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ABSTRACT

3′-End processing of pre-mRNAs prior to packaging and export to the cytoplasm of the mature transcript is a highly regulated
process executed by several tens of protein factors that recognize poorly conserved RNA signals. Among them is Pcf11, a
highly conserved, multidomain protein that links transcriptional elongation, 3′-end processing, and transcription termination.
Here we report the structure and biochemical function of Pcf11’s C-terminal domain, which is conserved from yeast to
humans. We identify a novel zinc-finger fold, resembling a trillium flower. Structural, biochemical, and genetic analyses reveal
a highly conserved surface that plays a critical role in both cleavage and polyadenylation. These findings provide further
insight into this important protein and its multiple functional roles during cotranscriptional RNA processing.
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INTRODUCTION

Prior to nucleocytoplasmic export, nascent mRNA precur-
sors (pre-mRNAs) must undergo 3′-end processing, consist-
ing of an endonucleolytic cleavage step followed by
polyadenylation (Millevoi and Vagner 2010; Chan et al.
2011; Darmon and Lutz 2012). These reactions occur cotran-
scriptionally, are coupled with termination of transcription,
and are highly regulated (Perales and Bentley 2009; Hsin
and Manley 2012).

In all eukaryotes, 3′-end processing is orchestrated by a
very complex protein machine composed of several tens of
core essential andmore regulatory factors, organized into sta-
ble subcomplexes with defined biochemical activity
(Takagaki et al. 1989; Mandel et al. 2008). In yeast, these fac-
tors are organized into three complexes called cleavage factor
IA (CF IA), cleavage factor II (CF II), and polyadenylation
factor I (PF I). The structural basis for the activities of
many individual proteins has been characterized (Noble
et al. 2005, 2007; Paulson and Tong 2012; Xiang et al.
2014), but how these activities are integrated into the com-
plete processing apparatus and how different steps are or-
chestrated and coordinated remain unclear at the molecular
level.

Pcf11 is particularly interesting in this regard. While most
proteins participate in defined steps in processing (e.g., cleav-

age or recognition of RNA-specific signals), Pcf11, one of the
four subunits of CF IA, is a highly conserved protein that
plays critical roles in both 3′-end processing and transcrip-
tion termination, and has also been reported to have a con-
served role in linking termination of transcription to the
transfer of the mRNA to the export machinery (Amrani
et al. 1997; Gross and Moore 2001; Johnson et al. 2009).
Saccharomyces cerevisiae Pcf11 (ScPcf11) contains a well-
characterized and highly conserved RNA polymerase II
CTD interacting domain (CID) at its N terminus followed
by a stretch of 20 glutamines, a domain interacting with the
Rna14–Rna15 dimer (which in turn binds to RNA), and
two conserved putative zinc fingers near its C terminus that
flank a short sequence that interacts with the Clp1 subunit
of CF IA (Fig. 1A). Yeast genetic studies have shown that
both the N- and C-terminal domains of ScPcf11 are essential
for cell viability (Sadowski et al. 2003). The N-terminal and
Clp1 interaction regions have been characterized both struc-
turally and functionally. Namely, mutations disrupting the
Pcf11/Clp1 interaction cause defects in growth and 3′-end
processing (Noble et al. 2007; Ghazy et al. 2012). This region
might also maintain interactions with Yra1, an mRNA export
factor (Johnson et al. 2009, 2011). However, the function of
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the conserved zinc fingers in Pcf11 is not known. Keller and
colleagues indirectly demonstrated an essential role in cell vi-
ability for the C-terminal zinc finger by showing that cross-
complementation of a Pcf11 protein missing its C-terminal
200 amino acids allele failed to rescue the growth defect of
the pcf11-2 strain that included three mutations spread along
this putative zinc finger (Sadowski et al. 2003). However, no
structural, biochemical, or functional data have yet been re-
ported for this region of Pcf11.
Here we describe a novel flower-like structure for the C-

terminal CCHC zinc-finger domain of ScPcf11 that is only
distantly related to other zinc coordinating domains. Using
a combination of NMR spectroscopy, biochemistry, and yeast
genetics, we identify a conserved interface on this domain for
potential binding partners and demonstrate that mutation of
key residues along this conserved surface-exposed region dis-
rupts 3′-end processing, illustrating for the first time the
functional role of Pcf11’s highly conserved C-terminal
zinc-finger domain.

RESULTS

The CCHC zinc finger is the only stable domain within
the C terminus of ScPcf11

The C-terminal region of ScPcf11, corresponding to residues
400–626, is the most conserved region of the protein besides
the N-terminal CID domain, with conservation extending

between organisms as divergent as fungi and humans (Fig.
1B). A BLAST (http://blast.ncbi.nlm.nih.gov) search for sim-
ilar protein sequences using this portion of ScPcf11 finds
only the Clp1-interacting motif (PDB #2NPI), while the
flanking zinc-finger domains do not relate to any other pro-
tein with known structure. In order to characterize the struc-
ture and function of the C-terminal region of ScPcf11, we
first cloned ScPcf11 405–608, which consists of the Clp1-in-
teracting motif flanked by the two putative zinc fingers on ei-
ther end, and ScPcf11 538–608, which only includes the
second zinc finger. However, even freshly purified ScPcf11
405–608 rapidly degraded into a smaller fragment of a size
consistent with that of the second zinc-finger domain, pre-
sumably as a result of cleavage by endogenous proteases. In
addition, when digested with subtilisin, purified ScPcf11
405–608 was also rapidly converted into a smaller protein
with a similar size to ScPcf11 538–608 (Supplemental Fig.
S1), suggesting that the protein has a “beads-on-a-string”
structure consisting of smaller folded domains separated by
unfolded regions.
Subsequent NMR analysis of that proteolytically stable

fragment revealed that the degradation product corresponds
to the putative C-terminal CCHC zinc finger of Pcf11. By
comparing the 1H–

15N HSQCs (Supplemental Fig. S1) of
the individually purified CCHC zinc finger with that of the
longer, freshly prepared construct, we observed that the
two spectra overlay well, indicating that the CCHC zinc fin-
ger is an independent folded domain that does not interact

FIGURE 1. (A) Domain organization of S. cerevisiae Pcf11, drawn with IBS (Liu et al. 2015). (B) Sequence alignment versus secondary structure for
the C terminus of Pcf11 from S. cerevisiae toH. sapiens, drawn with ESPript (Robert and Gouet 2014). Conserved residues are indicated in black or in
bold, based on similarity levels. Two putative zinc fingers and Clp1 interacting regions are highlighted in red boxes and a green box, respectively. Zinc
coordinating Cys and His residues are highlighted in red boxes. Mutated residues Y575, E577, E578, and W582 are highlighted in yellow boxes.

The C terminus of Pcf11 forms a novel structure

www.rnajournal.org 99

http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.058354.116/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.058354.116/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.058354.116/-/DC1


with the preceding Clp1-interacting motif or the first zinc
finger. In addition, all dispersed resonances in the 1H–

15N
HSQC of ScPcf11 405–608 can be observed in the 1H–

15N
HSQC of ScPcf11 538–608, demonstrating that the CCHC
zinc finger is the only well-folded and stable section in the
C-terminal region of Pcf11 when purified alone in vitro.
Altogether, we conclude that the CCHC zinc finger folds
into an independent compact structure that follows the
Clp1-interacting domain.

ScPcf11 538–608 folds into a novel flower-like structure

The well-dispersed 1H–
15N HSQC spectrum of ScPcf11 538–

608 indicates a well-ordered structure. As a consequence, we
were able to obtain a good number of experimental restraints
for structure determination, including a total of 907 NOE-
derived distances, 28 hydrogen bonds, and 68 dihedral angle
restraints that were used for calculating the structure (Table
1). The superposition of the 20 lowest-energy conformers to-
gether with the ribbon diagram of the representative struc-
ture is shown in Figure 2. The root mean square deviation
(RMSD) of the 20 conformers for the backbone of the or-
dered region is only 0.36 Å, indicating an ordered and rigid
conformation.

The CCHC zinc-finger domain of ScPcf11 adopts an atyp-
ical α1β1β2β3β4β5β6β7α2 fold that resembles a trillium
flower, with one loop (petal) extending upward and two β-
sheet petals extending to each side away from the helical
stem stabilized by a treble-clef zinc finger (Fig. 2A,B). The
N-terminal helix α1 is short and adopts a 310 helix conforma-
tion, rather than an α-helix structure, in several of the struc-
tures of the converged ensembles, while the C-terminal helix
α2 is relatively long and stable enough to be present in all 20
conformers. The seven β strands correspond to residues
Y550–V552 (β1), A561–C564 (β2), E569–T572 (β3), V574–
D576 (β4), E581–K585 (β5), T587–V590 (β6), and K593–
H596 (β7). Connecting β1 and β2, the 10-residue long loop
forms the central petal 1. The β4β5 hairpin, together with
β1, forms an antiparallel twisted β-sheet (petal 2), and β6 to-
gether with β7 forms β-hairpin petal 3. The β2β3 knuckle tilts
inward to maintain the zinc finger with the C-terminal
kinked helix α2. The tertiary structure of the zinc finger re-
gion consists of the β2β3-hairpin that positions the side chain
thiolates of Cys564 and Cys567, and the kinked helix α2 that
orients His596 and Cys599 side chains as ligands for zinc co-
ordination (Fig. 2C). The Cα and Cβ chemical shift values for
cysteines 564 (Cα 57.54 ppm and Cβ 30.65 ppm), 567 (Cα

58.80 ppm and Cβ 31.24 ppm), and 599 (Cα 63.60 ppm
and Cβ 30.01 ppm), respectively, are consistent with sulfurs
coordination of the zinc ion (Kornhaber et al. 2006). In order
to determine the tautomeric state of the zinc coordinating ni-
trogen atoms (Nδ1 or Nε2) on the histidine ring, we calculated
the chemical shift difference of Cε1−Cδ2 to be ∼18.2 ppm,
indicating Nδ1 coordination (Barraud et al. 2012). To further
confirm the Zn–Nδ1 coordination, we performed the struc-

ture calculation in two ways: first with Zn–Nδ1 restrained;
then with Zn–Nε2 restrained instead, and compared their
compatibilities with the experimental NOEs. As expected,
the structure calculated with Zn–Nδ1 coordination has fewer
NOE violations, which further validates the presence of the
Nε2–H tautomer, the most common configuration in
CCHC-type zinc fingers (Barraud et al. 2012).

A highly conserved “petal” unique to Pcf11

Extensive efforts were made to detect homology between the
CCHC zinc finger of Pcf11 with other proteins that could
shed light on its function. However, a DALI server search
(http://ekhidna.biocenter.helsinki.fi/dali_server/) returned
no obvious structural neighbors. Among the four top hits
with Z-scores larger than 2.0 (highest Z = 2.6), three are
RING finger subunits in the crystal structure of the ubiquitin
conjugating domain of a RING E3–E2–ubiquitin complex,
and the fourth is RING finger protein 38. Only two equiva-
lent residues are shared between Pcf11 and the four structural
hits. On the other hand, a VAST (http://structure.ncbi.nlm.
nih.gov/Structure/VAST/vast.shtml) search identified 56

TABLE 1. NMR constraints and structural statistics

ScPcf11 538–608

NMR constraints
Distance constraints
Total NOEs 907
Intra-residue NOEs 214
Sequential (|i− j| = 1) NOEs 242
Medium-range (1 < | i− j | < 5) NOEs 112
Long-range (|i− j |≥ 5) NOEs 339

Hydrogen-bond constraints 28
Dihedral angle constraints (ϕ and ψ) 68
Zinc-sulfur/nitrogen constraints 4

Structure statistics (20 structures)
Energy (kcal/mol)
Mean AMBER energy −2519.1 ± 12.4
NOE distance restraints violation energy 5.2 ± 3.3
Torsion angle restraints violation energy 0.4 ± 0.3

Violations
NOE violations (>0.3 Å) 0
Dihedral angle violation (>5°) 0

Ramachandran plot statistics (%)
Residues in most favored regions 85.1%
Residues in additional allowed regions 11.9%
Residues in generously allowed regions 3.0%
Residues in disallowed regions 0.0%

Root mean square deviations from the mean structure (Å)
Secondary structure backbone atoms 0.36
Secondary structure heavy atoms 0.73
All backbone atoms 3.16
All heavy atoms 3.15
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structural neighbors, mostly RING finger domains, as well as
a considerable number of LIM domains, a structure com-
posed of two contiguous zinc-finger domains, separated by
a hydrophobic linker of two amino acids. Similar to the
DALI search, the aligned residues between Pcf11 and its
VAST structural neighbors are no more than 37 (∼50% cov-
erage), indicative of a lack of significant similarity. In other
words, the CCHC zinc-finger domain of ScPcf11 is a novel
structure that cannot be classified as a member of any char-
acterized zinc finger or β-stranded folds.
To further understand the uniqueness of this structure, we

compared the topology arrangement of our structure with
the RING finger and LIM domains, as shown in Figure 3.
We selected RING finger protein 38 (the top hit in VAST,
PDB #1X4J) and the C-terminal LIM domain of MLP/
CRP3 (the highest ranking single LIM domain structure in
VAST, PDB #2O13) as the representative of each family.
Each of the three domains is a small protein composed of
short antiparallel β sheets (Fig. 3A–C). Specifically, they share
a common β hairpin (β6β7 in ScPcf11, β4β5 in RING finger,
and β5β6 in LIM domain) and the subsequent α helix in the C
terminus linked to the N-terminal β hairpin (β2β3 in ScPcf11
and RING finger, β3β4 in LIM domain) by a coordinated zinc
ion. When alignment is performed with the complete struc-
tures, the RMSD values between ScPcf11, RING finger and
LIM domains are poor, 2.7 Å and 9.3 Å, respectively.
However, if we use the common structural elements to per-
form the alignment, the RMSD between ScPcf11 and the
RING and LIM domains decreases to 1.4 Å and 1.7 Å, respec-
tively, indicating their structural similarity near the zinc-
binding region.
Nevertheless, ScPcf11 differs from the other two structures

in several significant ways. First, with similar sequence length

(∼70 amino acids), ScPcf11 has a higher percentage of β
structure. For example, the stable zinc coordinating β hairpin
in ScPcf11 is reduced to a simple turn loop in the other two
domains. Secondly, due to its unusually long insertion (28
amino acids) following the zinc-finger β hairpin (β2β3 in
ScPcf11 and RING finger, β3β4 in LIM domain), ScPcf11
has an additional β hairpin (β4β5) forming a twisted antipar-
allel β sheet with β1, designated petal 2, which is completely
absent in the other two domains (Fig. 3D). Remarkably, most
of the conserved residues of this region of ScPcf11 reside
within this special β hairpin (Figs. 1B, 4A), including the ab-
solutely conserved Trp582. In addition, the β4β5 hairpin re-
gion forms a negative surface charge patch with central petal

FIGURE 2. Overview of the solution structure of ScPcf11 538–608. (A)
Superposition of the 20 lowest-energy structures on the left and the rep-
resentative lowest energy structure, shown in ribbon on the right.
Secondary structure elements are labeled and the side chains of zinc co-
ordinating residues are drawn in sticks. (B) Same as A but rotated by 90°
around the indicated axis. (C) Close-up view of the zinc-binding site.
The distances between the zinc ion and its coordinating atoms are indi-
cated in red (Å).

FIGURE 3. Structural comparison of ScPcf11 538–608 with RING fin-
ger and LIM domain proteins. (A) Representative structure of ScPcf11
538–608 (upper) and topology representation (lower). The uncommon
“petal” is colored in red. (B) Structure (upper) and topology diagram
of a RING finger protein (pdb #1x4j). (C) Structure (upper) and topol-
ogy diagram (lower) of a LIM protein (pdb #2o13). (D) Alignment of
ScPcf11 538–608 (green) with 1x4j (wheat) and with 2o13 (salmon)
based on their common structural elements, as described in the main
text. (E) Backbone relaxation data of ScPcf11 538–608. Heteronuclear
{1H}–15N NOE values (top panel), 15N longitudinal relaxation rate con-
stants R1 (middle panel), and 15N transverse relaxation rate constants R2

(bottom panel) plotted as a function of residue number. Corresponding
secondary structures are presented on the top as a column for α helix and
an arrow for β strand.

The C terminus of Pcf11 forms a novel structure
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1, which could potentially serve as a binding interface for a
basic protein instead of nucleic acids (Fig. 4A). By monitor-
ing UV absorbance at 260 nm, we did not detect any residual

nucleic acids binding to purified ScPcf11 538–608 or ScPcf11
405–608, as is instead often the case with RNA- or DNA-
binding proteins. We also titrated RNA polyadenines A10

FIGURE 4. Pcf11 is necessary for both cleavage and polyadenylation steps of mRNA 3′-end processing in yeast. (A) Highly conserved residues cluster
in a negative-charged binding surface. The left panel corresponds to surface representations showing the electrostatic potential, with red indicating
negative and blue indicating positive electrostatic potential, with the four mutated residues indicated. The right panel shows surface representations
of conserved residues (completely conserved in red, less conserved in yellow). (B) Growth characteristics of pcf11-W582A, pcf11-Y575A, and pcf11-
EERR mutant strains at 16°C, 30°C, and 37°C. (C) In vitro cleavage assay (left), in vitro polyadenylation assay (middle), and coupled cleavage and
polyadenylation assay (right). The experiments were carried out at 37°C. The positions of precursor and product RNAs are indicated on the right
side of each panel. (D) Coimmunoprecipitation with extracts prepared from cells expressing forms of Pcf11, Pcf11-Y575A, Pcf11-W582A, and
Pcf11-EERR tagged with both V5 and Myc. Cells were grown at 30°C, then shifted to 37°C for 2 h. Coimmunoprecipitation was performed using
anti-V5 antibody and the eluates were analyzed by Western blotting with antibodies against CF IA and CPF subunits. Pcf11 was detected with the
Myc antibody. The control was done with extract from cells expressing only untagged Pcf11. The left panel shows the input used for each extract,
with β-actin as the loading control. (E) Quantitation of co-IP analysis. The ratio of coimmunoprecipitated protein to that of Pcf11 was determined
by scanning the Western blots using ImageJ for pulldowns from two different extract preparations. These ratios were then divided by the ratios ob-
served for the wild-type protein and plotted to generate relative binding activities.
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into the C-terminal zinc finger of Pcf11 and observed no
interaction.
To further characterize this conserved β hairpin, we

measured backbone dynamics of ScPcf11 538–608 using
15N relaxation methods, including steady-state 15N–[1H]
heteronuclear Overhauser effect (Het-NOE) values, longitu-
dinal relaxation rates R1, and the transverse relaxation rates
R2. In total, 65 of 73 residues (including two N-terminal left-
over residues from the cleavage site) were analyzed. The un-
analyzed residues included two prolines that have no amide
protons, two C-terminal residues that were unassigned, and
four residues that were either overlapped or whose signal
was too weak to be accurately analyzed. The values of R1,
R2, and Het-NOE are plotted versus residue number in
Figure 3E. Overall, the generally high Het-NOE values
(>0.76) for residues in the secondary structures confirm
that the domain is structurally rigid. Residues within the
N- and C-terminal ends have Het-NOE values lower than
0.6, indicative of disorder, consistent with the large RMSD
of structure ensembles for these regions (Fig. 2A). For the or-
dered part, residues 548–602, significant depression of the
Het-NOE data between P554 to A561 corresponding to the
center petal 1, as well as E578 and E581 from the β4β5 petal
2, are observed, indicatingmotional flexibility on the picosec-
ond/nanosecond time scale for this region. Although the
β6β7 petal 3 has a similar loop size as petal 2, only a mild
depression was observed with the average Het-NOE value
around 0.74. Plots of R1 and R2 values match the overall
Het-NOE profile. Both the N- and C-terminal regions have
a larger R1 and smaller R2, compared to average, and the
decrease in R2 follows the pattern for Het-NOE values in
these regions. The center petal 1 region with low Het-NOE
is matched by larger R1 and R2 values, indicating fast motion
on the picosecond/nanosecond time scale and slower motion
on the microsecond/millisecond time scale occurring at the
same time. Significantly larger R2 are observed for V583 with-
in the β4β5 petal 2 region, in addition to lower Het-NOE
values, without simultaneous variations of R1, indicating the
presence of conformational exchange on a microsecond/mil-
lisecond time scale. Taken together, thesedata indicate that the
β4β5 petal 2, as well as central petal 1, form themost dynamic
site in this zinc finger with both picosecond/nanosecond and
microsecond/millisecond motional flexibility.

The CCHC zinc finger of Pcf11 is necessary for mRNA
3′-end processing

The CCHC zinc finger of Pcf11 is essential for cell survival.
Our yeast cell growth assay indicated that a pcf11 variant lack-
ing the C-terminal CCHC zinc finger is not viable
(Supplemental Fig. S2). To further investigate the functional
significance of the β4β5 hairpin that is so highly conserved
and unique to Pcf11, we generated three mutants, Pcf11-
W582A, Pcf11-Y575A, and Pcf11-EERR (two consecutive
conserved glutamic acids, E577 and E578, were mutated to

arginine). The mutated residues, W582, Y575, and
E577E578, are all conserved (Fig. 1B) and their side chains
cluster into a negative-charged surface region likely mediat-
ing binding to other proteins or peptide fragments (Fig.
4A). The comparison of 1H–

15N HSQCs of the mutants
with wild-type Pcf11 indicated that the protein structure,
stability, or solubility was not affected by the mutations
(Supplemental Fig. S3).
We tested the growth phenotypes of these mutant strains at

three different temperatures (16°C, 30°C, and 37°C). All
three mutant strains of pcf11 grow normally at 30°C but ex-
hibit growth defects at the less optimal temperatures of 16°C
and 37°C (Fig. 4B). The pcf11-W582Amutant is defective for
growth at 37°C and 16°C, and pcf11-Y575A and pcf11-EERR
also display growth defects at 37°C on minimal medium, in-
dicating that the putative protein–protein interaction surface
of the CCHC zinc finger is essential to maintain the full cel-
lular function of ScPcf11.
To further decipher how the pcf11mutants exert the defec-

tive growth phenotype, we used extracts from the three pcf11
mutant strains grown at 37°C to perform in vitro cleavage
and polyadenylation assays to test the role of the CCHC
zinc finger in pre-mRNA 3′-end processing (Fig. 4C). In a
coupled cleavage and polyadenylation assay performed using
theGAL7 pre-mRNA, pre-mRNA processing in all three mu-
tant extracts was nearly completely abolished. To dissect
whether the mutants exerted their effects at either the cleav-
age or polyadenylation step, we performed decoupled cleav-
age and polyadenylation reactions using wild-type and
mutant pcf11 extracts. In the cleavage reaction, all three mu-
tants exhibited greatly diminished pre-mRNA cleavage ability
relative to wild-type strain. Interestingly, in a polyadenylation
reaction, mutant pcf11 extracts also exhibited diminished
polyadenylation relative to wild type. Careful examination
of the data shows that pcf11 mutants exhibit a buildup of a
slightly larger species of RNA than the precursor substrate,
suggesting that mutation of the β4β5 interface impairs inter-
actions that promote processive polyadenylation.
The polyadenylation step of 3′-end pre-mRNA processing

is directed by the cleavage and polyadenylation factor (CPF),
and a few protein factors within CPF are reported to interact
with Pcf11. In pull-down assays with in vitro translated pro-
teins, Pcf11 interacts with the CPF subunit Ydh1 (Kyburz
et al. 2003), suggesting that a direct interaction might occur
between these proteins in vivo as well. Ysh1, another subunit
of the CPF complex that forms a heterodimer with Ydh1, is
also critical for both steps of 3′-end processing (Dominski
et al. 2005; Xiang et al. 2014). To investigate how mutations
of the β4β5 interface of Pcf11 affect its interactions with the
CPF subunits Ydh1 and Ysh1, we used various V5-tagged
constructs of Pcf11 to execute coimmunoprecipitation (co-
IP) experiments. We also investigated pull-down levels of
Clp1 and Rna15 (as a control) from CF IA and poly(A) po-
lymerase Pap1 in the same experiments (Fig. 4D,E). As ex-
pected, binding to Rna15 was not affected by any of the
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mutations, a result consistent with the previous observation
that the Rna15 binding site within Pcf11 is independent
and located away from the C-terminal zinc finger (Amrani
et al. 1997). Interestingly, binding to Clp1 was significantly
enhanced by the W582A mutant but impaired by the EERR
mutant. The binding capacity for Ysh1 was also improved
by the W582A mutant but weakened by the Y575A mutant.
Finally, the interaction with Ydh1 was disrupted by both mu-
tants Y575A and EERR and the interaction with Pap1 was
also disrupted by the Y575Amutant. Taken together, binding
of Pcf11 to Clp1 and several tested CPF subunits were all af-
fected by at least one mutation within the β4β5 interface of
Pcf11.

DISCUSSION

Pcf11 coordinates transcription and its termination with pre-
mRNA 3′-end processing and mRNA export (Mapendano
et al. 2010). The highly conserved CID domain at the N ter-
minus of Pcf11 has been well studied structurally as well as
with regard to function, but its C-terminal domain has yet
to be studied in depth, despite equivalent levels of conserva-
tion and requirement for viability. Within this highly con-
served region of Pcf11, there is only one proteolytically
stable fragment. We report here the solution structure of
this domain, which contains the C-terminal CCHC zinc fin-
ger of yeast Pcf11. The C-terminal zinc-finger domain of
Pcf11 forms a novel flower-like structure with no detectable
similarity with other known proteins, which organizes a
highly conserved exposed petal-like lobe. Its sequence con-
servation, structural comparison, and backbone dynamic,
as well as the yeast growth phenotype and in vitro mRNA
cleavage and polyadenylation biochemical activity, identify
this β-hairpin as a protein binding site that performs an es-
sential functional role in mRNA 3′-end processing by affect-
ing both cleavage and polyadenylation steps.

The CCHC zinc finger within Pcf11 forms a typical treble
clef fold with the first two cysteines coming from the β2β3
knuckle and the histidine and last cysteine from the N termi-
nus of α helix 2 (Fig. 2C). According to the structural classi-
fication of zinc fingers (Krishna et al. 2003), the treble clef
fold group can be divided into 10 families. In most families,
the finger core is augmented by a loop and a β hairpin be-
tween the zinc coordinating β hairpin and an α helix (like
RING fingers), but no known structure forms an additional
β hairpin, as seen here in the CCHC zinc finger of Pcf11.
During our examination of zinc fingers with longer spacer se-
quence, one special RING finger, the N-terminal zinc-finger
domain of PARP-1 (Poly[ADP-ribose] polymerase 1), drew
our attention because it has the same number of spacer res-
idues as Pcf11 (CX2CX28HX2C), but instead of forming an
additional β hairpin like Pcf11, PARP-1 adopts the same to-
pology as other RING fingers with a longer β4β5 hairpin
linked by a 310 helix (Supplemental Fig. S4). Intriguingly,
this longer β4β5 hairpin in PARP-1 is one of two important

recognition sites for its DNA-break substrate (Langelier et al.
2011; Eustermann et al. 2015). This comparison suggests
that evolution provides these conserved, structured long
spacer sequences for different functional purposes by ap-
pending them to zinc-finger structures that organize them
structurally.
Based on the above analysis, the C-terminal zinc finger of

Pcf11 very likely acts as a platform and bridge with other pro-
tein factors involved in 3′-end processing. If we divide
ScPcf11 into three regions (the N-terminal CID; the central
CF IA interacting segment, including the Rna14/Rna15 inter-
acting region followed by the Clp1 interacting sequence; and
the C-terminal zinc finger) the functional role of each seg-
ment becomes clear. The CF I complex contributes to recog-
nition of RNA sequences that specify the poly(A) site on
mRNA precursors and to cross-factor interactions with
CPF in assembly of an active processing complex (Mandel
et al. 2008). It has also been implicated in export of mRNA
from the nucleus to the cytoplasm (Brodsky and Silver
2000; Hammell et al. 2002; Nino et al. 2013). As a scaffold
protein in the CF I complex, we hypothesize that Pcf11 func-
tions as a central hub in the assembly of the poly(A) site se-
lection machinery and uses the interaction of its N-terminal
CID domain with the Ser2 phosphorylated CTD of Pol II to
localize proteins to pre-mRNA 3′-ends. According to the
BioGRID database, there are seven interacting partners for
Pcf11 identified by at least two experimental approaches, al-
though some of these interactions might be mediated by an-
other factor: Clp1, Rna14, Rna15, Rpo21, Ysh1, Ydh1, and
Yra1. The middle region of Pcf11 helps in the assembly and
localization of Rna14/Rna15 and Clp1 to the 3′-UTR
(Noble et al. 2007; Qu et al. 2007; Gordon et al. 2011).
Yra1 putatively interacts with Pcf11 through a region N-ter-
minal to the very C-terminal zinc finger to facilitate assembly
of the pre-mRNA for recognition by the RNA export ma-
chinery (Johnson et al. 2009, 2011). It is tempting to suggest,
based on our data, that the C-terminal zinc finger of Pcf11
binds the remaining two proteins, Ydh1 and Ysh1, two
main subunits of the CPF complex that form a heterodimer
and are critical for both steps of 3′-end processing (Dominski
et al. 2005; Xiang et al. 2014).
In our coimmunoprecipitation experiments, we found

that binding to Clp1 was significantly enhanced by the
W582A mutant but impaired by the EERR mutant. The in-
teractions of Pcf11 with Ydh1, Ysh1, and Pap1 were all dis-
rupted by the Y575A mutant, and binding capacity for
Ydh1 was also impaired by the EERR mutant. Overall, Clp1
and Ydh1 were affected most by the β4β5 hairpin mutants
of Pcf11. These co-IP results suggest two possibilities: The
C-terminal zinc finger of Pcf11 binds to Ydh1 in such a
way that changes in their interaction indirectly influence
pull-down levels of Ydh1’s interacting partners Clp1, Ysh1
and Pap1. Alternatively, considering that the Clp1-interact-
ing sequence K475-S499, as revealed by the crystal structure
of Clp1–Pcf11 complex, is located N-terminal to the very C-
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terminal zinc finger of Pcf11, the interaction between Clp1
and Pcf11 might extend to the C-terminal zinc finger and
mediates their interaction with the CPF subunits.
Increased binding by mutation is not unusual when pro-

tein interfaces are involved in multiple interactions with oth-
er proteins (Sharabi et al. 2014). In order to maintain the
stability of the complex and specificities toward all interacting
partners, protein sequences evolve to optimize multiple in-
teractions but not necessarily confer best binding affinity
for each binding partner. Indeed, Holbein et al. (2011) re-
ported a similar phenomenon, in which mutations in Clp1
improved its interaction with Ysh1. The solvent-exposed
W582 in Pcf11 potentially plays such a balancing role that
prevents too strong an interaction with some protein partners
by steric repulsion. Our result that the Pcf11 mutation
W582A that causes the most striking growth defect actually
increased its interaction with Clp1 is interesting. We suggest
two possible explanations. First, “moderate” binding between
Pcf11, Clp1, and the CPF complex is necessary to provide the
flexibility of the complete 3′-end processing complex in po-
sitioning Ysh1 over the mRNA cleavage site, and the flexibil-
ity of reorganization of the CPF complex so that Pap1 can
reach the growing poly(A) tail. The Pcf11 W582A mutant
might decrease this flexibility by increasing the interaction af-
finity, leading to dysfunctional cleavage and polyadenylation;
second, since Yra1 shares the same binding region of Pcf11
with Clp1, “moderate” binding might enable switching
from a complex with Clp1 during 3′-end processing to an in-
teraction with Yra1 for mRNA export. Since the interaction
with Clp1 and Yra1 may extend to the C-terminal zinc-finger
domain of Pcf11, the Pcf11W582Amutant favors Clp1 bind-
ing, which in turn blocks Yra1 and affects the interaction with
CPF subunits.
In summary, our results indicate a critical role for the very

C-terminal zinc finger of Pcf11 in its interaction with Ydh1/
Ysh1, either directly or indirectly mediated by Clp1.
Disruption of these interactions by mutation of highly con-
served residues lead to 3′-end processing defects in biochem-
ical assays and disrupts the biological function of Pcf11 in
yeast.

MATERIALS AND METHODS

Protein expression and purification

Two constructs of ScPcf11 were prepared: ScPcf11 405–608 and
ScPcf11 538–608. The PCR-amplified genes were inserted into a
modified pET-28a (Novagen) vector with a Protein G B1 domain
(GB1) fused to the N terminus. The recombinant plasmids were
transformed into Escherichia coli BL21 (DE3) cells. Uniformly
15N- and 15N-, 13C-labeled ScPcf11 proteins were obtained by grow-
ing the transformed cells at 37°C in M9 minimal medium contain-
ing 0.5 g/L 15NH4Cl, 2 g/L 13C-glucose supplemented with trace
elements and 20 µM ZnSO4. Protein expression was induced with
0.5 mM IPTG when OD600 of cells reached 0.6. After 3–4 h, cells

were harvested by centrifugation and resuspended in lysis buffer
(20 mM Tris, 500 mM NaCl, 20 mM imidazole, pH 8.0). Cell lysate
was extracted by sonication and cleared by centrifugation. The su-
pernatant was applied onto a HisTrap column (GE Healthcare)
equilibrated in lysis buffer. By washing with elution buffer (20
mM Tris, 500 mM NaCl, 10–300 mM imidazole, pH 8.0; the linear
gradient increased the concentration of imidazole), the protein was
eluted at 240 mM imidazole. The pooled protein was incubated with
in-house purified tobacco etch virus (TEV) protease overnight and
loaded onto HisTrap again to remove the cleaved His-GB1 tag and
dialyzed into NMR buffer (20mMTris, 120mMNaCl, pH 7.4). The
NMR samples were first treated with excess Zn2+ to saturate the
metal binding site, then with excess EDTA to remove free and un-
specific bound Zn2+. As a final cleaning step, the protein solution
was loaded onto a Superdex 75 column (GE Healthcare) to remove
chelated EDTA from the solution and exchange it into NMR buffer.

NMR spectroscopy

NMR spectra were collected at 25°C on Bruker Avance 500MHz and
600MHz spectrometers equipped with 1H/13C/15N triple-resonance
probes and pulse-field gradients. NMR data were processed with
NMRPipe (Delaglio et al. 1995) and analyzed within CcpNmr
(Vranken et al. 2005). 2D 1H–

15N/13C HSQCs and 3D HNCO,
HNCA, HNCACB, CBCA(CO)NH, HBHA(CO)NH, HCCH-
TOCSY, and (H)CCH-TOCSY were performed to obtain the chem-
ical shift assignments of backbone and side chain atoms. Chemical
shifts were referenced to internal 2, 2-dimethyl-2-silapentanesul-
fonic acid (DSS). 3D 13C-edited aliphatic and aromatic NOESY-
HSQC (mixing time 100 msec) and 15N-edited NOESY-HSQC ex-
periments (mixing time 100 msec) were collected to generate dis-
tance restraints for structural calculations. Hydrogen–deuterium
exchange experiments were carried out to identify the protected am-
ides and confirm the hydrogen bonds network in secondary
structures.

Structure determination

A total of 200 starting structures of ScPcf11 538–608 were calculated
using CYANA (Güntert et al. 1997), from which 100 structures with
the lowest target functions were selected to be refined in AMBER
(Case et al. 2005). Only distance restraints obtained from 3D
13C/15N-edited NOESY-HSQC experiments were used as initial in-
puts for the first several rounds of calculation in CYANA. In the fol-
lowing iterations, 68 torsion angle restraints for both ϕ and ψ
predicted by TALOS+ (Shen et al. 2009) were included as well, based
on the secondary structure identified from the early structure en-
sembles. In addition, 28 hydrogen bonds were added according to
the hydrogen–deuterium experiments and NOE patterns character-
istic of β sheets. The structures clearly show ametal binding site with
three highly conserved cysteines and a histidine clustered together.
Therefore, in the final round of iterative calculation of CYANA,
one zinc ion was incorporated by adding four zinc-sulfur/zinc-ni-
trogen bond restraints (∼2.4 Å). The 100 structures with the lowest
target functions were refined in AMBER 8 by using a 20-ps re-
strained simulated annealing protocol. The annealing was done
with the ff99 force field and generalized Born solvation model, re-
strained by the same distances, torsion angles, and hydrogen bonds
used in CYANA with force constants of 35 kcal mol−1 Å−1, 50 kcal
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mol−1 rad−2, and 50 kcal mol−1 Å−1, respectively. In addition, chi-
rality restraints were applied along the main chain to prevent inver-
sions of chirality at high temperature. The 20 conformers with the
lowest AMBER energy were finally selected and bonded with zinc
ion using the Metal Center Parameter Builder (MCPB) module of
Amber 14.

Backbone 15N relaxation measurements

The backbone 15N relaxation parameters (longitudinal relaxation
rates R1 [1/T1]; transverse relaxation rates R2 [1/T2] and steady-state
heteronuclear NOEs) were measured using standard pulse sequenc-
es (Farrow et al. 1994). Experiments were performed on Bruker
Avance 600 MHz NMR spectrometer at 25°C. Spectral widths of
8417.5 Hz and 1946.3 Hz were used for 1H and 15N dimensions, re-
spectively. For the T1 and T2 measurements, 1024 (1H) and 128
(15N) complex data points were collected with 16 transients and a
recycle delay of 3 sec. The delays used for the T1 experiments were
10 (×2), 40, 90, 150, 300, 500, 800, 1100, 1500, and 2000 msec,
and those used for the T2 experiments were 10 (×2), 20, 40, 60,
90, 120, 150, 200, 250, and 300 msec. The relaxation rate constants
were obtained by fitting the peak intensities to a single exponential
function using the nonlinear least squares method. For the
{1H}–15N Het-NOE measurements, two spectra were performed
in the presence and absence of a 3-sec proton pre-saturation period
prior to the 15N excitation pulse and using recycle delays of 2 and 5
sec, respectively. In total, 32 transients were used for each experi-
ment. Het-NOE values were calculated from the ratio of peak inten-
sities with and without proton saturation.

Yeast strains used and plasmid construction

The S. cerevisiae strains used in this study are as follows:

CM332 (MATa ura3-1 trp1Δ ade2-1 leu2-3,112 his3-11,15 pcf11-Δ::
TRP1 [pFL38-PCF11])

SDL83 (MATa ura3-1 trp1Δ ade2-1 leu2-3,112 his3-11,15 pcf11-Δ::
TRP1 [pRS315-Myc-PCF11-V5])

SDL84 (MATa ura3-1 trp1Δ ade2-1 leu2-3,112 his3-11,15 pcf11-Δ::
TRP1 [pRS315-Myc-pcf11-Y575A-V5])

SDL85 (MATa ura3-1 trp1Δ ade2-1 leu2-3,112 his3-11,15 pcf11-Δ::
TRP1 [pRS315-Myc-pcf11-W582A-V5])

SDL86 (MATa ura3-1 trp1Δ ade2-1 leu2-3,112 his3-11,15 pcf11-Δ::
TRP1 [pRS315-Myc-pcf11-EERR-V5])

For pRS315-PCF11, the PCF11 sequence is flanked by a Myc epi-
tope tag at the N terminus and V5 tag at the C terminus, and the
protein is expressed under the control of the MPE1 promoter and
terminator sequences (900-bp upstream and downstream of the
coding region of theMPE1 gene [Ghazy et al. 2012]). Point mutants
pcf11-Y575A, pcf11-W582A, and pcf11-EERR were generated in
pRS315-PCF11 using the QuikChange kit (Stratagene). All mutants
were verified by sequencing.

Growth assays

To determine the effect of pcf11mutations on yeast cell growth, the
plasmid shuffle complementation assay was used (Boeke et al. 1987).
The pRS315 plasmids containing pcf11 mutations were analyzed in

the PCF11 plasmid shuffle strain CM332. Growth properties were
analyzed by growing the strains in liquid YPD at room temperature
to an optical density at 600 nm of 1.0, spotting 5 µL of 10-fold serial
dilutions on plates containing rich medium (YPD) or plates with
minimal medium lacking leucine and incubating the plates for 3–
7 d at 16°C, 30°C, or 37°C.

In vitro RNA processing assays

Preparation of yeast cell extracts, transcription of [α-32P] UTP-la-
beled GAL7-1 RNA or precleaved GAL7-9, and processing assays
were performed as described previously (Zhao et al. 1999).

Coimmunoprecipitation assays

Yeast processing extracts (1 mg) prepared as described previously
(Zhao et al. 1999) were incubated with anti-V5 antibody
(Invitrogen) overnight at 4°C in 500 µL of buffer IP-150 (10 mM
Tris–HCl at pH 7.9, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1
mM DTT, 1 mM PMSF, 2 µM pepstatin-A, 0.6 µM leupeptin,
0.1% NP-40), followed by 1 h incubation with Protein A agarose
beads (Santa Cruz). The beads were washed five times with 1 mL
of buffer IP-150, resuspended in 100 µL of 3× SDS sample buffer,
and incubated for 15 min at room temperature. Eluates and inputs
were analyzed by SDS-8% polyacrylamide gel. Western blotting was
performed according to standard procedures. Polyclonal antibodies
against Rna15, Ydh1, and Ysh1 were a gift from H. Domdey.
Antibodies against β-actin were purchased from Abcam (#ab8224)
and the anti-myc antibody was the 9E10 monoclonal. Clp1 poly-
clonal antibody was prepared in the Moore laboratory.

DATA DEPOSITION

Atomic coordinates and related NMR restraints of ScPcf11 538–608
have been deposited in the Protein Data Bank as 2nax.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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