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ABSTRACT

The nontemplated addition of single or multiple nucleotides to RNA transcripts is an efficient means to control RNA stability and
processing. Cytoplasmic RNA adenylation and the less well-known uridylation are post-transcriptional mechanisms regulating
RNA maturation, activity, and degradation. Gld2 is a member of the noncanonical poly(A) polymerases, which include
enzymes with varying nucleotide specificity, ranging from strictly ATP to ambiguous to exclusive UTP adding enzymes. Human
Gld2 has been associated with transcript stabilizing miRNA monoadenylation and cytoplasmic mRNA polyadenylation. Most
recent data have uncovered an unexpected miRNA uridylation activity, which promotes miRNA maturation. These conflicting
data raise the question of Gld2 nucleotide specificity. Here, we biochemically characterized human Gld2 and demonstrated
that it is a bona fide adenylyltransferase with only weak activity toward other nucleotides. Despite its sequence similarity with
uridylyltransferases (TUT4, TUT7), Gld2 displays an 83-fold preference of ATP over UTP. Gld2 is a promiscuous enzyme, with
activity toward miRNA, pre-miRNA, and polyadenylated RNA substrates. Apo-Gld2 activity is restricted to adding single
nucleotides and processivity likely relies on additional RNA-binding proteins. A phylogeny of the PAP/TUTase superfamily
suggests that uridylyltransferases, which are derived from distinct adenylyltransferase ancestors, arose multiple times during
evolution via insertion of an active site histidine. A corresponding histidine insertion into the Gld2 active site alters substrate
specificity from ATP to UTP.
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INTRODUCTION

Since microRNA (miRNA) discovery in the early 1990s
(Arasu et al. 1991; Lee et al. 1993), it has become evident
that post-transcriptional gene regulation by miRNAs is in-
volved in most biological processes (Grosshans and Slack
2002; Friedman et al. 2009; Ameres and Zamore 2013; Sun
and Lai 2013; Takahashi et al. 2014). The latest miRBase re-
lease contains 24,521 experimentally validated miRNA genes
from 206 species (Kozomara and Griffiths-Jones 2014).
Dysfunctional miRNA expression, processing, and degrada-
tion have been found in breast cancer (Cammarata et al.
2010), acute myeloid leukemia (Kobayashi et al. 2014), ovar-
ian cancer (Mulrane et al. 2013), and hepatocellular carcino-
ma (Zhu et al. 2011). Deregulated miRNA processing also
contributes to other major diseases such as Hepatitis C
(van der Ree et al. 2016) and cardiovascular diseases (Small
and Olson 2011). Because miRNAs regulate genes that chan-
ge cellular fate, miRNAs and proteins involved in miRNA
regulation are promising next-generation cancer therapeutic
targets and specific components of the RNA processing ma-

chinery are current biomarkers for cancer detection (Barh
et al. 2010; Di Leva and Croce 2013; Fendler and Jung
2013; Zheng et al. 2013; Moitra 2015).
The generation of miRNAs is a multistage process and

translational inhibition by miRNAs is achieved through
base-pairing with the 3′UTR of the respective target
mRNA, leading to mRNA decay or silencing (Yates et al.
2013). Recent high-throughput sequencing studies revealed
the presence of untemplated nucleotide additions to the 3′

termini of nearly 40% of miRNAs (Burroughs et al. 2010;
Wyman et al. 2011). Of these, depending on the miRNA spe-
cies, ∼50% displayed an extra adenine, 25% contained a sin-
gle additional uridine, and the remaining 25% contained
multiple nucleotides appended to the 3′ termini (Wyman
et al. 2011). During miRNA maturation and degradation,
untemplated uridine (Heo et al. 2009, 2012) and adenine
(D’Ambrogio et al. 2012) residues are added to miRNA pre-
cursors and mature miRNAs. These untemplated nucleotide
additions are an efficient means to control the levels of active
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miRNAs in the cell. The seemingly innocuous addition of a
single nucleotide can initiate miRNA maturation, stabiliza-
tion, or convert an active miRNA to an inactive form
(Thornton et al. 2014). While multiple adenine residues are
added to mRNA for stabilization, extending the transcript
life span (Norbury 2013), multiple uridine residues mark
both miRNA and mRNA for degradation (Mullen and
Marzluff 2008; Rissland and Norbury 2009; Lim et al.
2014). The presence of untemplated nucleotides on a variety
of miRNAs is now well known; however, the corresponding
enzymes have only recently become the focus of biochemical
characterization.

Nucleotidyltransferases such as the human terminal uridy-
lyltransferases TUT4 (Zcchc11), TUT7 (Zcchc6) and the
minimal homolog Gld2 (TUT2, Papd4) have been shown
to play fundamental roles in the regulation andmaturation of
miRNAs let-7 and mir-122. TUTase homologs are part of
the nucleotidyltransferase superfamily of enzymes, and
were initially identified as adenylyltransferases associated
with miRNA and mRNA adenylation. Gld2 was first de-
scribed as a cytoplasmic noncanonical poly(A) polymerase
involved in Caenorhabditis elegans germline development.
C. elegans Gld2 displayed very little activity on its own how-
ever, and relies on an additional protein, Gld3, to promote
adenylation (Wang et al. 2002; Kwak et al. 2004). In
Drosophila, specific depletion of the Gld2 homolog WISPY
connected its function with mRNA polyadenylation required
for oocyte to egg activation (Cui et al. 2013), as well as long-
term memory (Fig. 1A; Kwak et al. 2008). Recent data
showed that in addition to mRNA adenylation, WISPY
adenylates miRNAs in S2 cells leading to a reduction of
miRNA levels (Lee et al. 2014).

In humans, Gld2 has been equally associated with miRNA
and mRNA adenylation as well as miRNA uridylation. The
first reports associated human Gld2 with mRNA polyadeny-
lation (Kwak and Wickens 2007) by monitoring translation
of a reporter mRNA tethered to human Gld2 and injected
into in Xenopus oocytes. In vivo, RNA polyadenylation re-
quires either artificial RNA tethering (Kwak and Wickens
2007) or accessory RNA-binding proteins such as the cyto-
plasmic polyadenylation element binding protein (CPEB)
in Xenopus (Barnard et al. 2004; Kim and Richter 2006)
and Gld3 in C. elegans (Wang et al. 2002). Further studies
showed that Gld2-mediated monoadenylation stabilizes
miR-122 transcripts in human fibroblasts (D’Ambrogio
et al. 2012) and plays a role in translational regulation of
p53 (Burns et al. 2011; Glahder and Norrild 2011). Monoa-
denylation is, in contrast to polyadenylation not entirely de-
pendent on RNA-binding proteins, as purified Gld2 from
human cells displayed catalytic activity in vitro. With the dis-
covery of the poly(U) polymerase activity of enzymes pre-
viously thought to be poly(A) polymerases, specifically of
the human Gld2 homologs TUT4 and TUT7 (Rissland et
al. 2007), most recent research has uncovered a previously
unknown Gld2-mediated uridylation activity. D’Ambrogio

et al. (2012) demonstrated for the first time that human
Gld2 is the enzyme responsible for monoadenylation and
subsequent stabilization of miRNA-122, but they also re-
ported a weaker uridylation activity. Gld2 has further been
shown to catalyze the monouridylation of pre-microRNA
let-7a, which is crucial for its maturation (Heo et al. 2012).
Flag-tagged human Gld2 purified from HEK293T cells
adds a single uridine to pre-let-7a but also displayed catalytic
activity adding GTP and ATP, but not CTP in vitro (Heo
et al. 2012). Interestingly, Gld2-mediated polyuridylation
has been observed on pre-let-7a overhang variants (Kim
et al. 2015) in the absence of accessory proteins. Further
evidence linking Gld2 to pre-microRNA uridylation stems
from knockdown assays, showing that TUT4, TUT7, and
Gld2 redundantly control pre-let-7 maturation and are
required for let-7 biogenesis (Heo et al. 2012). Gld2 can
thus function as either a poly(A) polymerase (PAP) or a
TUT in vitro.
Gld2 is composed of two major domains, a PAP associated

domain and a nucleotidyltransferase (NT) domain (Fig. 1B).
Its closest human homologs, TUT4 and TUT7 are comprised
of the same domains but feature additional RNA-binding

FIGURE 1. Proposed catalytic activities and domain organization of
Gld2. (A) Gld2 has been implicated in nucleotide addition to multiple
RNA substrates in different pathways. (B) Domain organization of
Gld2 and its homologs TUT4 and TUT7. (Dark purple) Pneumo-G
domain; (red) zinc finger domain; (blue) nucleotidyltransferase
domain; (orange) poly(A) polymerase associated domain; (green)
CCHC type zinc finger domain; (light purple) atrophin-like domain.
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motifs, such as zinc-finger domains. TUT4 and TUT7 have
been characterized in vivo and in vitro as true uridylyltrans-
ferases and are involved in multiple processes including
miRNA and mRNA uridylation. For example, uridylation
of the let-7a precursor by TUT4 can drive processing by
Dicer or mark the precursor miRNA for degradation, thus
directly controlling let-7a levels in the cell (Heo et al. 2009;
Thornton et al. 2012, 2014; Lim et al. 2014). Gld2 has been
proposed to carry out a similar function during miRNAmat-
uration (Heo et al. 2012; Kim et al. 2015). While the role of
TUT4 and TUT7 in these processes is becoming increasingly
clear, the catalytic activity and biological role of the minimal
nucleotidyltransferase Gld2 is uncertain. Evidence for both
uridylation and adenylation activity of the human enzyme
has been shown in in vivo and in vitro experiments, but a
conclusive investigation of Gld2 nucleotide preference is
lacking.
We here present a biochemical characterization of Gld2,

identifying it as a bona fide adenylyltransferase with only
weak activity toward UTP and GTP. Conversely, Gld2 dis-
plays a wide target RNA substrate range, adenylating multiple
RNAs in vitro. The data suggest that Gld2 RNA substrate
selectivity may require association with other protein factors
in the cell. A detailed phylogenetic analysis shows that uridyl-
and adenylyltransferases are closely related, and that uridylyl-
transferase activity arose independently multiple times dur-
ing evolution.

RESULTS

Gld2 displays RNA substrate promiscuity

Gld2 has been implicated in multiple pathways of mRNA and
miRNA regulation. To test whether Gld2 displays enzymatic
activity in vitro, we recombinantly expressed full length hu-
man Gld2 in Escherichia coli and purified the enzyme to ho-
mogeneity. Gld2 eluted from a gel filtration column as a
monomer. To evaluate Gld2 activity, we first assessed its sub-
strate range. Previously, suggested roles for Gld2 activity are
in miRNA regulation, including miR-122 adenylation
(D’Ambrogio et al. 2012) and the uridylation of pre-let-7a
and let-7a (Kim and Richter 2006; Heo et al. 2012). Another
study linked Gld2 to mRNA adenylation (Sartain et al. 2011).
We therefore included miR-122, pre-let-7a, let-7a, total hu-
man mRNA and a poly(A) tail mimic comprised of 15 ade-
nines (15A) in our initial assays and total E. coli tRNA as a
control.
Surprisingly, Gld2 displayed adenylation activity on all

substrates in vitro (Fig. 2). For miRNAs and the 15A RNA
a single band was observed, corresponding to monoadenyla-
tion of the substrate RNAs. For the premature miRNA sub-
strate, pre-let-7a, a band around 70 bases was observed,
indicating single-nucleotide addition.While the in vitro tran-
scribed pre-let-7a was purified as a single transcript (Sup-
plemental Fig. 1), additional bands of lower molecular

weight were observed. These bands are likely due to the
adenylation of partially degraded substrate RNA or degrada-
tion during the enzymatic reaction. For both total tRNA and
total mRNA multiple bands were observed, but due to het-
erogeneity of the substrates we are unable to confirm that
these are single nucleotide additions. Nevertheless, no clus-
ters of ladder-like nucleotide additions were observed in
these cases, indicating that the heterogenic substrates were
likely monoadenylated.

Nucleotide preference of recombinant Gld2

We determined the specificity of Gld2 for all of the four nu-
cleotides ATP, CTP, GTP, and UTP. In enzyme assays con-
taining a single-nucleotide species, pre-let-7a and Gld2, the
enzyme was active with all NTPs (Fig. 3A). Gld2 can accom-
modate each NTP in the active site and catalyze their 3′ addi-
tion to pre-let-7a. In a competition assay, which included all
four nucleotides in equimolar concentrations with only one
[α-32P]-labeled nucleotide, only ATP was added to pre-let-
7a (Fig. 3B). Thus, while Gld2 displays relaxed specificity to-
ward RNA substrates in vitro, it shows a clear preference for
ATP in the presence of all four NTPs. We further investigated
whether the 5′ end of the RNA substrates influenced substrate
recognition. No difference in enzyme activity was seen when
differentially 5′ phosphorylated RNA substrates were assayed
with [α-32P]-ATP (Fig. 3C).

FIGURE 2. RNA substrate of Gld2. Gld2 was incubated with different
RNA substrates and [α-P32]-ATP as indicated. Formation of α-32P la-
beled RNA products was monitored by electrophoretic separation and
subsequent phosphorimaging. Gld2 catalyzed [α-32P]-ATP addition to
RNA substrates pre-let-7a (72 nt), mature human miRNAs let-7a-5p
(22 nt), miR122 (22 nt), an oligo(A) tail mimic 15A (15 nt), and total
E. coli tRNA, and total human mRNA. C is no enzyme control.

Gld2 nucleotide preference
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Gld2 is an adenylyltransferase

Our initial experiments showed that
Gld2 catalyzes the addition of all four nu-
cleotides to pre-let-7a (Fig. 3A). In the
subsequent competition assay, a clear
preference for ATP was observed (Fig.
3B). This led us to further investigate
the nucleotide specificity of Gld2, and
we performed a detailed kinetic charac-
terization of Gld2 with all four nucleo-
tides with let-7a (Fig. 4; Table 1). Our
kinetic analysis confirmed that Gld2 dis-
plays the most affinity for ATP (KM ∼ 0.2
µM) and is most efficient with ATP.
Significantly increased KM values for the
other nucleotides, suggests far weaker
binding affinity. Gld2 showed increases
in KM of >700-fold for UTP, 240-fold
for CTP, and >1000-fold for GTP. The
relative catalytic efficiency for the reac-
tions indicates an 83-fold preference of
ATP over UTP and 71% over GTP.

Overall catalytic efficiency is greatest for ATP (kcat/KM =
12.8 × 10−5 µM−1 sec−1) with 12.9% relative efficiency for
CTP (kcat/KM = 1.66 × 10−5 µM−1 sec−1), and 1.2% for
UTP (kcat/KM = 0.15 × 10−5 µM−1 sec−1), and 1.4% for
GTP (kcat/KM = 0.18 × 10−5 µM−1 sec−1). Taken together,
these data indicate that Gld2 NTP specificity is determined
by productive binding of Gld2 to the respective nucleotide.
While ATP is preferred and outcompetes all other NTPs,
no nucleotide is specifically excluded from the active site.

Nucleotidyltransferase specificity arose multiple
times during evolution

Gld2 is a member of the noncanonical poly(A) polymerases,
a diverse group of enzymes with varying RNA and nucleotide
preferences. It includes enzymes with nucleotide specificity
ranging from strictly ATP to ambiguous ATP or UTP, to ex-
clusive UTP adding enzymes. While some enzymes have a
distinct substrate preference, such as the U6 snRNA uridylat-
ing enzyme TUT6 (Trippe et al. 2006; Mullen and Marzluff
2008), which is both UTP and U6 snRNA specific, other en-
zymes are more promiscuous in their substrate specificity.
TUT4 and TUT7, for example, have been shown to uridylate
miRNAs (Kwak and Wickens 2007; Heo et al. 2012), as well
as histone mRNA (Schmidt et al. 2011) and cytoplasmic
mRNA (Lim et al. 2014). The Schizosaccharomyces pombe ho-
molog Cid1 protein was initially thought to act as an mRNA
adenylating enzyme, but was later characterized as a uridylyl-
transferase with 1% residual adenylation activity (Rissland
and Norbury 2008).
Gld2 was initially annotated as an adenylyltransferase, but

recent in vivo (Heo et al. 2012) and in vitro (Kim and Richter
2006; D’Ambrogio et al. 2012; Heo et al. 2012) evidence and

FIGURE 3. Nucleotide substrates of Gld2. Gld2 was incubated with
varying nucleotides and the precursor microRNA let-7a or mature
microRNA let-7a-5p. (A) Addition of single [α-32P]-labeled nucleotides
to pre-let-7a and Gld2 as indicated. (B) Competitive nucleotide addi-
tion: In a competition assay, Gld2 was incubated with pre-let-7a in
the presence of all four unlabeled nucleotides in equimolar amounts
with a portion of the indicated nucleotide in an [α-32P]-labeled form.
(C) 5′ end phosphorylation: Gld2 activity on let-7a-5p substrates with
differentially phosphorylated 5′ ends were assayed with [α-32P]-ATP.
(5′-no p) unphosphorylated, (5′-p) monophosphate, (5′-pp) diphos-
phate, (5′-ppp) triphosphate.

FIGURE 4. Dependence of the reaction rate on nucleotide concentration. The plot shows the ini-
tial velocity of the enzyme reaction plotted against concentration of ATP (A), CTP (B), GTP (C),
and UTP (D). Errors show 1 SD.
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its sequence similarity to confirmed TUTs (30% and 32%
amino acid sequence identity with TUT4 and TUT7, respec-
tively) suggests a possible uridylyltransferase activity. The

similar domain structure of uridyl and
adenylyltransferases, as well as a high se-
quence similarity, suggests that these
enzymes evolved from a common ances-
tor. To elucidate the phylogenetic back-
ground evolution of these enzymes, we
performed a detailed phylogenetic analy-
sis of the enzyme superfamily to trace the
evolutionary origins of NTP specificity.
The phylogeny of the nucleotidyltrans-
ferase family includes over 400 sequences
(Fig. 5; Supplemental data file).

Our analysis shows that nucleotidyl-
transferases display a classical star phy-
logeny, with several distinct subgroups.
Interestingly, uridyl and adenylyltrans-
ferases do not form two separate clades,

but rather TUTs emerge from distinct groups dominated
by PAPs. Uridylyltransferases are derived from distinct sub-
families of adenylyltransferases, and TUTase activity, thus,

TABLE 1. Nucleotide addition kinetics of Gld2

Vmax (µM/sec) KM (µM) kcat (sec
−1) kcat/KM (µM−1 sec−1)

ATP (2.93 ± 0.16) × 10−6 0.229 ± 0.077 (2.93 ± 0.16) × 10−5 12.8 × 10−5

UTP (24.8 ± 1.17) × 10−6 169 ± 23.3 (24.8 ± 1.17) × 10−5 0.15 × 10−5

CTP (91.4 ± 5.16) × 10−6 55.0 ± 21.9 (91.4 ± 5.16) × 10−5 1.66 × 10−5

GTP (40.3 ± 5.97) × 10−6 230 ± 112 (40.3 ± 5.97) × 10−5 0.18 × 10−5

Relative efficiency kcat/KM Physiological concentrations
ATP 100% 2102 µM
UTP 1.2% 253 µM
CTP 12.9% 91 µM
GTP 1.4% 305 µM

Relative of catalytic efficiency is the relative percentage in kcat/KM that is calculated as the
ratio of kcat/KM for the nucleotide listed in the far left column over the kcat/KM for ATP.
Physiological nucleotide conditions are derived from Traut (1994). Standard deviations are
reported. Reaction conditions are given in Materials and Methods.

FIGURE 5. Phylogeny of the TUTase/PAP superfamily. Gld2 is most closely related to the genuine uridylyltransferases TUT4/TUT7. Known enzy-
matic activities are color-coded. (Purple) UTP preference; (green) ATP preference; (black) unknown. Bootstrap values over 90% are denoted with a
star. Sequence data were downloaded from the Integrated Microbial Genomes database. The tree was calculated with PHYML using a BioNJ starting
tree and SPR tree search followed by NNI branch swapping to optimize the tree. Bootstrap values were computed according to the Shimodaira–
Hasegawa reestimation of log-likelihood test implemented in PHYML.

Gld2 nucleotide preference
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evolved multiple times independently. One group shows the
U6 snRNA uridylating enzyme TUT6 (Trippe et al. 2006)
evolved from a parent clade composed of known and putative
adenylyltransferases. The nucleotide specificity of TUT6 is,
however, not restricted to snRNA uridylation, as it was addi-
tionally found to adenylate selected mRNAs (Mellman et al.
2008; Li et al. 2012). TUT6 is most closely related to the non-
canonical mitochondrial poly(A) polymerase Papd1, which
mediates RNA decay by polyadenylation (Bai et al. 2011).
A second distinct subgroup includes the uridylyltransferase
Cid1, which initiates RNA decay by uridylation (Rissland
and Norbury 2009), and Cid14, a poly(A) polymerase that
acts on rRNAs (Win et al. 2006) and telomeres (Bah et al.
2012).

Insertion of a histidine residue confers UTP specificity

Gld2 displays clear nucleotide specificity for ATP, as demon-
strated by kinetic analysis of Gld2 activity on all four nucleo-
tides and in competition experiments. Our phylogenetic
analysis of the nucleotidyltransferase family suggests that uri-
dylyltransferase activity evolved from adenylyltransferases
multiple times during evolution (Fig. 5). Previous reports
showed that the mutation of the S. pombe Cid1 uridylyltrans-
ferase active site histidine (H336, Fig. 6) to asparagine broad-
ens its substrate specificity to include ATP (Lunde et al.
2012). In Gld2, the corresponding amino acid is lacking
(Fig. 6A). Consequently, we tested whether an insertion of
a histidine residue at the position homologous to Cid1 posi-
tion H336 (between Gld2 amino acids T439 and N440 [Fig.
6B]) confers UTP specificity over ATP. Purified recombinant
Gld2 and Gld2-His (Fig. 7A) were tested with RNA substrates
let-7a (Fig. 7B) and 15A (Fig. 7C) and radiolabeled ATP or
UTP. As expected, Gld2 displayed activity with ATP and
UTP for both substrates in a noncompetitive assay (Fig. 7B
panel 1, and 7C panel 1, Fig. 3A). The Gld2-His insertion
variant, however, displayed significantly decreased activity
with ATP. For let-7a, no activity was observed with ATP,
while a band is visible when incubated with UTP. Similarly,
we observed no band for the poly(A) tail mimic 15A when
incubated with ATP, while incubation with UTP led to a lad-
der-like addition of nucleotides. In all cases, unlike UTP, ATP
was excluded as a substrate. Thus, the insertion of a histidine
residue homologous to Cid1 H336 conferred UTP selectivity
in Gld2.

DISCUSSION

Gld2 is an adenylyltransferase

Previous studies presented evidence associating Gld2 with
monoadenylation (D’Ambrogio et al. 2012) or monouridyla-
tion (Kim and Richter 2006; D’Ambrogio et al. 2012; Heo
et al. 2012) of miRNAs in humans. While monoadenylation
confers increased miRNA stability, monouridylation is a re-

quired step in biogenesis of group II miRNAs. During matu-
ration, group II miRNAs are processed into pre-miRNAs
with a single nucleotide 3′ overhang. TUT4, TUT7, and po-
tentially Gld2 add an essential uridyl residue to 1-nt 3′ pre-
miRNA to yield a 2-nt overhang, which is a prerequisite for
processing by Dicer (Heo et al. 2012; Kim et al. 2015). In
Xenopus laevis and Caenorhabditis elegans, Gld2 is required
for polyadenylation of specific mRNAs, aided by RNA-bind-
ing proteins such as the CPEB and Gld3, respectively (Wang
et al. 2002; Kim and Richter 2006).

FIGURE 6. Nucleotide preference is defined by a histidine residue. (A)
Excerpt from a multiple sequence alignment of 440 nucleotidyltransfer-
ase sequences. After the alignment sequences were grouped into phylo-
genetic subgroups and two representative sequences are depicted.
Sequence similarities within each group were color-coded. Confirmed
nucleotidyltransferases Cid1, TUT4, TUT6, and TUT7 and their homo-
logs contain a histidine (#), which confers uridyl selectivity.
Adenylyltransferases either substitute histidine with a smaller amino
acid (leucine in Papd1) or entirely lack this residue (Gld2). (B)
Excerpt of a structural alignment between Cid1 (pdb 4FHP) and
Papd1 (pdb 3PQ1). The depicted ribbon diagram shows a structural
superposition of human mitochondrial Papd1 (gray) and Cid1 (cyan).
Asn367 of Cid1 aligns with the homologous Asn273 of Papd1. Cid1
His336 points into the active site and makes contact with UTP.
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To elucidate the nucleotide preference of human Gld2, we
performed a detailed enzyme kinetic analysis. Using homog-
enous purified enzyme, we demonstrated that Gld2 is an
adenylyltransferase preferentially adding single nucleotides
to small RNAs. The catalytic efficiency of Gld2 is reduced
83-fold for UTP in comparison to ATP. Conversely, the uri-
dylyltransferase Cid1 displays a 100-fold higher specificity for
UTP over ATP (Lunde et al. 2012; Yates et al. 2012). Our data
show a clear preference of ATP over all other nucleotides. The
rate-limiting step is most likely the NTP-binding event. The
KM for ATP is 0.23 µM, which is about 10,000-fold lower
than the cellular ATP concentration of 2.1 mM (Traut
1994). Thus, Gld2 encounters a vast excess of ATP in the
cell and will attain maximal substrate turnover. Cellular
UTP, GTP, and CTP concentrations are overall lower than
ATP concentrations (Traut 1994). In addition, we measured
KM values in the 102 μMrange for the other NTPs. Physiolog-
ical concentrations for UTP and GTP are between 250 and
300 μM (Traut 1994), which is between one- and sixfold
higher than the respective KM. The overall higher KM of
Gld2 for UTP, CTP, and GTP combined with a much higher
cellular ATP concentration further shifts enzymatic activity
toward adenylation. Interestingly, at a CTP concentration
1000-fold in excess of the physiological concentration, the
catalytic turnover for CTP is 30-fold higher than for ATP.
Once NTP binding occurs, the other NTPs are ligated to
the substrate RNA more rapidly than ATP (Table 1). Never-
theless, the low affinities of Gld2 for nucleotides other than
ATP and the fact that the other NTPs fail to outcompete
ATP (Fig. 3B) indicate that Gld2 activity is shifted to adeny-
lation under physiological conditions.
Our data indicate that Gld2 may not have evolved to func-

tion exclusively with ATP, as we could show that Gld2 is ac-
tive with UTP as well as GTP and CTP, albeit with low

efficiency. While we cannot exclude that
post-translational modifications or inter-
actions with other proteins may influ-
ence nucleotide specificity, our data
suggest that the observed NTP specificity
is only in part determined by binding
constants. Gld2 nucleotide specificity
alone provides an 83-fold preference for
ATP over UTP, which is combined with
a cellular environment that has 10-fold
excess of ATP compared to the other
NTPs. Gld2 substrate preference and
the cellular nucleotide concentrations to-
gether increase Gld2 selectivity toward
ATP to >800-fold, enhancing the en-
zyme’s specificity without evolving a pre-
cisely selective adenylyltransferase.

Gld2 monoadenylates small RNA
substrates

In in vitro activity assays, Gld2 monoadenylates a variety of
small RNAs, and does not specifically discriminate between
different substrate RNAs. Our data show that Gld2 displays
activity on tRNAs, miRNAs, pre-miRNAs, and mRNA alike,
with a slight preference for miRNAs (Fig. 3). This agrees
with earlier studies of X. laevis and C. elegansGld2 homologs,
which showed a role for Gld2 in miRNA metabolism (Kwak
et al. 2004). The RNA substrate promiscuity that we observed
with human Gld2 may be related to the fact that this minimal
adenylyltransferase lacks RNA-binding domains, which are
thought to confer substrate specificity inGld2’s closest human
homologs, TUT4 and TUT7 (Fig. 1). Interestingly, we found
no evidence of polyadenylation activity on any of the em-
ployed substrates. For processive polyadenylation, human
Gld2 most likely requires the assistance of RNA binding pro-
teins in vivo, which may confer specificity or activate elonga-
tion. Intriguingly, an extended incubation of Gld2 or Gld2-
His with 15A RNA and UTP lead to a ladder-like addition
of nucleotides (Fig. 7C). While UTP is not the natural Gld2
substrate, it is possible that polyuridylation, in contrast to pol-
yadenylation, does not require accessory proteins.
Several studies from nonhuman Gld2 homologs show that

in the presence of RNA-binding proteins such as CPEB (Kim
and Richter 2006) and Gld3 (Wang et al. 2002) in X. laevis
and C. elegans, respectively, Gld2 can processively add multi-
ple adenine residues. To date, no such interaction has been
shown for Gld2, but the fact that Gld2 alone hardly discrim-
inates between several RNA substrates suggests the regulation
of substrate specificity by additional RNA-binding proteins.
While humans lack a Gld3 homolog, several CPEB homologs
are encoded in the genome. InX. laevis, an additional poly(A)
polymerase Gld4 polyadenylates p53 mRNA in a CPEB-
dependent manner. In this case, Gld2 is not associated with
CPEB directly, but regulates its expression via miR-122

FIGURE 7. Insertion of an active site histidine into Gld2 alters nucleotide specificity. (A) Gld2
and Gld2-His purification. Recombinant His-tagged Gld2 and the Gld2-His mutant were purified
via Ni-NTA chromatography to apparent homogeneity as judged by SDS-PAGE. (B,C)
Nucleotide preference of Gld2 and Gld2-His. Recombinant enzymes were incubated with and
without RNA substrates and radiolabeled ATP or UTP. Formation of α-32P labeled RNA products
was monitored by electrophoretic separation and subsequent phosphorimaging. RNA substrates
were let-7a (B) and 15A (C).
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adenylation (Burns et al. 2011). In C. elegans the RNA-bind-
ing protein Gld3 stimulates Gld2 catalyzed polyadenylation
by increasing its affinity to the substrate RNA (Kwak et al.
2004). Similarly, TUT7 can be triggered to polyuridylate
RNA substrates in association with the RNA-binding protein
Lin28A (Hagan et al. 2009; Heo et al. 2009). Potential Gld2
associated proteins, however, remain to be identified.

Convergent evolution of TUTase activity by histidine
insertion in the PAP active site

Recent biochemical and structural data on fission yeast Cid1
(Lunde et al. 2012; Yates et al. 2012) and X. laevis TUT7
(Lapointe and Wickens 2013) suggested that the nucleotide
preference of nucleotidyltransferases is determined by a sin-
gle histidine near the active site (Fig. 6A,B). In Cid1, histidine
336, which is located on a flexible loop near the catalytic site,
sterically excludes ATP from the active site. Prior experi-
ments have shown that mutation of this histidine to a smaller
amino acid broadens nucleotide specificity in uridylyltrans-
ferases to include ATP, concluding that an asparagine to his-
tidine mutation confers ATP specificity (Lunde et al. 2012;
Yates et al. 2012; Lapointe and Wickens 2013). Our multiple
sequence alignment (Fig. 6B; Supplemental File 1) and struc-
tural superposition of Cid1 and humanmitochondrial Papd1
(Fig. 6B) show that the Asn337 in Cid1 is homologous to
Asn273 residue of Papd1. This Asn is strictly conserved in
all members of the nucleotidyltransferase superfamily. The
structural superposition clearly shows that Cid1 His336 is
an inserted residue relative to the Papd1 homolog. His336
points directly into the active site, making contact with the
UTP substrate, while the Asn337/Asn273 residue is oriented
away from the active site (Fig. 6B). The Asn conformation is
structurally conserved between TUTases and PAPs. Conse-
quently, UTP selectivity of Gld2, which is phylogenetically
derived fromTut4/7 (Fig. 5), is conferred by a histidine inser-
tion, rather than an Asn to His mutation as previously sug-
gested (Lunde et al. 2012; Yates et al. 2012; Lapointe and
Wickens 2013).

The phylogenetic analysis presented here shows that the
presence/absence of the TUT-specific histidine is consistent
within all nucleotidyltransferase groups and coincides with
the divergence of uridylyltransferases from adenylyltransfer-
ases. While previous studies alluded to a point mutation from
histidine (denoted with [#] in Fig. 6A) to asparagine (Lunde
et al. 2012), conferring ATP over UTP selectivity, our se-
quence alignment clearly shows that the respective asparagine
is part of a highly conserved motif (denoted with a [∗] in Fig.
6A) found in all nucleotidyltransferases. Thus a histidine in-
sertion rather than a mutation confers uridine specificity. In
agreement with our biochemical data, the respective residue
is absent from the Gld2 amino acid sequence, which vacates
the active site for the larger ATP. Similarly, Cid14 is also lack-
ing the respective histidine residue, conferring a preference of
ATP over UTP. Consequently, a histidine insertion into Gld2

switched the nucleotide preference from ATP to UTP, ex-
cluding the larger ATP from the active site. Gld2-His shows
no activity toward ATP, but is active on multiple substrates
with UTP (Fig. 7B,C). These data clearly show that a single
amino acid insertion can change nucleotide specificity in
nucleotidyltransferases.
The human uridylyltransferases TUT4 and TUT7 are

closely grouped within the phylogeny and are likely the result
of recent gene duplication in the chordata linage. Consistent
with their amino acid sequence similarity, Gld2 is most close-
ly related to the TUT4/7 phylogenetic group, although Gld2
has the conserved TUTase histidine deleted. In adenylyltrans-
ferases, such as human Papd1 and its homologs, leucine re-
places histidine. How a leucine insertion impacts enzyme
activity and substrate specificity remains to be elucidated.
Considering that uridylyltransferase activity has evolved mul-
tiple times, the flexible loop which harbors histidine 336 in
Cid1 can be denoted as a preferred spot for mutations and in-
sertions, allowing for facile alterations in substrate specificity.
The phylogeny, supported by our mutational analysis of

Gld2, shows that uridylyltransferase activity diverged from
adenylyltransferase activity multiple times during evolution
and prior to the split of slime molds and bilateria. Interest-
ingly, noncanonical nucleotidyltransferases are very preva-
lent in Fungi, which include several nucleotidyltransferase
clades (e.g., Cid16, Cid11/13) not found in other organisms.
These homologs appear to result from initial gene duplica-
tion, giving rise to Cid16 and Cid 11/13 groups, with a
more recent duplication leading to the divergence of Cid11
and Cid13. The nuclear poly(A) polymerase Cid11 (Saitoh
et al. 2002) and the Cid13 homolog encode an Arg, while
Cid16 homologs a Lys in position His336 of Cid1. The bio-
logical function of these enzymes is not entirely clear, but
the small positively charged side chain suggests a role in
RNA adenylation, as ATP could still be spatially accommo-
dated in the active site. One nucleotidyltransferase clade of
entirely unknown function contains Papd1-like proteins
with homologs inDrosophilidae and plants. No data are avail-
able on nucleotide specificity or biological function of these
proteins. This group is diverse in its active site constituents.
Interestingly, members of the Drosophilidae encode two
Papd1-like homologs. One homolog encodes an arginine,
and one a histidine, suggesting a recent gene duplication to
allow for both uridylyltransferase and adenylyltransferase ac-
tivity. These homologs could potentially share a specific RNA
substrate range or interacting protein partners, while differ-
ing in nucleotide preference, thus fulfilling distinct biological
functions.

MATERIALS AND METHODS

Gld2 cloning and site-directed mutagenesis

Total RNA was extracted from HeLa cells using the GeneJET RNA
purification Kit (Thermo Scientific) and reverse transcription was
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performed with SuperScript II Reverse Transcriptase (Invitrogen)
using an oligo(dT)16 primer. PCR was performed on the cDNA
with gene specific primers (Gld2EcoR1for 5′-GAATTCGATGTT
CCCAAACTCAATTTTGGG-3′ and Gld2Xho1rev 5′-CTCGAGTC
TTTTCAGGACAGCAGCTC-3′) and the cDNA ligated into
pET20b with EcoRI/XhoI. Quickchange Site-directed mutagenesis
(Agilent) was used according to manufacturer’s instructions to gen-
erate a Gld2-His insertion variant, using primers Tut2Hisfor:
5′-GAACCTTTTGATGGAACACATAATACAGCCAGAGCAGTGC;
and Tut2Hisrev: 5′-GCACTGCTCTGGCTGTATTATGTGTTCCA
TCAAAAGGTTC. The construct and mutation were verified by
DNA sequencing (Genewiz).

Gld2 expression and purification

Escherichia coli BL21 (DE3) RIL cells (Agilent) were transformed
with pET20b-Gld2 and grown in LB medium containing ampicillin
(100 µg/mL) and chloramphenicol (34 µg/mL) at 37°C until OD600

= 0.6. The temperature was lowered to 20°C and isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration
of 250 µM to induce protein expression. Cells were harvested after
19 h by centrifugation and suspended in Buffer A (10 mM Tris–
HCl, pH 8.0, 200 mM KCl, and 5 mM MgCl2). Cells were broken
by the addition of lysozyme followed by sonication on ice. The
cell lysate was centrifuged for 45 min at 15,000g and 4°C. Cell-free
extract was loaded onto HisPur Ni-NTA resin (Thermo Scientific)
equilibrated with Buffer A. The resin was washed with Buffer B
(10 mM Tris–HCl, pH 8.0, 200 mM KCl, 5 mM MgCl2, and
10 mM imidazole) and proteins were eluted with Buffer C
(10 mM Tris–HCl [pH 8.0], 200 mM KCl, 5 mM MgCl2, and
250 mM imidazole). The elution fractions containing Gld2 were
dialyzed against Buffer D (10 mM Tris–HCl, pH 8.0, 200 mM
KCl, 5 mM MgCl2, and 10% glycerol) overnight at 4°C with gentle
mixing and stored at −80°C. Gld2 was purified to apparent homo-
geneity and the concentration determined by a Bradford test.

Size exclusion chromatography

A 200 µL sample containing Gld2 in Buffer A was passed through an
ENrich SEC 650 high-resolution size exclusion column (Bio-Rad)
equilibrated with Buffer A. The flow rate was 0.75 mL/min and 1
mL fractions were collected upon injection of the sample. The frac-
tions that corresponded to the peaks on the absorbance graph were
subjected to ammonium sulfate precipitation and analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on a 15% polyacrylamide gel. For the purposes of calibra-
tion, vitamin B12 (Mr≈ 1.3 kDa), bovine insulin (Mr ≈ 6 kDa), cy-
tochrome c (Mr ≈ 13.6 kDa) bovine carbonic anhydrase (Mr ≈ 30
kDa), ovalbumin (Mr ≈ 43 kDa), BSA (Mr ≈ 67 kDa), ferritin (Mr

≈ 440 kDa), and thyroglobulin (Mr ≈ 669 kDa) were used asmarker
components and chromatographed under identical conditions.

RNA substrate preparation

The following RNA substrates were purchased from Sigma-Aldrich:
monophosphorylated human let-7a-5p [5′(p)-UGAGGUAGUA
GGUUGUAUAGUU-3′], unphosphorylated human let-7a-0P (5′-
UGAGGUAGUAGGUUGUAUAGUU-3′), diphosphorylated hu-

man let-7a-5p-2p [5′(pp)-UGAGGUAGUAGGUUGUAUAGUU-
3′], triphosphorylated human let-7a-5p-3p [5′(ppp)-UGAGGU
AGUAGGUUGUAUAGUU-3′], the poly(A) tail mimic 15ARNA
[5′(p)-AAAAAAAAAAAAAAA-3′], human microRNA miR-122-
5p [5′(p)-UGGAGUGUGACAAUGGUGUUUG-3′], and total E.
coli tRNA. The coding sequence for a ribozyme-pre-let-7a with a
T7 Promoter sequence was cloned into pUC19 for in vitro transcrip-
tion with T7 RNA polymerase using the following primers (pre-let7
5′-ctagaTAATACGACTCACTATAGGGAGACTACTACCTCACTG
ATGAGTCCGTGAGGACGAAACGGTACCCGGTATAGGTTGT
ATAGTTTTAGGGTCACACCCACCACTGGGAGATAACTATAC
AATCTACTGTCTTTCGAA-3′ and pre-let-7rev 5′-ATCCTTCG
AAAGACAGTAGATTGTATAGTTATCTCCCAGTGGTGGGTGT
GACCCTAAAACTATACAACCTACTACGGGTACCGTTTCGTCC
TCACGGACTCATCAGTGAGGTAGTAGTCTCCCTATAGTGAG
TCGTATTAT-3′). Primers were phosphorylated, annealed, and
cloned into pUC19 using XbaI/BamHI. For in vitro transcription,
the DNA template was amplified using primers; the forward (5′-G
TTGGGAAGGGCGATCGGTG-3′) and let-7PCRrev (5′-GAAAG
ACAGTAGATTGTATAG-3′). The PCR product was purified by
phenol chloroform extraction, and RNA was transcribed with T7
RNA polymerase as described previously (Milligan et al. 1987).
Upon transcription, the ribozyme constructs auto-cleaves into
ribozyme and pre-let-7a. The transcripts were separated by electro-
phoresis on a 12% denaturing polyacrylamide gel, the band corre-
sponding to self-cleaved pre-let-7a excised from the gel and eluted
as described previously (Köhrer and Rajbhandary 2008).

Determination of enzymatic activity and substrate range

Tenmicroliter reactions were performed containing 100 nMGld2 in
Buffer D and 1 µM of the respective RNA substrates. Dithiothreitol
(DTT) andMgCl2 were added for a final concentration of 1 mM and
3.2 mM, respectively. [α-32P]-UTP or [α-32P]-ATP (PerkinElmer)
was used as indicated at a final concentration of 0.33 µM. All reac-
tions were incubated at 37°C for 20 min and stopped by the addi-
tion of 2× RNA loading dye (95% v/v formamide, 0.1% w/v
xylene xyanol, 0.1% w/w bromophenol blue, and 10 mM EDTA).
Reactions were analyzed via gel electrophoresis on a 12% denaturing
polyacrylamide gel and visualized with a phosphorimager (Storm
860 Molecular Imager). The radiolabeled RNA Decade marker
(Ambion) was used as reference.

Determination of enzyme kinetics

Twenty microliter reactions were performed containing 100 nM
Gld2 in Buffer D and 2 µM of let-7a. DTT and MgCl2 were added
to a final concentration of 1 mM and 3.2 mM, respectively. Separate
reactions contained one of the four NTPs at various concentrations.
Three technical replicates were performed for each nucleotide
concentration. Higher nucleotide concentrations were achieved
by using a mixture of [α-32P]-labeled and unlabeled nucleotides.
Nucleotide concentrations were adjusted so that in an 8-min time
course the reaction progressed linearly and <10% of the total sub-
strate RNA was converted to product. The following nucleotide
concentrations were used: ATP 0–15 µM (0, 0.01, 0.1, 1, 10, and
15 µM); UTP 0–1000 µM (0, 0.01, 0.1, 1, 10, 50, 100, 300,
and 1000 µM); GTP 0–1300 µM (0, 1, 10, 50, 100, 300, 1000, and
1300 µM); CTP 0–1500 µM (0, 1, 10, 100, 600, 1000, 1200, and
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1500 µM). All reactions were incubated at 37°C for 30 sec before
Gld2 was added (at t = 0) and 5 µL samples were then taken out
at 2, 4, 6, and 8 min. The reactions were stopped with the addition
of 2× RNA loading dye. Reactions were analyzed via gel electropho-
resis on a 12% denaturing polyacrylamide gel and visualized by
phosphorimaging overnight. To quantify product formation, a strip
of Whatman filter paper was spotted with different known concen-
trations for each [α-32P]-labeled nucleotide and imaged on the same
phosphorimaging screen. Spot intensity was quantified using
ImageJ. Kinetic constants were derived from plotting initial velocity
(vo) against nucleotide concentration. Kinetics were fitted to
the standard Michaelis–Menten curve using Kaleida Graph 3.1
(Synergy Software) and SigmaPlot (Systat Software). Error bars rep-
resent 1 SD from three replicates.

Phylogenetic analysis

Sequences were downloaded from the National Center for
Biotechnology Information (NCBI). Sequence alignment and align-
ment editing were performed using Muscle (Edgar 2004) and the
Multiseq alignment editor from VMD 1.8.7 (Roberts et al. 2006).
A maximum likelihood phylogeny for Thg1 sequences was deter-
mined using PhyML (Guindon and Gascuel 2003). The starting
tree was generated with BioNJ, and the tree space was searched
with the SPR followed by the NNI algorithm to find the best tree.
The JTT+Γ model with four rate categories was applied.
Likelihood parameters were initially estimated from the alignment,
Shimodaira–Hasegawa bootstrap values were computed as imple-
mented in PhyML.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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