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ABSTRACT

Polyuridylation is emerging as a ubiquitous post-
translational modification with important roles in
multiple aspects of RNA metabolism. These poly
(U) tails are added by poly (U) polymerases with
homology to poly (A) polymerases; nevertheless,
the selection for UTP over ATP remains enigmatic.
We report the structures of poly (U) polymerase Cid1
from Schizoscaccharomyces pombe alone and in
complex with UTP, CTP, GTP and 3'-dATP. These
structures reveal that each of the 4nt can be
accommodated at the active site; however, differ-
ences exist that suggest how the polymerase
selects UTP over the other nucleotides. Further-
more, we find that Cid1 shares a number of
common UTP recognition features with the
kinetoplastid terminal uridyltransferases. Kinetic
analysis of Cid1’s activity for its preferred sub-
strates, UTP and ATP, reveal a clear preference for
UTP over ATP. Ultimately, we show that a single his-
tidine in the active site plays a pivotal role for poly
(U) activity. Notably, this residue is typically
replaced by an asparagine residue in Cid1-family
poly (A) polymerases. By mutating this histidine to
an asparagine residue in Cid1, we diminished Cid1’s
activity for UTP addition and improved ATP incorp-
oration, supporting that this residue is important for
UTP selectivity.

INTRODUCTION

Many RNA metabolic pathways depend on nucleotidyl
transferases to catalyze the template-independent addition
of nucleotide monophosphates (NMP) at the 3-end of
RNA targets (1). These non-template-encoded nucleotides
provide an additional layer of control in determining the
fate of these RNAs. The best studied members of these

polymerases, the poly (A) polymerases (PAPs), add poly
(A) tails to the 3’-ends of RNA. In addition to the PAPs,
there have been a number of polymerases identified that
catalyze the addition of poly (U) tails to 3’-ends of RNAs.
Over the past few years, these poly (U) polymerases
(PUPs) have emerged as a potentially widespread class
of polymerases involved in a previously under-appreciated
mechanism of RNA metabolism (2).

Poly (U) tails have been found on a number of different
RNA substrates. An early example of a poly (U) tail being
added post-transcriptionally came from work showing
that micro-RNA (miRNA) decay intermediates had been
uridylated at their 3’-ends (3). It was also demonstrated
that kinetoplastid RNAs are heavily edited by the inser-
tion and deletion of uridine nucleotides by a group of ter-
minal uridyl transferases (TUTases) (4). More recently,
uridylation has been expanded to include a number of
other targets including miRNAs, histone mRNAs and
polyadenylated mRNAs (5-7). With the advent of deep
sequencing techniques, it is becoming apparent that
oligouridylation is likely a conserved, widespread mechan-
ism of RNA decay (2).

One of the first described PUPs was Schizosac-
charomyces pombe Cid1. Cidl was initially identified as a
PAP with residual PUP activity (8,9). However, later work
demonstrated that Cid1 is specific for poly (U) incorpor-
ation in vitro and in vivo, thus reclassifying it as a PUP
(10,11). This was followed by the discovery that Cidl
plays a role in the degradation of polyadenylated
mRNAs, and its poly (U) activity forms the basis of a
novel mRNA decay pathway in fission yeast that may be
conserved in higher eukaryotes (7).

The discovery of Cidl led to the identification of a
group of six homologs in S. pombe (9), which were later
shown to be conserved across eukaryotes (12). Cid1l family
proteins contain conserved signature motifs placing them
within the DNA polymerase B superfamily (1). A feature
that appears to be unique to Cidl family proteins is their
ability to be PUPs, PAPs or potentially both depending on
their context (10,13—16). A number of Cidl family PUPs
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have been identified, but sequence analysis was not able to
determine what makes particular Cidl family members
PUPs while others are PAPs (10). In the case of Cidl,
there is a demonstrated preference for UTP incorporation,
but the protein can add poly (A) tails when provided ex-
clusively with ATP. Thus, several key questions surround-
ing Cidl’s selectivity remain unanswered: (i) How can
Cidl selectively incorporate UTP over ATP? (ii) How
can Cidl incorporate ATP and UTP, but not GTP and
CTP?

To address these questions, we have determined crystal
structures of S. pombe Cidl alone and in complex with
each ribonucleotide triphosphate (NTP) to resolutions
between 2.0 and 2.7A (Table 1). The structures reveal
that Cidl can accommodate each of the 4nt at the
active site. However, differences in ribose and base recog-
nition suggest a mechanism for selection of UTP and ATP
over GTP and CTP. Furthermore, comparison of Cidl
with structures from trypanosomal TUTases revealed
that these proteins share several common features for
recognizing UTP. In order to better understand Cid1 se-
lectivity for UTP over ATP, we measured the in vitro
kinetic activity of Cidl for UTP and ATP and found
that UTP is the kinetically preferred substrate. Finally,
we have identified several residues that appear to be im-
portant for UTP selectivity. In particular, we identified a
histidine residue in the active site that is commonly found
in confirmed Cidl family PUPs, but this residue is
replaced by an asparagine residue in confirmed Cidl
family PAPs. Mutation of this residue in Cidl to an as-
paragine residue results in a decrease in PUP activity, but
PAP activity is significantly improved.

MATERIALS AND METHODS
Cidl construct design

Full-length and Cidl AN 31 were PCR amplified from
S. pombe cDNA using the following primers:
cidl_fl_ndel; cidl_dN31_ndel; cidl_xhol and the PCR
products were inserted between the Ndel/Xhol sites of
pET28b (Novagen) resulting in an N-terminal 6X His
fusion tag. The C-terminally truncated version, Cidl
(31-377), was prepared by using the QuikChange muta-
genesis protocol with the primers: cidl_378stop f and
cid1_378stop_r. Additional mutants were prepared using
the QuikChange mutagenesis protocol. All constructs
were verified by DNA sequencing. Primers are listed in
Supplementary Table S1.

Cid1 expression and purification

Escherichia coli BL-21 (DE3) RIL cells (Stratagene) trans-
formed with the pET28b Cidl constructs were grown at
310K in LB medium containing kanamycin and chloram-
phenicol until reaching an ODygy, ~0.6. The temperature
was reduced to 291 K and protein expression was induced
by addition of 1mM isopropyl B-p-thiogalactoside
(IPTG). Cells were harvested 16 h after induction by cen-
trifugation. Cell pellets were resuspended in Buffer A
(50mM HEPES pH6.8, 500mM NaCl and 5mM
2-mercaptoethanol). Cell walls were broken by sonication

and the cell debris was clarified by centrifugation at
20000g. All subsequent purification steps were performed
at 277 K. The supernatant was loaded onto Talon affinity
resin (Clontech) equilibrated with Buffer A. Following a
wash with Buffer B (50 mM HEPES pH 6.8, 1 M NaCl and
SmM 2-mercaptoethanol), the bound proteins were eluted
in Buffer C (50mM HEPES pH6.8, 500mM NacCl,
150mM imidazole and SmM 2-mercaptoethanol). The
N-terminal hexahistidine tag was removed by thrombin
digestion in Buffer D [SOmM MES pH 6.3, 200 mM
NaCl, 2mM dithioerythritol (DTE) and 2mM CaCl,]
overnight at 277K. The cleaved protein was loaded
directly onto a HiTrap Heparin HP column
(GE Healthcare) equilibrated in Buffer D lacking CaCl,.
The bound protein was eluted using a linear gradient of 30
column volumes to Buffer E (50mM MES pH6.3, 1M
NaCl and 2mM DTE). Cidl proteins were further
purified 1bv¥ size exclusion chromatography on a
Superdex™ 75 column (GE Healthcare) equilibrated
with Buffer F (50mM MES pH6.5, 250 mM NaCl and
2mM DTE). Cidl proteins were subsequently
concentrated to ~5-10mg/ml and stored at 277 K.

Cid1 crystallization and NTP soaks

Crystals for Cid1 (31-377) grew at 293 K in a sitting-drop
vapor diffusion setup using a 1:2 ratio of protein to reser-
voir within 3-4 days. The reservoir solution contained
100mM CHES buffer pH 9.5 and PEG 3350 at concen-
trations between 5% and 10% (w/v). Single crystals were
transferred to a cryoprotectant solution containing the
mother liquor supplemented with 25% (v/v) glycerol and
subsequently flash cooled in liquid nitrogen.

For NTP soaks, crystals were transferred to a drop con-
taining 100mM CHES buffer pH?9.5, 10% (w/v) PEG
3350 and 20% (v/v) glycerol with 10mM ATP, UTP,
CTP or GTP and 20mM MgCl,. Generally, crystals
were soaked for 30min to 1h and then flash cooled in
liquid nitrogen. However, crystals soaked with MgUTP
showed significant degradation upon transfer to the
soaking solution. These crystals were harvested after
15 min of soaking. Synchrotron diffraction data were col-
lected at the beamline X10SA at the Swiss Light Source
(Switzerland) at 100 K and processed with XDS (17).

Structure determination

Initial phases for free Cid1 (31-377) were obtained by mo-
lecular replacement using PHASER(18) with the
Trypanosoma brucei (Th) Tut4 structure (PDB ID:
2Q0C) as a search model. NTP-bound structures used
the free Cidl structure as a search model. Model
building was performed in cycles of manual building
with COOT (19) and refinement using REFMAC (20)
and the simulated annealing protocol from CNS (21).
Model quality was evaluated with MolProbity (22). All
figures were prepared using PYMOL (23).

Cid1 gel-based activity assays

Purified, recombinant Cidl variants were assayed for poly-
merase activity in a buffer containing 20 mM HEPES-
KOH pH 7.5, 100mM KCI, | mM MgCl, and 0.5mM DTE.
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Table 1. Data collection and refinement statistics for Cidl crystals
Apo MgUTP Mg 3'-dATP MgCTP MgGTP CaUTP

Data collection |

Wavelength (A) 0.9786 0.9786 0.9718 0.9786 0.9786 0.9786

Space group P2,22,
Cell dimensions

a, b, ¢ (A) 53.87, 62.57, 53.58, 62.86, 53.68, 62.52, 53.64, 62.72, 53.41, 62.9, 53.49, 62.37,

i 111.16 111.50 111.21 111.84 111.44 111.21

Resolution (A)* 2.0 (2.1-2.00* 2.3 (2.36-2.3) 2.7 (2.770-2.7) 2.1 (2.154-2.1) 2.5 (2.565-2.5) 2.5 (2.565-2.5)

Rineas™® 10.1 (64.7) 11 (38.8) 17.7 (68.1) 8.5 (26.5) 11.1 (38.5) 14.1 (53.2)

I/l 12.7 (2.4) 14.5 (4.4) 11.28 (2.44) 16.3 (6.9) 13.8 (4.43) 10.8 (3.23)

Completeness (%)* 99.3 (97.8) 99.4 (99.6) 99.6 (99.7) 99.7 (99.3) 99.9 (99.9) 99.7 (99.7)

Redundancy® 503) 5(5.6) 5.1 (5.3) 6.5 (6.2) 6.4 (6.6) 5.9 (6.0)
Refinement )

Resolution (A)* 48.3-2.0 48.3-2.3 41.6-2.7 48.3-2.1 48.2-2.5 48.2-2.5
No. reflections 25923 17243 10732 22623 13540 13382

Ruork/ Rivee? 19.5/23.7 20.2/24.4 21.2/26.9 20.0/24.2 19.7/24.9 19.2/24.5
No. atoms

Protein 2622

NTP N/A 29 30 29 32 29

Tons (Mg*?, Ca™) N/A 1 1 1 1 1
No. water molecules 166 100 44 164 74 69
Avg B-factors (A%

Protein 24.3 28.6 29.3 18.0 28.9 29.7

NTP N.A. 22.8 52.6 48.6 63 18.6

Ton (Mg™, Ca*?) N.A. 28.8 40.15 38.0 475 23.8

Water 32,5 34.6 26.3 27.8 32.0 29.1
R.m.s. deviations®,

Bond lengths (A) 0.009 0.009 0.009 0.008 0.009 0.009

Bond angles (°) 1.082 1.185 1.222 1.098 1.169 1.220
Ramachandran favored (%) 98.43 98.12 96.47 98.12 98.12 98.75
Ramachandran disallowed (%) 0 0 0 0 0 0
Molprobity score [percentile] 1.23 [99th] 1.67 [98th] 2.11 [97th] 1.3 [99'] 1.56 [99th] 1.56 [99th]
“Values in parentheses are for highest resolution shell.
®Rineas = > plnn/(n, — 1)]"’22i|1h171h|/2h2i Iy;. where [, is the mean intensity of symmetry-equivalent reflections and ny, is the redundancy.

Cchﬂ'k:Z”Fol - |Fc||/Z|Fo|

Rpyee 1 the same as Ry, but calculated based on 5% of the data excluded from refinement.

°R.m.s. deviations from target geometries.

20 UM penta-adenosine (As) RNA or 20 uM of 30-mer
RNA (5-CACUUAAGGAGGUAUACUAUGUUCAC
GAUC-3') was mixed with 5uM protein and 1mM
nucleotide and the assay was allowed to proceed for 1h at
303 K to run a long-term reaction and 15 min at 310K fora
short-term elongation reaction, respectively. The reaction
was stopped by the addition of an equal volume of 8 M urea
and 2l loading dye. Products were analyzed on 20%
denaturing polyacrylamide gels run at 35W for 45 min.
RNA bands were visualized by staining with Methylene
Blue. The As RNA was purchased HPLC purified from
Integrated DNA Technologies. The 30-mer RNA was
purchased HPLC purified from IBA life sciences.

Cidl coupled activity assays

Cidl polymerization activity was monitored by
coupling the production of pyrophosphate during the
polymerization reaction to production of inorganic phos-
phate by yeast inorganic pyrophosphatase (New England
Biolabs) and subsequently to cleavage of fluorescent
7-methylguanosine (Sigma) by bacterial purine nucleoside
phosphorylase (Sigma) (24,25). Each 400-ul reaction
mixture contained 0.5 U purine nucleoside phosphorylase,
0.2U yeast inorganic pyrophosphatase, 100uM
7-methylguanosine, 5puM RNA (30-mer) substrate,

0.2uM Cidl and various concentrations of NTP in a
buffer containing 10mM HEPES-NaOH pH?7.5,
150mM KCI, 5mM MgCl, and 0.5mM DTE. Reactions
were started by addition of NTP. Reaction progress was
monitored by the decrease in fluorescence at 400 nm with
excitation wavelength set to 300nm in a FP-8500
Spectrofluorometer (Jasco) with excitation and emission
bandwidths of S5nm. All reactions were temperature
controlled at 310K. Kinetic parameters, apparent Ky
and V., were obtained by fitting the initial velocities
as a function of NTP concentration into a standard
Michaelis—Menten kinetics model using the software
Anemona.xlt. NTPs for crystallization were purchased
from Sigma, and those for the activity measurements
were purchased from Jena Biosciences.

RESULTS AND DISCUSSION
Structure of Cidl

Attempts to crystallize the full length or a previously
identified (11) N-terminally truncated variant, Cidl
AN31, were unsuccessful. However, a variant of Cidl-
containing residues 31-377 was identified through partial
proteolysis and  secondary structure prediction.
Crystallization trials using this variant produced crystals
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that diffracted to 2.0 A resolution. This variant retains full
enzymatic activity and represents the functional core of
the Cidl protein, containing both the catalytic and nucleo-
tide triphosphate-binding motifs (Figure 1A, Supple-
mentary Figure S1). The structure of the apoprotein was
determined by molecular replacement using the structure
of T. brucei (Th) Tut4 (PDB ID: 2Q0C, 26% sequence
identity) as the initial search model. In all, nine residues
from the N-terminus (residues 31-39) and 15 residues
from a loop in the central domain (residues 308-322)
were disordered and were not incorporated into the struc-
tures. Details of the structure determination and model
quality are given in Table 1.

Cidl adopts a fold similar to previously characterized
DNA Pol B family members containing a catalytic domain
and a central domain. The N-terminal catalytic domain is
packed against the C-terminal central domain burying
1578 A% solvent accessible surface area. The catalytic
domain (residues 56—165) contains a mixed, 5-stranded
B-sheet (S1-S5) packed against two o-helices, H2 and
H3. The non-contiguous central domain (residues 40-55
and 166-377) adopts a primarily helical structure with six
a-helices and two short B-strands. The catalytic domain
and central domain form a deep cleft with the catalytic
domain’s B-sheet forming one wall of the cleft and helices
from the central domain forming the other wall
(Figure 1A and Supplementary Figure S1). Within this
cleft, the catalytic triad of aspartate residues is found on
strands 2 and 5 of the catalytic domain, and residues from
the nucleotide recognition motif (residues 327-339) are
found in a mostly unstructured region of the central
domain (Supplementary Figure S1). Comparison with pre-
viously solved structures in the PDB demonstrates that
Cidl most closely resembles the structure of human
PAPD1 (CaRMSD 1.75A) (26) and the _terminal
uridyltransferases RET2 (CaRMSD 2.07A) (27),
MEATI1 (CaRMSD 2.06 A) (28) and TUT4 (CaRMSD
1.84 A) (29) from T. brucei. Structural comparison with
the Cidl-like protein Trf4 from Saccharomyces cerevisiae
(30) revealed a 3.1 A CaRMSD. A primary structural dif-
ference between Cidl and these polymerases is the loop
connecting helices H7 and H8 in the central domain. In
general, this loop appears to represent a unique feature in
each of these polymerases. In Cidl, this loop (residues
226-270) forms a long insertion between helices H7 and
H8 adopting an unstructured conformation that extends
along the back of the central domain and nearly reaches
the active site (Figure 1B). In THOMEATI this loop forms
the so-called bridging domain which was proposed to
function as a protein-binding site (28). In Trf4 this loop
is only five residues long (residues 364-368), but several
residues within this loop interact with the Air2p
zinc knuckles (30). Thus, it is tempting to speculate that
Cidl may also use this loop for protein—protein
interactions.

Cidl members generally lack an additional RNA-
binding domain, instead they rely on additional RNA-
binding proteins to target them to particular RNAs for
polyadenylation (12). Despite the lack of an RNA-
binding domain, Cidl is able to act on a variety of
RNA targets (7,10,11). Analysis of the electrostatic

surface potential of Cidl reveals that there is an
extended positively charged patch running along the
surface of the Cidl molecule. This positively charged
region runs from the NTP-binding cleft and wraps
around the central domain. In the absence of a protein-
binding partner, this site is likely to act as a non-specific
RNA-binding surface of the protein (Figure 1C). The
presence of such an extended region of positive charge
explains how Cidl is able to polymerize various
RNA targets without the requirement for additional
binding partners, unlike some other Cidl polymerases
which show no activity in the absence of their binding
partner (16).

Cid1-UTP recognition

In vitro Cidl uses both ATP and UTP as substrates for
polymerization, and it displays some activity for CTP and
GTP (8,10,11). However, the protein has been shown to
preferentially use UTP as its substrate both in vivo and
in vitro (10,11). In order to better understand Cidl’s
UTP specificity, we determined the crystal structure of
Cidl bound to UTP with either Mg”" or Ca®" divalent
cations (Figure 2, Table 1 and Supplementary Figure S2).

The Cid1-UTP structure reveals that UTP is bound
within the cleft formed between the catalytic domain
and the central domain (Figure 2A and B). Unlike other
polymerases (28,31), the Cidl-UTP structure revealed
only minor conformational rearrangements when com-
paring the apo- and UTP-bound structures (Coo RMSD
0.26 A). UTP recognition is achieved using residues from
both the catalytic and central domains with residues from
each domain participating in both sugar/base and triphos-
phate recognition. In the UTP-bound structures, a single
divalent cation is coordinated by the triphosphate moiety
(either Mg®" in the active form or Ca®" in the inhibited
form), by the side chain carboxyl groups of the conserved
aspartate residues 101 and 103 and by water molecules
(Figure 2C). The y-phosphate group is bound through
contacts to the side chains of K193,K197, S211 and S90.
The B-phosphate group is bound by the side chains
of K193 and S90 and the a-phosphate group is bound
by a direct contact to the main chain amide of Y212
(Figure 2C).

Ribose recognition is achieved using a combination of
hydrophobic and hydrogen bonding interactions. The
ribose, in the C3’-endo conformation, is packed against
the aromatic side chains of Y212 and F88. The 2’-hy-
droxyl group forms a hydrogen bond with the side chain
carbonyl group of N171 and a nearby water molecule.
This water molecule bridges by additional hydrogen
bonds the 3’-hydroxyl group of the ribose with the side
chain hydroxyl group of T172. Noteworthy, T172 does
also form a hydrogen bond to the 2’-hydroxyl group of
the ribose (Figure 2D). This direct ribose recognition by
N171 side chain group and the direct and water-mediated
contacts to TI172 are likely to be important for
discriminating between UTP and dUTP. A similar inter-
action has been observed in the terminal uridyltransferase
structures from 7. brucei; however, in these structures,
T172 is replaced by a serine residue that makes direct
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Figure 1. Structure of Cidl PUP. (A) Schematic representation of the domain organization of Cidl and the construct used for crystallization.
(B) Overall structure of Cidl shown as ribbon representation with the catalytic and central domains shown in purple and blue, respectively. The
dashed gray line indicates missing loop region between residues 307-323. The long loop connecting helices H7 and HS is colored in red and most
likely serves as a protein docking site. Right panel shows Cidl rotated by 180°. (C) Cidl shown as solvent accessible surface representation. Coloring
is according to the electrostatic surface potential over the range from +7kT/e (blue) to —7 kT/e (red).

contact to both the 2’- and 3'-hydroxyls (27,28 and
Supplementary Figure S2). The 3’-hydroxyl group of the
ribose forms several additional hydrogen bonds with sur-
rounding water molecules, including a water-mediated
contact to the B-phosphate group and to the side chain
hydroxyl group of S93.

The uridine base is bound in an anti-conformation and
forms a hydrophobic stacking interaction against Y212
with an additional hydrophobic interaction to V338.
Each of the Watson—Crick hydrogen bonding partners
of the uridine base 1is satisfied through direct or
water-mediated contacts to the protein. The O4 carbonyl
group is recognized by a direct hydrogen bond to the Ne
of H336. The 04 carbonyl group also forms a
water-mediated contact to S210. The N3 imino proton
forms a hydrogen bond to a water molecule (W1) that
also forms hydrogen bonds with the O2 carbonyl group
and the side chain carboxylate of D330. This water is add-
itionally bound to an adjacent water molecule (W2) that
interacts with the carboxylate group of E333. The O2
carbonyl group is additionally recognized by the side
chain amine of N171 (Figure 2D).

Comparison of Cid1-UTP to the Trypanosmal
uridyltransferases

The Cid1-UTP structure shares a number of interactions
also found in the UTP-bound Trypanosomal uridyltran-
sferase structures. In all of the structures, the base is

stacked against the aromatic side chain of a tyrosine
(Cid1, RET2, TUT4) or phenylalanine (MEAT1) residue.
The dual sugar—base interaction observed between N171
and the 2’-hydroxyl group of the ribose and the O2
carbonyl group of the uridine base is observed in all struc-
tures of uridyltransferases to date (Figure 2D and
Supplementary Figure S2). This interaction is critical
because it is able to specifically distinguish dUTP from
UTP and it serves as a pyrimidine sensor by forming a
hydrogen bond to the O2 carbonyl group of the UTP
base. In soaking experiments with each of the other three
NTPs, we find that the side chain of N171 changes con-
formation in response to the presence of UTP and CTP,
but remains in a similar conformation observed for the apo
structures when ATP or GTP are present in the soaking
buffer (Figure 3). This conformational change was previ-
ously observed in soaks of TbTUT4 with dUTP (29), but
not in the presence of ATP or GTP (32). Thus, in Cidl it
appears that N171 may function as a pyrimidine sensor.
Further similarities are found with the recognition of the
N3 imino hydrogen, which is recognized through a
water-mediated contact to an acidic amino acid side chain
(Figure 2D and Supplementary Figure S2). In the case of
ThRET?2, this water molecule was proposed to be selective
for UTP because it is oriented by two acidic side chains in
such a way that only the lone pair electrons of oxygen could
accept a hydrogen bond donor from the N3 imino of the
uridine base (Supplementary Figure S2A) (27).
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Figure 2. Structure of Cidl-MgUTP complex. (A) Overview of Cidl-MgUTP structure. UTP binds into a cleft between the catalytic and central
domains of Cidl. UTP is shown in ball and stick representation, Cidl is shown as ribbon representation. (B) UTP molecule from Cidl-MgUTP
structure with a F, — F, omitted map (green mesh) contoured at 3 o. (C) Cidl recognition of Mg?" and triphosphate moieties of UTP. Mg shown as

sphere. (D) Key ribose/base interactions between Cidl and UTP.

Despite the many similarities, differences are evident
how Cidl recognizes the uridine O4 carbonyl group.
First, Cidl directly recognizes the O4 carbonyl group
through a hydrogen bond to H336. In contrast, in the
T. brucei structures, there is a leucine or valine residue at
the equivalent position, thus, no specific protein—base
contact occurs at this position. Instead, interaction with
the O4 carbonyl group is usually through a water-
mediated contact to an invariant arginine residue. This
arginine residue is also present in Cidl (R340), but does
not interact with the O4 carbonyl group. The only excep-
tion is the structure of THOMEAT1 where an asparagine side
chain (N181) amine forms a hydrogen bond with the O4
carbonyl (Supplementary Figure S2B). In Cid1 and RET?2,
the O4 group forms a water-mediated interaction to the
hydroxyl group of S210 (Cidl) or T317 (RET2) residue
(Figure 2D and Supplementary Figure S2A).

Structures of Cidl with ATP, CTP and GTP

In addition to the UTP-bound structure, we also
determined structures of Cidl bound to each of the other
NTP substrates by soaking the apo crystals with cordycepin
triphosphate (3'-dATP), GTP, or CTP in the presence of
Mg*" (Table 1, Figure 3 and Supplementary Figure S3).
We used 3-dATP as a mimic for ATP, because both

soaking and cocrystallization experiments in which ATP
was used, revealed only weak electron density for the
triphosphate group.

Comparison of the nucleotide-bound structures
revealed that triphosphate binding was very similar in
ecach of the different nucleotide structures (not shown),
but differences exist in ribose/base recognition that may
explain some of the differences in nucleotide incorpor-
ation observed in vitro. The first difference is that N171,
which forms a dual ribose-base interaction with UTP, is
capable of forming the same interaction with
CTP (Figures 2D and 3A), but not with ATP or GTP
(Figure 3B and C). In the ATP and GTP structures, the
side chain of N171 is turned away and makes no contact
to the ribose in the GTP structure (Figure 3B) and a single
hydrogen bond with the O2'-hydroxyl group in the
3-dATP structure (Figure 3C). Second, in the
3’-dATP-bound structure, the ribose position is shifted
in comparison to CTP, GTP or UTP structures
(Figure 3D). Third, the structures of UTP, CTP and
ATP all have the base in the anti-conformation, but in
the GTP structure the GTP is bound in the syn-
conformation (Figure 3B).

How do these differences relate to the in vitro activity
observed for Cid1? In the UTP-, GTP- and ATP-bound
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Figure 3. NTP recognition by Cidl. Key ribose-base interactions observed for (A) Cidl-CTP recognition; (B) Cidl-GTP recognition and
(C) Cid1-3'-dATP recognition. (D) Relative positioning of NTPs in the active site after superpositioning each of the Cidl-NTP structures. For
panels A—C coloring is same as Figure 2, coloring for NTPs in panel D is indicated in the figure.

structures, the Ne atom of H336 acts as donor for a
hydrogen bond which is required for base recognition.
For the CTP-bound structure, the Ne of H336 would
act as an acceptor to interact with the amine at position
4 of the cytidine base. In our in vitro experiments, we
observed activity for ATP, UTP and GTP, but no
activity for CTP (Figure 4A). This suggests that the
preferred H336 tautomer is protonated on Neg; therefore,
only ATP, UTP and GTP can serve as substrates for poly-
merization. We surmised that it might be possible to in-
fluence NTP incorporation by changing the pH and,
hence, the protonation state of H336. However, we
observed no activity for CTP incorporation at any pH
tested (pH 6-9), and we observed that ATP, GTP and
UTP incorporation peaked near pH 8.0 (data not
shown). Thus, while the protonation state of H336 may
influence ATP, UTP and GTP incorporation, it is likely
that additional contacts are important for selecting against
CTP. The most likely candidate is the water molecule
that forms a hydrogen bond to the imino of the uridine
base, which is not present in the Cidl-CTP structure
(Figure 3A). This contact was previously argued to have
a role in selecting for UTP over CTP in the case of
THhRET2 (27), and it may be that Cidl uses a similar
mechanism to select for UTP.

One difference in purine recognition by Cidl is
that GTP is bound in a syn-conformation while ATP,
UTP and CTP are all bound in the anti-conformation
(Figure 3). Our in vitro results demonstrate that Cid1 in-
corporates around one or two GTP residues (confirmed by

mass spectrometry, data not shown), but then polymeriza-
tion is stopped. For ThTUTH4, it was previously shown
that stacking interactions between the RNA and the nu-
cleotide base are important for the formation of a pro-
ductive complex (32). Thus, it is tempting to speculate
that in the ternary complex, the presence of syn-GTP in
the active site may result in a reduced stacking interaction
with the 3’-base of the RNA, and thus poor nucleotide
addition.

UTP versus ATP selection

In order to confirm the activity of our crystallized con-
struct, we used a gel-based assay to monitor nucleotide
addition to a short poly(A) RNA (sequence: AAAAA)
primer. In this assay, Cidl demonstrated robust poly(A)
and poly(U) incorporation for both full-length protein
(data not shown) and the truncated Cidl construct used
for crystallization (Figure 4A). This assay also demon-
strated weak or no activity for GTP and CTP, respectively
(Figure 4A), similar as described previously (8,11). We
also tested a catalytically inactive variant where one of
the three catalytic aspartates was mutated to alanine
(D160A), and could not observe any nucleotide
addition, excluding that the activity was due to any
copurifying contaminant (data not shown). In contrast
to the previously reported results (11), we observed two
different kinds of reaction products after long-term incu-
bation (Figure 4A). It seemed, that Cid1 added single nu-
cleotides to the short RNA primer and subsequently
became more processive and elongated long RNA tails
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Figure 4. PUP and PAP activity of Cidl. (A) Long-term in vitro polymerase assay with Cidl construct used for structure determination. Cidl was
incubated in the presence of As RNA with indicated NTP. Reaction products were then separated on a 20% urea—polyacrylamide gel. RNA products
were visualized by staining with methylene blue. (B) Short-term in vitro polymerase assay comparing activity of wild-type Cidl in the presence of
30-mer RNA compared with the variants H336N and H336N/D160A. Detection and staining of reaction products were performed as described for
(A). (C) Sequence alignment of nucleotide recognition motifs (NRM) from various Cidl-family polymerases. Boxed in red are verified PUPs and in
blue are verified PAPs (10). Arrowhead indicates the position of H336 in Cidl. Accession numbers and common names are given. Abbreviations are
as follows: Schizosaccharomyce pombe (Sp), Saccharomyces cerevisiae (Sc), Caenorhabditis elegans (Ce), Homo sapiens (Hs) and Arabidopsis thaliana
(At). (D) Structure of Cidl (H336N) showing recognition of ATP. Coloring is the same as in Figure 2.

in our assays. We surmised that the initial non-processive
nucleotide addition is due to inefficient binding to RNA
and that longer RNA primers should be elongated much
more processively. Indeed, once a longer RNA species was
used in our assay and the elongation time was reduced,
Cidl appeared to be fully processive since we do not
observe the RNA ladder any more (Figure 4B).
Furthermore, whereas the original RNA primer was
fully depleted after 15min of poly-uridylation by Cidl,
residual substrate was observed for a poly-adenylation
reaction.

Whereas during long elongation times, Cidl seemed to
be as effective in adding poly(A) tails when compared with
the production of poly(U) tails (Figure 4A) the enzyme
showed some preference for UTP addition under limited
elongation times (Figure 4B), similar as described previ-
ously (11). However, our qualitative gel-based assay could
not explain Cid1’s selectivity for UTP against ATP and
suggested robust activity for ATP in the absence of UTP
(Figure 4A). In order to address this issue, we used a
kinetic assay to determine the kinetic parameters of ATP

and UTP addition by Cidl on longer RNA species. With
this assay, we determined that the apparent Ky, values for
UTP and ATP are ~30-fold higher for ATP than for UTP.
Additionally, the rate of catalysis and catalytic efficiency
of Cid1 with UTP was higher than what was observed for
Cidl with ATP (Table 2 and Supplementary Figure S4).
All of which point to a kinetic preference for UTP over
ATP as the preferred Cidl substrate.

A key difference between Cidl and trypanosomal
TUTa-ses in the presence of H336 which makes direct
contact to the O4 of the uridine base. A sequence align-
ment of Cidl-related polymerases from higher eukaryotes
revealed that a subset of these polymerases have histidine
at this position while in others this position is usually
occupied by asparagine residue. This difference was
intriguing, and upon sorting these polymerases based on
demonstrated PUP or PAP activity (10), we found that all
of the confirmed PUPs have a histidine at this position
while PAPs gencrally have asparagine residue at this
position (Figure 4C). Thus, we suspected that it might
be possible to re-engineer Cidl to act similar to PAPs by
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Table 2. Kinetic parameters for Cidl with ATP and UTP and Cidl
H336N with ATP and UTP

Protein + NTP Kv (M) £ SE ket 571 kead/
KM~ s7h
Cidl + ATP 312 £ 0.09 0.14 4.5 x 10*
Cidl +UTP 12 +0.16 0.80 6.6 x 10°
Cidl (H336N)+ATP 65+ 0.10 0.52 7.9 x 10°
Cidl (H336N)+UTP 41 +0.15 0.35 8.5% 10°

SE—standard error.

mutating H336 to asparagine. We created this variant of
Cidl, Cidl (H336N), and we found that Cidl (H336N)
had a significantly decreased apparent Ky for ATP
(5-fold reduced) and the rate of catalysis had improved.
In contrast, the apparent Ky for UTP had increased and
the rate of catalysis was slightly reduced (Table 2).
Apparently, the mutation of H336 to an asparagine
residue dramatically improved Cidl’s ability to bind and
elongate ATP on RNA primers and it is tempting to
speculate that Cidl PUPs have evolved from PAPs by
losing their capability of using ATP. Similar as observed
for the wild-type protein, the in vitro gel-based assay did
not reveal a significant difference in ATP and UTP incorp-
oration by Cidl (H336N) (Figure 4B). We also tested a
catalytically inactive variant Cidl (D160A/H336N) to
ensure that the activity we observed was not due to a
copurifying polymerase (Figure 4B).

To better understand the altered selectivity for this
mutant on a molecular level, we crystallized Cidl
(H336N) with ATP (Supplementary Table S2). The struc-
ture reveals that the histidine to asparagine mutation in-
directly facilitates base recognition by forming a hydrogen
bond between its side chain carbonyl group to R340 which
directly contacts the N1 position of the base. Also, the
asparagine side chain amine forms a hydrogen bond to
the side chain of D330, which may potentially disrupt rec-
ognition of the N3 imino of a uridine base (Figure 4D).

CONCLUSIONS

Structures of Cidl free and bound to each of the
ribonucleotide triphosphates reveal that the protein can
accommodate each of the individual nucleotides at the
active site. However, there are a number of differences
in nucleotide recognition that are likely to contribute to
selectivity for UTP over ATP, GTP and CTP. First, se-
lectivity for UTP relies on multiple direct and
water-mediated contacts to fully satisfy the hydrogen
bonding requirements of the Watson—Crick face of the
uridine base. Many of these contacts appear to be
shared among uridyltransferases (27-29). The structures
of Cidl with CTP, GTP and ATP show that the
Watson—Crick hydrogen bonding requirements are not
fully satisfied for any of these nucleotides. One unique
feature of Cidl is the presence of a histidine in the nucleo-
tide recognition motif. This histidine makes direct contact
to each of the 4nt, and it may act to select against CTP
based on its protonation state. Sequence alignments of

Nucleic Acids Research, 2012, Vol. 40, No. 19 9823

Cidl-family proteins with confirmed poly(A) or poly(U)
activity revealed that this histidine is found solely in con-
firmed PUPs while confirmed PAPs tend to have an as-
paragine residue at this position. In order to test if this
residue is important for defining poly(A) or poly(U)
activity, we mutated H336 to asparagine. With this
variant, we found that activity for UTP was slightly
decreased but we observed a significant improvement in
ATP activity, suggesting that this residue could play an
important role in determining whether a Cidl family
member is a PUP or a PAP.

Overall, this work demonstrates that Cidl is able to
accommodate all 4nt in the active site, but there are dif-
ferences in recognition that suggest UTP is the preferred
NTP. Previous work on Cidl demonstrated that Cid1 nu-
cleotide selectivity is dependent on the incoming RNA
substrate (11). Thus, a key question that we have not ad-
dressed with this work is to explain the role of the RNA
substrate in selecting the incoming nucleotide. Thus, while
our structures represent the first key step in elucidating
Cid1’s UTP selectivity, it is likely that the full specificity
requirements will only be revealed with structures of the
ternary complex.

ACCESSION NUMBERS

Atomic coordinates and structure factor amplitudes have
been deposited in the Protein Data Bank for each of the
structures listed: Cidl apo (4FH3), Cid1-MgUTP (4FHS5),
Cid1-CaUTP (4FHP), Cid1-Mg 3'dATP (4FHY), Cidl-
MgGTP (4FHW), Cid1-MgCTP (4FHV), Cid1(H336N)-
MgATP (4FHX) structures.
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