the cleavage
stimulatory factor from purified recombinant proteins, and
demonstrate that CstF assembles as a hexameric complex
that binds G/U-rich sequences with high affinity and selec-
tivity. In contrast, the RNA-binding component of the com-
plex, the RRM of CstF-64, only binds RNA with moderate
low wM activity, even to long G/U-rich sequence (GU14)
suggesting that it is the assembly of functional complexes,
rather than cooperative interactions between weakly bind-
ing proteins, that drive recognition of processing sites. The
molecular basis for the super-activity of CstF-64 when as-
sembled into CstF likely is that dimeric assembly incorpo-
rates two RNA binding motifs in a single complex in close
spatial proximity.

A general consensus sequence for DSEs has yet to be es-
tablished because these elements are extremely variable, and

this also makes it difficult to establish quantitative proper-
ties of the CstF-DSE interaction. Our studies indicate that
ten G/U bases is the minimal length that can tolerate bind-
ing of two CstF-64 molecules to a single strand of RNA,
while shorter G/U-rich elements can be occupied by only
one of the two CstF-64’s RRM domains.

In addition to G/U-rich RNAs, we also observed that the
CstF complex is able to bind to two independent G/U- and
U-rich elements separated by variable A /C spacing, ranging
from 0 to 19, with no obvious preference for spacer length.
To date, there is still some debate as to the existence of a two
part DSE, which would include distinct G/U- and U-rich
signal (33,40,41). Our findings strongly support the idea
that the CstF complex may serve as the platform to read
G/U- and U-rich signals simultancously using two copies
of CstF-64. Computational statistical analysis of DSE se-
quences observed the typical separation between the G/U-
rich and U-rich elements is approximately 15nts (11), which
is consistent with our results as well. The observed length of
4-7 nts for a typical G/U-rich sequence (10,11) would not
allow simultaneously binding of two CstF-64’s (10 nts is the
minimal length, as we clarified above), suggesting that one
CstF-64 in a CstF holocomplex can occupy the G/U-rich
motif, while the second must bind to the U-rich element.

Our crystal structure and biochemical analysis of the
CstF-50/CstF-77 complex reveals a unique binding sur-
face on the circumference of the B-propeller (Supplemen-
tary Figure S4) and identifies critical residues that con-
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tribute to the recognition of CstF-50 by CstF-77. Sequence
analysis of CstF-50 among metazoans shows that the pep-
tide binding cleft is highly conserved, in agreement with
its function in CstF-77 recognition (Supplementary Figure
S5). Of note, CstF complexes in metazoans have three pro-
tein components, while the yeast equivalent has only two
(Rnal4/Rnal5), with no identified homolog of CstF-50.
Consistent with this, sequence analysis of CstF-77 between
metazoans and yeasts shows high conservation in the HAT
domain and the CstF-64 binding site, but no conservation
is observed for residues 581-594, suggesting the highly con-
served patch that recognizes CstF-50 does not exist in fungi
(Supplementary Figure S6).

The conservation of the interface and absence of it
in yeast strongly suggests that the CstF-50/CstF-77 in-
teraction motif is important in metazoans, yet similar
RNA binding characteristics exhibited by the heterodimeric
CstF-77AN/CstF-64RH subcomplex and the absence of
CstF-50 in yeast made us curious about the function of
CstF-50 implied by the co-evolution of its interface with
CstF-77. The WD40 domain of CstF-50 interacts with
BARDI1 (42) and the N-terminal dimerization domain is
weakly involved in pol IT CTD binding (43), but the ex-
act function of CstF-50 remains a mystery. In this study,
we showed that the CstF holocomplex efficiently and in-
discriminately binds to different RNAs that contain both
G/U- and U-rich elements, but loss of CstF-50 disfavors
CstF binding to DSE, particularly when uridine content is
high. Considering that the U-rich element consists of four
uridines out of five bases (10,31), our findings likely implies
a potential role of CstF-50 in efficient selection of DSEs,
but further experimentation will be necessary to elucidate
the mechanistic details of its contribution.

We speculate, based on current structural understanding,
that dimerized CstF-50 acts as a clamp to restrict the flex-
ibility of the linker region between the HAT domain and
CstF-64 hinge binding site on CstF-77 (Figure SA and B)
and therefore restricts the two RRM domains of CstF-64
to a single DSE motif. This arrangement would force the
CstF complex to recognize DSE signals in cis on a single
strand of mRNA by maximally coupling binding of both
CstF-64 RRMs, as opposed to a less discriminate binding
mode without CstF-50 which would result in unfavorable
binding. In agreement with this suggestion, partial RNAi
knockdown of CstF-50 in C. elegans resulted in the upshift
of CstF-64 binding to more proximal, and likely weaker, 3'-
end processing sites on several genes (44).

CONCLUSIONS

Reconstitution of CstF with recombinant purified proteins
has allowed us to interrogate the hexameric complex’s RNA
binding ability, dissect the contribution of each subunit to
RNA recognition and provide structural insight into the re-
cruitment of CstF-50 by CstF-77. Unfortunately, even this
complex retains conformational flexibility which prevents
successful crystallization or single particle EM analysis. We
demonstrate that CstF-77 boosts the affinity of the CstF-64
RRM to the RNA targets and uncover a potential role for
metazoan CstF-50 in the recognition of 3’-end processing
signals by restricting flexibility in the CstF complex rather

than through direct contacts with the RNA. Our experi-
ments provide a rationale for in vivo observations of the role
of CstF-50 in recognition of processing sites, and provide a
platform for future experiments to further investigate the
role of CstF in RNA 3’-end processing.

AVAILABILITY

Atomic coordinates and structure factors of CstF-50-
WD40 domain in complex with the peptide of CstF-77 have
been deposited in the Protein Data Bank with the accession
code 6B3X.
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