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Abstract

In eukaryotes, the poly(A) tail added at the 3’ end of a mMRNA precursor is essential for the
regulation of MRNA stability and the initiation of translation. Poly(A) polymerase (PAP) is the
enzyme that catalyzes the poly(A) addition reaction. Multiple isoforms of PAP have been
identified in vertebrates, which originate from gene duplication, alternative splicing, or post-
translational modifications. The complexity of PAP isoforms suggests that they might play
different roles in the cell. Phylogenetic studies indicate that vertebrate PAPs are grouped into three
clades termed a, 3 and vy, which originated from two gene duplication events. To date, all the
available PAP structures are from the PAPa clade. Here, we present the crystal structure of the
first representative of the PAPy clade, human PAPy, bound to cordycepin triphosphate (3’dATP)
and Ca?*. The structure revealed that PAPy closely resembles its PAPa ortholog. An analysis of
residue conservation reveals a conserved catalytic binding pocket, whereas residues at the surface
of the polymerase are more divergent.

Keywords

mRNA processing; 3’end processing; polyadenylation; poly(A) polymerase gamma; neo-PAP;
cordycepin triphosphate

Introduction

3’ end processing of transcripts generated by RNA polymerase Il is a fundamental event for
the maturation of messenger RNA in eukaryotes 1 2. To date, twenty 3’end processing factor
subunits have been identified in yeast 3 4, and more than 80 proteins have been co-purified
with 3’end processing factors in human cells, although the exact number of factors directly
involved in processing is currently unknown . The complexity of the 3’ processing
machinery ensures a seamless crosstalk with other steps of gene expression % 7 and precise
regulation of 3’ processing & 9 10: 11:12:13 The majority of eukaryotic pre-mRNAs 3’ ends
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are processed in two intimately coupled steps: an initial site-specific endonucleolytic
cleavage followed by the addition of a poly(A) tail at the 3’ end of the upstream cleavage
product 4 14, The poly(A) tail has crucial functional importance for enhancing mMRNA
stability and translational regulation. The length of poly(A) tail appears to be a key
determinant in deciding the fate of polyadenylated RNAs 15 16: 17 poly(A) polymerase
(PAP) is the enzyme that synthesizes the poly(A) tail 18: 1920 byt it also stimulates the
cleavage reaction through interactions with other 3’ end processing factors 14 21 22,

PAP is a template-independent RNA polymerase that belongs to the X family of
polymerases, which is characterized by the signature helix-turn motif hG[G/S]xg.13Dh[D/
E]h (x, any amino acid; h, hydrophobic amino acid) 23. Crystal structures of bovine PAPa,
and yeast Papl revealed that PAP has three globular domains: a central domain flanked by
an N-terminal catalytic domain, where the signature helix-turn motif is located, and a C-
terminal domain, which shares similar topology with the ubiquitous RNA recognition motif
(RRM) 24251 26:27 A recent crystal structure of yeast Pap1 with oligo(A) and ATP revealed
that the nucleotide and the last three nucleotides of the mRNA primer are bound within the
substrate-binding cleft formed by the three domains 28, Vertebrate PAPs contain an
additional C-terminal domain (CTD), which is missing in yeast Pap1 18: 19, The presence of
dual nuclear localization signals, multiple cyclin-dependent kinase phosphorylation sites and
a splicing factor U1A interaction motif in the CTD are consistent with the regulatory role of
PAP in gene expression (Figs. 1A and S1) 4 23: 29,

Despite the monocatalytic function of PAP, multiple isoforms of this enzyme are observed
in cell lines and tissues of several species (30 and references within). In human cells, three
genes have been identified, PAPOLA on chromosome 14 31, an intronless PAPOLB on
chromosome 7 22, and PAPOLG on chromosome 2 3% 33:34 'which encode the PAP
isoforms, PAPa, PAPB and PAPy (also called neo-PAP), respectively. Human PAPa and
PAPy are nuclear enzymes 34, whereas the testis-specific PAPS is found in the cytoplasm 22,
Furthermore, these PAPs are subject to alternative splicing and post-translational
modifications (30 and references within). The functional significance of the presence of
multiple PAPs in vivo is not well understood, but it has been proposed that this multiplicity
of enzyme forms ensures precise control of polyadenylation via interactions with other 3’
processing factors in different tissues and/or cell growth states 32 35,

With the rapid development of sequencing techniques and the availability of genome
information for a variety of species, we sought to investigate PAP genes in other vertebrates
to further our understanding of the biological significance of organisms harboring multiple
PAPs. In this report, our phylogenetic study illustrates that PAPs are grouped into three
clades, a, f and v, which originated via two gene duplication events. In light of the fact that
all available PAP structures were from the PAPa clade, we set out to solve the crystal
structure of human PAPy (hPAPY) bound to an ATP analog and divalent cation. The
structure of hPAPy is very similar to that of bovine PAPa (bPAP«), with the most highly
conserved residues located in the active site cavity. Sequence analyses indicate that the C-
terminal domain of the enzyme is more divergent and predicted to be intrinsically
disordered.

Results and discussion

Sequence comparison of human PAPa, PAPB, and PAPy

A sequence alignment of three full-length human PAP isoforms and yeast Pap1 was carried
out with T-Coffee 36. The sequence conservation for the catalytic domain, the central
domain and the RNA recognition motif, which collectively will be referred to as the N-
terminal domain (NTD), is much higher than for the C-terminal domain (CTD) (Figs. 1A
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and S1). hPAPB and hPAPy NTDs are 92% and 77% identical to hPAPa, whereas the CTDs
are 63% and 28% identical. This observation supports the hypothesis that multiple PAPs
execute their catalytic function through the conserved NTD, but are regulated via their
distinct CTDs 32 3334 Indeed, while hPAPy and hPAPq display undistinguishable
polyadenylation activities, they appear to be differentially phosphorylated which suggests
that they may be differentially regulated 32: 33: 34 Compared to the dual nuclear localization
signals (NLS) located in the CTD of hPAPa, only one NLS is present in hPAPB 26, while
three are found in hPAPy 31, The copy number of the NLS correlates well with the previous
observation that hPAPYy is exclusively located in the nucleus 34, whereas hPAP is found
primarily in the cytoplasm 29, Furthermore, the U1A interaction motif and consensus
phosphorylation sites for cyclin dependent kinases (SPXK/R) are conserved between hPAPa
and hPAPYy, but are missing in hPAPB. The biological significance of this observation needs
further investigation. Interestingly, yeast Papl lacks a CTD but harbors an N-terminal
extension of about 18 amino acids not seen in mammalian PAPSs. This extension was
recently demonstrated to play a part in the regulation of poly(A) addition through its
interaction with other RNA processing factors 37 and might therefore function similarly to
the CTD in higher eukaryotes.

PAPs are grouped into three clades, a, 8, and y

A phylogenetic analysis was carried out to gain a global view of the complexity of PAP. The
vertebrate PAP phylogeny shows a gene duplication (Fig. 1B, circle), following the
divergence of vertebrates from arthropods and nematodes but prior to the divergence of fish
and tetrapods, that resulted in the PAPy and PAPa+f clades. A second gene duplication
(Fig. 1B, square), following the divergence of birds and mammals but preceding the
divergence of rodents and primates, gave rise to the mammalian PAPa and PAPR clades.
Only one PAP sequence was found in the completely sequenced pufferfish (Fugu rubripes)
genome 38, In contrast, mammalian species have multiple clades of PAPs, which illustrates
their biological importance.

Human PAPy in complex with 3'dATP and Ca%*

Multiple crystal structures are available for the PAPa clade 24 25: 26: 2839 | order to gain a
structure-function understanding of the various PAP clades, we set out to determine the
crystal structure of a member of the PAPy clade. Initial attempts to crystallize full-length
human PAPy (residues 1-736) failed, probably due to the disordered nature of its CTD. A
catalytically active CTD truncation construct (hnPAPy508, residues 1-508) 3# was designed
based on a disorder prediction plot, which predicted residues 500 and higher to be
disordered (Figure S2; 40). hPAPY508 was crystallized in complex with 3’deoxyadenosine
S'triphosphate, cordycepin triphosphate (3’dATP), a chain-terminating analog of ATP, and
Ca?* as the divalent cation. The crystals belong to space group P212;21, with cell
dimensions a = 68.98 A, b =89.99 A, and ¢ = 202.08 A. The structure of the
hPAPY508-3’dATP complex was solved by molecular replacement with the 2.15 A model of
bPAPa (PDB ID: 1Q79) 24 as the search model and refined to 2.8 A with good statistics
(Table S1). Two molecules are present in the asymmetric unit. One 3’dATP and one Ca?*
are present in the active site of each PAP molecule (Fig. 2).

The structure of hPAPy508 exhibits the same tripartite architecture as bovine PAPa and
yeast Papl: an N-terminal catalytic domain, a central domain, and a C-terminal RNA
binding domain with a fold reminiscent of an RRM 24: 25 26: 28 The ATP analog is bound in
the cleft at the junction of the catalytic and central domains (Fig. 2A) and oriented in a
conformation that would allow nucleophilic attack, as observed earlier in a Mg-ATP bPAPaq
complex (PDB ID: 1Q78 24) (Fig. 2B). Furthermore, the residues contacting the 3’dATP are
identical to those described in bPAP« (Fig. 2B) 24. Two strictly conserved catalytic
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aspartates, Asp112 and Asp114, interact with Ca2*, which also ligates three non-bridging
oxygens of the a,  and y phosphates of 3’dATP.

The triphosphate tail is further stabilized by the highly conserved residues Ser101, Tyr236,
and Lys227 via hydrogen bonding and salt bridge interactions. The ribose moiety is
sandwiched between Phe99 and Val246. The 2’0OH is bound by a water molecule, which
also interacts with Thr206. The adenine base stacks against VVal246. The N1 position of the
base is contacted by Thr316 (Fig. 2B) and C2 is within van der Waals distance of VVal205.
This valine is positioned to hinder GTP binding, as the extracyclic amino group of the
purine would likely clash with the valine side chain.

Two Mn2* ions were observed in bPAPa (PDB ID: 1Q79 24) and yPapl (PDB ID: 1FAO0 26),
corresponding to metals A and B in DNA polymerase f, the founding member of the X-
family of polymerases. The nucleotide-binding metal B coordinates the triphosphate tail of
the incipient nucleotide whereas catalytic metal A contacts the 3’-OH of the primer, thereby
making it a better nucleophile 41. Only one Ca2* was observed in the hPAPy structure,
corresponding to metal B, as was reported for bPAPa (PDB ID: 1Q78 24) and yPapl (PDB
ID: 2Q66 28) in complex with Mg?*. We fully expect PAPy to use the two-metal ion
mechanism employed by DNA and RNA polymerases 2. We may see only one metal
because of the medium resolution of the crystallographic data (2.8A), the presence of Ca2*
in the crystallization solution instead of Mg2™, the likely physiological metal, or the absence
of a free 3’OH, which is known to destabilize binding of metal ion A 41,

PAPs possess a conserved catalytic cavity and a divergent surface

The similitude in the overall shape of the NTD and the similarity of the residues
participating in substrate binding between PAPa and PAPy are consistent with the
undistinguishable biochemical function of these two enzymes in vitro 32 34, Interestingly, by
plotting the conservation of PAP residues onto the NTD domain, we observed a distinct
pattern between the residues located in the catalytic cavity versus those at the surface of the
protein (Fig 3A). The residues located in the substrate-binding pocket are highly conserved,
whereas the residues at the surface of the enzyme are more divergent. A sequence alignment
with yeast Papl reveals that most of the RNA-binding residues observed in the yPap1l-RNA
structure are mostly conserved in PAPy (Figure S1). The surface representation in Figure 3B
shows that the RNA binds in a crevice lined by highly conserved residues.

Crystallographic evidence has shown that the less conserved surface area of the C-terminal
RNA binding domain of yeast Papl interacts with at least one of the other 3’ processing
factors, Fip1 21 (Fig. 3B). The less conserved region of the mammalian PAP CTD could
similarly accommodate different protein-protein interaction patterns in the various PAP
forms. This prediction is in agreement with the fact that most of the predicted post-

translational modification sites are found, or predicted to be, in the CTD of PAPs a and
43; 44
Yo

Comparison with other PAP structures

Rigid body domain movement is a component of the induced-fit catalytic mechanism
proposed for PAP 283945 As previously reported for DNA polymerases, PAPs undergo a
conformation change leading to domain closure and assembly of active site residues upon
binding of the RNA primer and correct incoming nucleotide, Mg-ATP 46, It should be noted
that the conformational change is less pronounced than that reported for replicative DNA
polymerases 42 47, hPAPy was superimposed with bPAPq based on the central domain
(residues 17-58 & 173-351)(Fig. 4)3? to illustrate the movements of the catalytic and RRM
domains. The rms deviation between the two models is 1.198 A (comparing Cas in PDB 1D
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ALT6 (this study) and 1Q78 24), and 1.465 A comparing 4LT6 and 1Q79 2431 indicating
that the structures are overall quite similar but that there are regions that differ between the
two models. A closer inspection reveals that PAPy is in a slightly more closed conformation
as compared to the bPAPq structures (Fig. 4A). The catalytic domain moves perpendicular
whereas the RRM moves roughly parallel to the substrate binding cleft, as previously
reported for yPap1 (Fig. 4B)3°. Upon domain closure, the nucleotide triphosphate tail is
contacted by three conserved residues, Ser101, Lys227, and Tyr236 (Fig. 2B). The latter two
residues correspond to Lys215 and Tyr224 in yPapl, whose interactions with the
triphosphate moiety are only observed in the closed state 28. One difference with the yeast
enzyme is that Asn238 in hPAPy is located 6 A from the adenine base, compared to ~3 A for
the analogous Asn226 in the nucleotide-bound closed form of yPapl (Similarly Asn239 in
bPAP lies far from the nucleotide, about 8 A). In the ternary complex of yPap1 with
oligo(A) and MgATP Asn226 hydrogen bonds with the phosphate of the RNA primer
terminal base and is within van der Waals distance of the adenine base 28. hPAPy would be
predicted to further close in the presence of both nucleotide and oligo(A). A detailed
analysis of the interaction of the conserved aspargine with the RNA primer and nucleotide
will have to await a structure of the human enzyme with both substrates.

We present here the first crystal structure of PAPy, obtained in complex with 3’dATP and
Ca?*. The polymerase closes around the nucleotide and makes conserved interactions to the
triphosphate tail. Our phylogenetic and structural analyses indicate that all three clades of
canonical PAP use the same conserved catalytic core for the polyadenylation reaction,
whereas the less conserved CTDs are more likely to contribute to the diverse cellular
function of PAPs and the regulation of 3’end processing.

Materials and methods

Sequence alignment and phylogenetic analysis

Sequences containing the poly(A) polymerase central domain (Conserved Domain

Database “8 entry pfam04928.5) and the poly(A) polymerase RRM (pfam04926.5) were
identified by CDART 49 and BLAST 30 searches of genome databases. Sequences were
aligned with T-Coffee 36 and manually edited by SeaView 5! to remove poorly aligned
regions. Preliminary phylogenetic reconstruction with Markov Chain Monte Carlo (MCMC)
simulation as implemented in MrBayes 2 showed strong support for a clade of vertebrate
sequences, represented in Figure 1B.

The sub-alignment corresponding to the vertebrate clade was manually filtered to remove
redundant sequences and poorly aligned regions. The resulting alignment included 774
aligned sequence positions. Phylogenies were constructed by MCMC simulation using
MrBayes (burnin=100000, ngen=510000, aamodelpr=fixed(jones). Phylogenies were also
constructed by maximum likelihood estimation as implemented in PHYLIP 53, Bootstrap
support was based on 100 replicates

Protein expression and purification

A hPAPy cDNA was isolated from reverse transcribed poly(A) containing RNA from Hela
cells. The coding region of hPAPy was PCR amplified with specific primers and the
resulting sequence was confirmed to correspond to the reference sequence NM_022894. The
PCR product was cloned into a plasmid vector and residues 1-508 were subcloned into
expression vector pGM10 with a Hisg tag at the N-terminus 2% 5,
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The C-terminally truncated human PAP v (residues 1-508; hPAPy508) carrying an N-
terminal His tag was expressed in E. coli BL21 (DE3) cells (Novagen). Newly transformed
cells were grown at 37°C in rich medium containing 50 pg mi~1 ampicillin (RPI
Corporation). Expression was induced at an Aggg of 0.5 by adding IPTG to a final
concentration of 1 mM. Cells were grown overnight at room temperature. After lysis,
hPAPy508 was purified by Ni-NTA Superflow (Qiagen) chromatography followed by anion
exchange chromatography (Resource Q column; Amersham Biosciences). A salt gradient
ranging from 100 mM to 1 M KCI (20 mM Tris-HCI pH 8.0, 10% (v/v) glycerol, 4 mM
BME) was applied. The peak fractions corresponding to hPAPy508 were collected and
concentrated to 5-10 mg ml~1 in 30K Amicon Ultra Centrifugal Devices (Millipore), flash
frozen in liquid N, and stored at —80°C.

Crystallization and data collection

Crystals of hPAPy508 in complex with 3’dATP were produced by mixing concentrated
protein (5-7 mg ml~1) containing 0.8 mM 3’dATP (in 10 mM HEPES pH 7) with
crystallization buffer (20% (w/v) PEG 8000, 50 mM Tris-HCI pH 8.5, 100 mM (NH,4)2SOy,
and 5 mM CaCly) in a 1:1 ratio. The resulting drop was equilibrated against a well of 1 ml
crystallization solution at 18°C by the sitting-drop vapor-diffusion method. Crystals grew
within two days to a size of about 0.15 x 0.04 x 0.04 mm3 and belong to space group
P21212;. The cell dimensions are a = 68.98 A, b =89.99 A, ¢ = 202.08 A. There are two
molecules per asymmetric unit, with an estimated solvent content of 57%. Crystals were
cryoprotected overnight by addition of 5% (v/v) PEG 400 and by raising the PEG 8000
concentration to 13% (w/v) in the drop. Crystals were flash cooled in liquid nitrogen. Data
were collected at the University of Vermont at 100 K on a Mar345 image plate detector
(MarResearch) mounted on a rotating anode RU-300 X-ray generator (Rigaku) equipped
with Xenocs mirrors. Data were indexed and processed with Denzo and Scalepack 6.

Structure determination and refinement

A molecular replacement solution with the previously determined 2.15 A model of bovine
PAP (PDB ID: 1Q79) 24 devoid of all non-protein atoms was found with Molrep 57. Model
building and further interpretation of the electron density map were performed with the
program COOT %8, Structural refinement was completed with Phenix.refine %9, The current
model consists of 471 residues for molecule A (17-422, 431-443, 454-501) and of 469
residues for molecule B (18-422, 431-443, 454-497). A molecule of 3'dATP and one
calcium ion are found in the active site of both structures. The sequence conservation was
calculated by the ConSurf server 50 with pre-aligned sequences from the phylogenetic
analysis. All molecular structure figures were generated with PyMOL 15,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Poly(A) polymerases ar e grouped into three clades

(A) Domain organization of human poly(A) polymerases a, , and y. CAT is the
abbreviation for the catalytic domain; RRM, RNA recognition motif; NLS, nuclear
localization signal; cdk-p, cyclin-dependent kinase phosphorylation sites; U1A, U1A-
interaction motif; NTD, N-terminal domain; CTD, C-terminal domain. The domain and
motif sizes are not proportional to the length of the amino acid sequences. A detailed
sequence alignment is shown in Figure S1.

(B) Phylogeny of vertebrate PAP sequences, constructed by MCMC simulation and the
neighbor joining (NJ) algorithm (see METHODS for details). Statistical support for edges is
described by MCMC posterior probabilities, followed by bootstrap support based on NJ
calculations.
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Figure2. Structure of hPAPy bound to 3dATP and ca?t

(A) Human PAPy is shown in cartoon representation and the color scheme is the same as in
Figure 1A. The catalytic domain comprises residues 59-172, the central domain residues
17-58 & 173-351, and the RRM, residues 352-501. 3’dATP is shown as a stick model and
Ca?* as a sphere (magenta). (B) A close-up view of 3’dATP in the binding pocket of hPAPY.
Residues interacting with 3’7dATP and Ca2* are shown and colored according to the domain
they belong to. Hydrogen bonds are represented by red dashed lines. An Fo—Fc omit map
contoured at 3 o (calculated before building 3’dATP in the map) is shown as a green mesh
and a 4 o anomalous difference Fourier map (blue mesh) overlays on top of the CaZ* ion.
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Variable Average Conserved

Figure 3. Conservation of the PAP N-terminal domain

(A) The conservation of PAP NTD (central, catalytic, and RRM domain) was calculated
with the ConSurf server 80 and displayed with Pymol®L. Conserved residues are shown in
shades of magenta and variable residues in shades of blue. The bound 3'dATP is shown in
yellow. (B) RNA (orange) from the Pap1-RNA complex (PDB: 2Q66 28) and Fip1 fragment
(residues 80-105, green) from the yeast Pap1-Fip1 complex (PDB: 3C66 21) were overlaid
on top of the PAP NTD (bottom panel) to illustrate the binding surfaces for RNA and Fipl.
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Figure 4. Super positions of PAPsreveal domain movements

The structures were superimposed based on the central domain of hPAPy (residues 17-58 &
173-351) to observe the movement of the catalytic domain and RRM.

(A) Superposition of three mammalian PAP structures (bPAPa-3'dATP-Mn2* (PDB:

1Q79 24, pink; bPAPa-3’dATP-Mg?* (PDB: 1Q78 24), green; and hPAPy-3'dATP-Ca?*
(PDB:4LTS), lightblue) (B) Superposition of three yeast complexes (yPap1-3'dATP-Mn2*
(PDB: 1FAO0 2), purple; yPapl- Mg?* (PDB: 2HHP 39), dark green; and yPap1-ATP-Mg?2*-
RNA (PDB: 2Q66 28), cyan. ATP (yellow) and RNA (brown) from the yeast Pap1-RNA
complex (PDB:2Q66 28) are modeled in the substrate binding cleft and shown in surface
representation.
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