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ABSTRACT

Genes with sequence similarity to the yeast tRNA"* guanylyltransferase (Thg1) gene have been identified in all three domains of
life, and Thg1 family enzymes are implicated in diverse processes, ranging from tRNA"* maturation to 5’-end repair of tRNAs.
All of these activities take advantage of the ability of Thg1 family enzymes to catalyze 3’-5’ nucleotide addition reactions.
Although many Thg1-containing organisms have a single Thg1-related gene, certain eukaryotic microbes possess multiple genes
with sequence similarity to Thg1. Here we investigate the activities of four Thg1-like proteins (TLPs) encoded by the genome of
the slime mold, Dictyostelium discoideum (a member of the eukaryotic supergroup Amoebozoa). We show that one of the four
TLPs is a bona fide Thgl ortholog, a cytoplasmic G_; addition enzyme likely to be responsible for tRNA"* maturation in
D. discoideum. Two other D. discoideum TLPs exhibit biochemical activities consistent with a role for these enzymes in
mitochondrial 5’-tRNA editing, based on their ability to efficiently repair the 5’ ends of mitochondrial tRNA editing substrates.
Although 5'-tRNA editing was discovered nearly two decades ago, the identity of the protein(s) that catalyze this activity has
remained elusive. This article provides the first identification of any purified protein that appears to play a role in the 5’-tRNA
editing reaction. Moreover, the presence of multiple Thg1 family members in D. discoideum suggests that gene duplication and
divergence during evolution has resulted in paralogous proteins that use 3’'-5’ nucleotide addition reactions for diverse
biological functions in the same organism.
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INTRODUCTION recognition element for efficient histidylation, both in vitro

and in vivo in yeast (Rudinger et al. 1994, 1997; Nameki

His
The enzyme Thgl (IRNA ™ guanylyltransferase), whose gene et al. 1995; Rosen and Musier-Forsyth 2004). The biological

was originally identified in yeast (Gu et al. 2003), is part of
a family of enzymes found in all three domains of life and
united by the ability to catalyze the 3'-5" addition of nu-
cleotides to nucleic acid substrates. Thgl is widely distrib-
uted throughout eukaryotes (domain Eucarya), where it uses
3’-5" nucleotide addition to attach a single essential guany-
late residue (G_;) to the 5" end of tRNA™* species (Cooley
et al. 1982; Gu et al. 2005; Preston and Phizicky 2010). The
presence of G_, is unique to tRNA™" and acts as a necessary
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functions of Thgl-like proteins (TLPs) found in the domains
Bacteria and Archaea are less well understood. In some
archaeons, such as Methanobacterium thermoautotrophicus
and Methanopyrus kandleri, TLPs likely add the required
G_; to tRNA™", similar to their eukaryotic counterparts
(Abad et al. 2010; Heinemann et al. 2010). However, in
other archaeons, such as Methanosarcina acetivorans and
Methanosarcina barkeri, and in nearly all bacterial species,
tRNA™" genes already contain an encoded G_; residue. The
genomically encoded G_; is presumably incorporated into
the precursor tRNA during transcription, and can be
retained in the mature tRNA™* due to an unusual 5’-end
processing reaction catalyzed by RNase P, as occurs in
Escherichia coli (Orellana et al. 1986). The lack of an obligate
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requirement for post-transcriptional G_; addition in these
Thgl-containing species suggests that some Thgl family
members may use 3'-5" addition for alternative functions,
beyond a simple role in tRNA™* maturation.

Thgl/TLP family members from Archaea and Bacteria
exhibit at least two biochemical differences from eukaryotic
family members studied so far (Abad et al. 2010; Rao et al.
2010). First, unlike yeast Thgl, bacterial/archaeal TLPs only
add Watson—Crick base-paired nucleotides in the 3'-5'
addition reaction (Abad et al. 2010). Template-dependent
3'-5" addition activity appears to be an ancestral property,
as Thgl/TLP enzymes from all domains of life, including
eukaryotes, catalyze this reaction (Jackman and Phizicky
2006b; Heinemann et al. 2009, 2010; Abad et al. 2010; Rao
et al. 2010). Second, TLPs from Bacteria and Archaea exhibit
a strong kinetic preference for the templated addition of
nucleotides to the 5’ end of truncated tRNA substrates over
the addition of —1 nucleotides to full-length tRNAs, and they
add the missing 5'-nucleotides to tRNAs other than tRNA™*
(Rao et al. 2010). Neither the addition to 5'-truncated tRNAs
nor the addition to other tRNAs is catalyzed efficiently by
yeast Thgl. The ability of bacterial/archaeal TLPs to restore
a fully base-paired aminoacyl stem suggests a role for TLPs in
previously unidentified pathways of tRNA 5’-end repair.
Interestingly, TLPs from Archaea that require post-transcrip-
tional G_, addition to tRNA™* also catalyze the 5’-end
repair reaction, suggesting that some Thgl family members
may participate in both tRNA™® maturation and general
tRNA repair activities (Rao et al. 2010).

5’-End repair of tRNA is also an essential component of
a 5'-tRNA editing activity that occurs in the mitochondria of
a number of distantly related eukaryotic microbes (Lonergan
and Gray 1993a, b; Laforest et al. 1997, 2004; Price and Gray
1999a; Gott et al. 2010). In these protists, such as the
amoebozoon Acanthamoeba castellanii, where 5 -tRNA edit-
ing was first discovered, certain mitochondrially encoded
tRNAs are predicted to contain up to three mismatched
nucleotides at the first three positions in their aminoacyl-
acceptor stem. The 5'-tRNA editing activity is thought to
comprise at least two components: first, a nucleolytic activity
that removes the incorrectly paired nucleotides from the
5" end of the tRNA, and second, a 3’-5" nucleotide addition
activity that restores the missing nucleotides, using the
3" end of the tRNA as the template to generate a fully paired
aminoacyl-acceptor stem (Price and Gray 1999b; Bullerwell
and Gray 2005). Although 5'-tRNA editing was the first of
a number of tRNA editing activities to be described, the
identity of the protein(s) that catalyze this reaction has
remained unknown. However, the striking similarity of the
3'-5" addition component of the 5'-tRNA editing reaction to
the 5'-end repair activity recently associated with bacterial
and archaeal TLPs suggested that enzymes from the Thgl
superfamily could play a role in 5'-tRNA editing.

In support of this hypothesis, multiple Thgl-related
sequences have been identified in the genomes of several
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protists predicted to require 5'-tRNA editing to produce
functional mitochondrial tRNAs. BLAST searches using
yeast Thgl have revealed the presence of two Thgl-related
sequences in A. castellanii and in the chytid fungus,
Spizellomyces punctatus (unpublished results), as well as
four different genes with sequence similarity to yeast Thgl
in another amoebozoon, the slime mold Dictyostelium
discoideum (Altschul et al. 1997; Fey et al. 2009). We chose
the D. discoideum enzymes for further investigation based
on the availability of a well-characterized genomic assembly
for this organism and because of its biochemical tractabil-
ity. Interestingly, one of the four D. discoideum sequences
(initially called DdiTLP1 and here renamed DdiThgl)
shares more sequence similarity with eukaryal Thgl en-
zymes, such as yeast Thgl (54% identity/72% similarity
between DdIiTLP1 and yeast Thgl), than with prokaryal
TLPs, such as M. acetivorans TLP (30% identity/47%
similarity between DdiTLP1 and archaeal MaTLP), consis-
tent with a function for DAiTLP1 in cytoplasmic tRNA™*
maturation (Fig. 1). The other three DdiTLPs (DdiTLP2—4)
share more sequence identity with bacterial and archaeal
family members (Fig. 1), suggesting that one or more of
these could be components of the 5'-tRNA editing enzyme.
Two of the DAiTLPs (TLP2 and TLP3) are predicted to
contain mitochondrial targeting sequences, which would
also be consistent with a role for these enzymes in
mitochondrial 5'-tRNA editing.

To test these hypotheses, we characterized the biochem-
ical activities of each of the four Thgl-related sequences
found in D. discoideum. Here we demonstrate that the bona
fide Thgl ortholog from Ddi (DdiThgl) adds G_; to
tRNA™®, both in vitro and in vivo consistent with its
predicted function from sequence analysis and predicted
cytoplasmic localization. Using an assay for 3'-5" nucleo-
tide addition to 5’-truncated mitochondrial-tRNA (mt-
tRNA) substrates from D. discoideum, we also show that
two of the TLPs (DdiTLP3 and DdiTLP4) exhibit bio-
chemical activities consistent with their participation in
editing. These results constitute the first identification of
any purified protein that could play a role in 5'-tRNA
editing in eukaryotes. As 5'-tRNA editing reactions require
the addition of any of four nucleotides to complete the
acceptor stem of substrate tRNAs, and occur with many
different mt-tRNA species, this observation suggests more
generalized roles for 3’-5" nucleotide addition than the
simple addition of a single nucleotide to tRNA™* first
associated with members of this enzyme family in yeast and
multicellular eukaryotes.

RESULTS

Purification of D. discoideum TLP enzymes

The four D. discoideum Thgl-related sequences identified by
BLAST search (Fig. 1) were amplified by polymerase chain
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DAiTLP1
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FIGURE 1. Sequence alignment of D. discoideum TLPs with Thgl family members. Sequences of the four D. discoideum TLPs (DdiTLP1-4) were
aligned with representative Thgl/TLP sequences from Eucarya (human; HsThgl and Saccharomyces cerevisiae; ScThgl), Archaea (M. acetivorans;
MaTLP and M. thermoautotrophicus; MtTLP) and Bacteria (Bacillus. thuringiensis; BtTLP) using Multalin (Corpet 1988). Dark and light shading
indicate >90% and >50% sequence identity, respectively. Numbers in parentheses at the end of the sequence are the number of additional
C-terminal residues not shown in the alignment. Residues highlighted in red are putative N-terminal mitochondrial targeting sequences predicted
by MitoProt (Claros 1995; Claros and Vincens 1996). The Q/N-rich domain found in DdiTLP3 is indicated by underlining; M107 is indicated
by a black star. Red stars indicate universally conserved residues that are critical for Thgl/TLP function (Jackman and Phizicky 2008). Residues
indicated with blue stars are catalytically important for the activity of yeast Thgl, but are conserved only in eukaryotic Thgl family members
(including DAiTLP1). This includes the highly conserved HINNLYN motif (underlined in blue) that is catalytically critical for yeast Thgl activity

but is not found in bacterial or archaeal Thgl enzymes sequences.

reaction (PCR) from a D. discoideurn cDNA library and
cloned with an N-terminal Hiss tag into a vector for over-
expression in and subsequent purification from E. coli (Fig.
2A). Based on the BLAST results, one of the four sequences
(Q54E29) appeared to be more closely related than the others
to yeast Thgl and was consequently the strongest candidate to
be the Thgl ortholog in D. discoideum. Nonetheless, so as not
to bias our approach, we initially chose to call the four genes
DdiTLPs 14 (Q54E29 is designated DdiTLP1, Q54HWO is
DdiTLP2, Q54WD4 is DAiTLP3, and Q86IE7 is DdiTLP4).
All four genes contain a 3'-5' nucleotidyltransferase
domain marked by the presence of several highly conserved
residues that are critical for catalysis by yeast and human
Thgl (Fig. 1) (Jackman and Phizicky 2008; Hyde et al.
2010). DAiTLP2 and DdiTLP3 both contain a predicted
mitochondrial targeting peptide (Fig. 1, red sequence). For
DdiTLP2, this sequence was removed during cloning so
that the final protein product expressed in E. coli lacked
the N-terminal mitochondrial peptide. For DAiTLP3, the

predicted sequence also contains an additional unusual Q/
N-rich domain (underlined in Fig. 1) between the predicted
N-terminal mitochondrial targeting sequence and the 3'-5'
nucleotidyltransferase domain. The Q/N-rich coding se-
quence is present in the PCR product derived from the
cDNA expression library, indicating that this sequence is not
attributable to an incorrect gene model (e.g., due to retention
of an in-frame intron) but is contained in the DJiTLP3
mRNA. We cannot exclude the possibility that a translational
start site downstream of the Q/N-rich domain (such as at
M107, the beginning of the sequence that aligns with yeast
Thgl) is actually utilized in this case, although an unusually
high number (34%) of predicted protein-coding sequences in
D. discoideum contain poly Q/N sequences (Eichinger et al.
2005). Due to the uncertainties regarding translation start site
and the role of the Q/N domain, the full-length DdiTLP3
sequence (including mitochondrial-targeting peptide and
Q/N domain) was cloned for expression and purification
in this study. We note that the Q/N domain-containing
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FIGURE 2. DdiTLP1 exhibits Thgl activity in vitro. (A) SDS-PAGE analysis of purified TLPs
from D. discoideum. Purified proteins (3 g each) were resolved by 15% SDS-PAGE; lane MW,
molecular weight markers. Predicted molecular weights: TLP1, 32 kDa; TLP2 (without
mitochondrial peptide), 32 kDa; TLP3, 50 kDa, and TLP4, 36 kDa. (B) G_, addition activity
tested with 5'->?P-labeled yeast tRNA™™ using each of the purified D. discoideum TLPs
and yeast Thgl. Lane +, G_; addition product generated by yeast Thgl; —, no enzyme control.
The phosphatase protection assay was performed on reactions containing decreasing
amounts of each purified protein (fivefold serial dilutions, see Materials and Methods for exact
concentrations of each protein). The trimeric G_; addition product (Gp*GpC) was resolved
from inorganic phosphate (P*;) derived from remaining substrate using silica TLC. Specific
activities for DAiTLP1 and yeast Thgl were calculated by quantification of the amount of
purified protein that catalyzed 10% conversion of substrate to G_;-containing product in 2 h
at room temperature (defined as 1 Unit of enzyme activity); specific activities (SA) were

in the cells. A plasmid shuffle assay was
performed, using a previously described
yeast thglA strain that contains a wild-
type copy of yeast THGI on a plasmid
[CEN URA3 Pryg;-THGI] to maintain
viability of the strain. Plasmids contain-
ing each of the four DdiTLPs under
control of a galactose-inducible promoter
[CEN LEU2 Pga;-TLPx] were trans-
formed into the thglA strain. For these
constructs, the putative mitochondrial
targeting sequences for DdiTLP2 and
DdIiTLP3 were removed, as G_; addi-
tion occurs with cytoplasmic tRNA™S
in yeast. Positive transformants were
tested for their ability to support growth
on media containing 5-fluoroorotic acid,

expressed as Units per microgram of purified protein and indicated below each panel.

DdiTLP3 product was purified in similar yields to the other
TLPs (Fig. 2A) and was active in our assays (see below).

DdiTLP1 catalyzes the addition of G_; to tRNA
in vitro

We first tested the activity of all four purified DdiTLPs with
a 5'-3?P-labeled yeast tRNA™* substrate, using a phospha-
tase protection assay described previously (Jackman and
Phizicky 2006a). Briefly, the addition of a —1 nucleotide
results in protection of the 5'-labeled phosphate from
dephosphorylation by alkaline phosphatase, and, after
RNase A digestion, the resulting phosphatase-treated oligo-
meric reaction product (Gp*GpC) can be resolved from
inorganic phosphate (P*;, generated from unreacted sub-
strate) using thin-layer chromatography (TLC). In these
assays, only DAiTLP1 catalyzed any detectable amount of
G_; addition to the yeast tRNA™ substrate, although the
overall specific activity of the D. discoideum protein was ~20-
fold lower than that observed with yeast Thgl (Fig. 2B). To
test whether the reduced level of activity was due to the use of
the nonnative yeast tRNA substrate instead of D. discoideum
cytoplasmic tRNA™", we used in vitro transcription to generate
a tRNA with the sequence of Ddi-tRNA™* and tested G_,;
addition activity using the same assay. However, although
specific activity improved slightly, DAiTLP1 was still ~10-fold
less active than yeast Thgl in this assay, even with a D.
discoideum tRNA™"® (data not shown).

DdiTLP1 catalyzes the addition of G_; to tRNA
in vivo in yeast

We used a yeast genetic assay to determine whether the
relatively weaker G_; addition activity catalyzed by DdiTLP1
is robust enough to support the growth of the yeast thgiA
strain when DdiTLP1 is expressed as the sole source of Thgl
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which causes loss of the URA3 yeast
THGI plasmid. If the TLP supports
growth of the thglA strain, this result indicates that it is
able to catalyze the essential G_; addition reaction with
tRNAM™* in vivo. Of the four TLP-containing plasmids tested,
complementation was only observed in the DdiTLP1-con-
taining strain, consistent with the in vitro assay results (Fig.
3). The in vivo G_-addition activity of DAiTLP1 in yeast is
sufficient to fully substitute for the deletion of yeast THGI, as
the DAiTLP1-complemented thgIA strain exhibits no growth
defect relative to the wild-type strain on either rich (YPGal)
or minimal media (SGal-leu) at a range of growth temper-
atures (18°C, 30°C, and 37°C) (data not shown). As both in
vitro and in vivo data support a function for DAiTLP1 in
G_, addition to cytoplasmic tRNA™, similar to yeast Thgl,
we have renamed this gene product DdiThgl.

DdiTLP3 and DdiTLP4 add a missing
G.1 to mt-tRNA" Ay

In D. discoideum, nine of 18 mtDNA-encoded tRNA genes
contain predicted mismatched nucleotides at their 5" ends

TLP1|TLP2

TLP3|TLP4 | vect

SGal-leu + FOA

SGal-leu

FIGURE 3. DdiTLP1 catalyzes Thgl activity in vivo in yeast.
Complementation of the yeast thglA growth defect by each of the
D. discoideurn TLPs was tested using a plasmid shuffle assay, as
previously described (Abad et al. 2010). DdiTLPs, as indicated,
expressed under control of a galactose-inducible promoter on LEU2
plasmids, were transformed into the yeast thglA strain and two
independent positive transformants were tested by replica plating
onto the indicated media. Clones of TLP2 and TLP3 lacked their
respective mitochondrial targeting sequences and the Q/N-rich
sequence for TLP3 (see Fig. 1). Empty vector control strains (vect)
were also tested. Photographs were taken after 3-4 d growth at 30°C.
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(Fig. 4; Ogawa et al. 2000). Although 5’ editing has not
been directly demonstrated in D. discoideum through
comparison of tRNA gene sequences with the sequences
of isolated mt-tRNA, the observation of nucleotide mis-
matches at any of the first three positions of the tRNA
aminoacyl-acceptor stem is strongly predictive of the
occurrence of 5'-tRNA editing in other protists. Moreover,
mitochondrial 5'-tRNA editing has been directly demon-
strated in a close relative of D. discoideum, the amoebozoon
Polysphondylium pallidum (Schindel 2004). The two-step
5'-tRNA editing reaction requires first, removal of the
mismatched nucleotides from the 5" end of the transcript,
and second, the 3’-5" addition of the correct residues to the
resulting 5'-truncated tRNA to generate a fully paired
aminoacyl-acceptor stem (Price and Gray 1999b).

We tested the ability of each of the four TLPs to catalyze
the second (nucleotide incorporation) step of the editing
reaction, and added back in the missing 5'-end nucleotides
to mt-tRNA" .y, from D. discoideum. A 5'-truncated mt-
tRNA" ., substrate was designed to mimic the tRNA
species after removal of the original mismatched nucleo-
tides by the as-yet-unidentified nuclease activity (Fig. 5). In
this case, deletion of the encoded A,; that forms a mis-
match with C;, yields a C,,-initiating tRNA coding
sequence, which is not a preferred template for in vitro
transcription using T7 RNA polymerase. Therefore, the
tRNA sequence was cloned with a 5'-hammerhead ribo-
zyme sequence that catalyzes cotranscriptional cleavage,
yielding a 5'-hydroxylated C,,-initiating tRNA. The tRNA
was 5'-"?P-labeled and tested for the addition of the
missing G,; nucleotide using the phosphatase protection
assay (Fig. 5). The nucleotide incorporation activity pre-
viously observed in partially purified mitochondrial ex-

tracts with 5'-monophosphorylated tRNA transcripts re-
quired ATP (presumably for 5'-end activation) (Price and
Gray 1999b), so ATP was included in the reactions.

The addition of G, yields a Gp*C product following
treatment of the reaction products with RNase A and
phosphatase (Fig. 5A). DAiTLP3 and DdiTLP4 both cata-
lyzed robust formation of a major reaction product in the
presence of GTP and ATP (Fig. 5B); this product contains
a G residue linked to the labeled phosphate as revealed by
release of Gp* following RNase T2 digestion of the TLC-
purified reaction product (data not shown). In reactions
with DdiTLP4, a small amount of the activated precursor
for G, addition (App*C,,, also confirmed by nuclease
digestion of the TLC-purified reaction product) was also
observed (Fig. 5B). DdiThgl (DdiTLP1 above) did not
exhibit detectable 5'-end repair of mt-tRNA", consistent
with a distinct role for this enzyme in cytoplasmic tRNA™*
maturation. Barely detectable levels of G, addition were
observed with DdiTLP2 (2.7% G,,-containing product),
suggesting that this is not a preferred activity for this
enzyme.

Steady-state kinetic parameters for the addition of the
missing G, residue were determined for DdiTLP3 and
DdiTLP4. The k., for G,, addition catalyzed by DdiTLP4
is approximately fivefold greater than k., measured for
DdiTLP3 (Table 1). Precise determination of K, exhibited
by DAiTLP3 was somewhat difficult due to the slow rates of
reaction, but saturation of the initial rates at tRNA sub-
strate concentrations >0.2 wM, observed repeatedly in the
steady-state assays, suggests that Ky, is lower for DdiTLP3
than for DdiTLP4, and therefore the overall catalytic
efficiencies of both enzymes are similar (Table 1). Notably,
the measured k,/Kj, for 5'-end repair reactions catalyzed

by TLPs are in close agreement with
kea/ Kpy values measured previously for

oot c-g G-a c-a Gt co v—-a aAcd I the physiological G_; addition reaction
o258 wI§ 6d 8I¢ 418 §td 8s 14 catalyzed by yeast Thgl with mono-
G-C G-C U-A U-A G-U Uu-A G-U C-G G-U
A-U A-0 A-U e-c A-U u-a u-a u-a G-p phosphorylated tRNA substrate (shown
U-A Uu-A G-C U-A G-C A-U Uu-A u-aG6 G-C . .
A-U A-U G-¢ A-U A-U G-c G-¢ u-a A-U in Table 1 for comparison) (Jackman
Alayse  Cysgea  Phegay  Lysyy,  Metgy,  Asngy,  Proygs  Argyey  TrPeca and Phizicky 2006a). As with G_; addi-
tion to tRNAM™®, the measured in vitro
rates for 5'-repair of mt-tRNAs are lower
A A A A A A . .
ey b CPWC A C CceA G ChC-G  GA C  USC A GaA C than might be expected for a typical
c-¢ A-U c-6G u=>A A U=>A A c»>A G c+A G A-U . .
U a eu u-a U-G  caA G u-a c-¢ u-a enzyme-catalyzed reaction and may in-
c-G G-C c-6 c-6 c-6 G-C G-¢C A-U . . . .
g pus c-c c-c A-U A-U A-U e-c dicate participation of other factors in
u-A U-A u-6 A-U c-6 u-A u-A A-U N A .
u-a A-U G-¢ A-U u-A A-U A-U A-U enhancing activity in vivo.
Gluy,e Hisgyg llegayrr Leuy,, Glnyye TYroua

FIGURE 4. Mitochondrial tRNA sequences from D. discoideum indicate a need for 5 -tRNA
editing. Aminoacyl-acceptor stems of the 18 mt-tRNAs encoded in the D. discoideum

DdiTLP3 and DdiTLP4 catalyze
5'-end repair of mt-tRNA""|z¢

mitochondrial genome are shown; the remainder of each tRNA sequence is omitted for

clarity. Two genes for mt-tRNA™G,y that differ by only two nucleotides are indicated as
Ilegauy,2 as they are identical in their aminoacyl-acceptor stems. The need for mt-tRNA editing
is reflected by the presence of non-Watson—Crick unpaired residues in the acceptor stem for
the nine tRNAs (including the two Ilegay isoforms) shown on the botforn row. Residues
expected to be added by 5’ editing are indicated by arrows to the left of each incorrect

nucleotide.

For 5'-tRNA editing in vivo, the addi-
tion of the missing nucleotides is not
limited to the addition of G, and re-
quires 3'-5" polymerization of more
than one nucleotide for some substrates

www.rnajournal.org 617



Abad et al.

A A A
lle,
cau ACC ACC ACC
73 73 73
Cr P Cr p‘ﬂ_ Cr
C.r G71 C.r Gﬂ C.r GT!
U-A  ATP U-A @gtp U-A
c-G c-G , C-G
C-G C-G C-G
uU-G u-G u-G
£EE £:R 5-Q
} RNase A } RNase A } RNase A
t CIP ‘ CIP tCIF’
P App*C Gp*C
B
G,,p*C . — -
App*C
PSS e s s o | suues
C— | —— ey
Enzyme: TLP1 TLP2 TLP3 TLP4 |
Max. %: 27% 64 % 63 %

FIGURE 5. DdiTLP3 and DdiTLP4 repair 5'-truncated mt-tRNAHeCAU.
(A) Schematic of phosphatase protection assay used with 5’-**P-labeled
tRNA to detect G, addition catalyzed by TLPs in the presence of ATP
(0.1 mM) and GTP (1 mM). Only aminoacyl-acceptor stem sequences
of the tRNAs are shown for clarity; lines indicate connection to the
tRNA body. Expected products of RNase A/CIP treatment are shown
beneath each tRNA. (B) The addition of G, assayed as shown in A
with decreasing concentrations of each purified TLP (fivefold serial
dilutions of each). Identities of the labeled species are indicated to the
left of the figure. Lane —, no-enzyme control reaction. The maximum
percent reaction products (sum of G,; and AppG reaction prod-
ucts, if observed) formed by TLP2, -3, and -4 is indicated below
each panel.

(Fig. 4). Therefore, we tested addition to 5'-truncated mt-
tRNA™" o missing both C,, and G, residues (Fig. 6A).
The 5'-**P-labeled U, ;-initiating transcript (also generated
using a hammerhead ribozyme transcript) was first used to
test for the addition of the missing C,, nucleotide in the
presence of ATP and CTP. Phosphatase protection assays
were performed as above, except that RNase T1 was used
instead of RNase A, yielding labeled products terminating
with G,.4. As with the mt-tRNA" substrate, prominent reac-
tion products were observed in reactions containing DdiTLP3
and DdiTLP4, but not with the other two DdiTLPs (Fig. 6B).

In the absence of oligonucleotide standards, the identi-
ties of the two major products isolated from the TLC plates
(indicated P1 and P2 in Fig. 6B) were determined by
further nuclease digestion. Both P1 and
P2 are C,,-containing products, as evi-
denced by the production of Cp* and
p*U by RNase T2 and nuclease PI,

unlike for P2, treatment of P1 with RNase A did not yield
Cp*, indicating that another RNase A-resistant nucleotide
(either A or G linked by a standard phosphodiester bond,
based on the RNase T2 result) has been added at the +1
position. As ATP was the only other nucleotide included in
the reactions, we conclude that the product results from the
addition of a non-Watson—Crick-pairing A,; nucleotide,
after C,, is added. C,, addition by yeast Thgl was barely
detectable, consistent with the inefficient 5'-end repair
activities observed previously with yeast Thgl using other
5'-truncated tRNA substrates (Jackman and Phizicky
2006b; Rao et al. 2010).

We then tested the ability of TLPs to add both missing
nucleotides to U ;-tRNA'". As complete repair of the
p*U,s-initiating tRNA would generate labeled products
that are sensitive to both RNase A (C,,-containing) and
RNase T1 (G,,-containing), a different assay was used to
detect product formation. Following incubation of labeled
substrate with each enzyme and the indicated NTPs, re-
actions were first treated with phosphatase, then purified
by phenol extraction and ethanol precipitation, and treated
with various nucleases (Fig. 7A). For clarity, the results
shown in Figure 7 are only those for reactions containing
DdiTLP4; however, DAiTLP3 generated identical reaction
products in parallel assays. The labeled 5'-phosphate was
not completely removed from unreacted substrate by the
phosphatase treatment, as evidenced by the labeled p*Up
product generated by RNase A and T2 digestion and p*U
generated by nuclease P1 digestion in control reactions that
lack enzyme (see Fig. 7B, fourth lane for each nuclease).
Nonetheless, pre-treatment with phosphatase was impor-
tant to remove unlabeled 5'-phosphates from the various
nucleotide addition products. As expected, C addition does
not occur in the absence of ATP for 5’ end activation (Fig.
7B, first lane for each nuclease). As only p*U was observed
after nuclease P1 digestion, the activated (App*U,;) in-
termediate for C,, addition does not accumulate in any of
the reactions. Consistent with the results above, reactions
that contained only ATP and CTP generated predomi-
nantly Cp* after RNase T2 or RNase A digestion, and
a second minor reaction product that remains at the origin
(likely ApCp* based on the analysis in Fig. 6) (Fig. 7B).
However, in reactions that contained all three NTPs, no
Cp* product was detected after RNase A digestion, in-
dicating that the C,,-containing intermediate species (Fig.

TABLE 1. Steady-state kinetic parameters for 5’-end repair catalyzed by DdiTLPs

respectively (Fig. 6C). However, the Enzyme Addition reaction kear (min~") Kus (M) kea Kpg M1 571
different behavior of P1 and P2 upon oy a0 0 RNATL, 0007 = 0002 02 + 0.16 630 + 400
RNase A treatment suggests that P2 pgirips G, to ptRNAcy, 005 = 0.01 2.6 = 1.4 330 + 120
corresponds to C.,p*UpG, whereas P1 yThgl G_; to p-tRNAS 0.012 * 0.002* 1.7 = 0.4° 120 = 192

corresponds to A, pC,,p*UpG. This
assignment is based on the fact that,
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“Data taken from Jackman and Phizicky (2006a).
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for each tRNA. During the course of our

Enzyme: mt mt I"_". - '-39 'D' Sp— i investigation we also demonstrated that
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FIGURE 6. DdiTLP3 and DdiTLP4 add a missing C,, to 5'-truncated mt-tRNA"" ;5. (A)
Schematic of phosphatase protection assay used with 5'-*?P-labeled tRNA to detect addition
catalyzed by TLPs in the presence of ATP (0.1 mM) and CTP (I mM). Only aminoacyl-
acceptor stem sequences are shown for clarity and reaction products of RNase T1/CIP
treatment are shown below each tRNA sequence. (B) 3'-5 Addition activity was tested using
the assay shown in A with fivefold serial dilutions of each of the four purified TLPs. Lane Y,
yeast Thgl (1 wg), lane —, no-enzyme control. The major reaction products produced by TLP3
and TLP4 are indicated as P1 and P2; the identities of these products were assigned as shown in
parentheses based on further nuclease digestion. (C) Analysis of P1 and P2 reaction products
of DAiTLP4 reaction with 5’-truncated mt-tRNA™" ;5. The TLC-purified P1 and P2 products
(shown in the first lane of each panel, labeled —) were tested by further nuclease digestion
using RNAse T1 (T1), RNase T2 (T2), nuclease P1 (P1), and RNase A (A), as indicated. The
expected reaction products for each digestion are shown below each panel. Products were
resolved by PEI-cellulose TLC; positions of cold NMP standards (C, A, U, and G) were
visualized by UV shadowing and are indicated by circles to the left of the figure.

7A) does not accumulate. Instead, the major RNase A
reaction product is a spot that remains at the origin, and
the observation of Cp* by RNase T2 digest reveals that this
major product contains an RNase A-resistant +1 nucleo-
tide, linked by standard phosphodiester bond to C,,, as
expected for the G, ,-containing product (Fig. 7B). The two
RNase A-generated products remaining at the origin can be
further resolved by silica TLC (Fig. 7C), which reveals that
(1) the dinucleotide reaction products formed in the presence
and absence of GTP are not the same and (2) the presence of
GTP drives the addition reaction to completion, as there is
no evidence for accumulation of products that contain only
C,,. Thus, although nontemplated A,; addition can occur
when only ATP is present in the assays, this reaction is less
efficient than the addition of the correct Watson—Crick base-
pairing G, nucleotide. This result is consistent with the
preference for formation of Watson—Crick base pairs ex-
hibited by Thgl/TLP family enzymes.

DISCUSSION

Despite identification of mitochondrial 5'-tRNA editing in
certain protists nearly 20 years ago, the identities of any of

cytoplasmic G_; addition enzyme in
D. discoideum, based on its ability to cat-
alyze G_; addition to tRNA™* both in vitro
and in vivo in yeast (Figs. 2, 3). These re-
sults are the first demonstration of mul-
tiple uses for 3'-5' nucleotide addition
reactions catalyzed by Thgl/TLP family
enzymes in the same organism.

The potential for an evolutionary
relationship between the 5'-editing en-
zymes and the enzyme that catalyzes
tRNA™ maturation in eukaryotes, the
identity of which was also unknown at
that time, was suggested soon after the
discovery of the 5'-editing activity (Price and Gray 1999b).
This hypothesis was based on the fact that both activities
required nucleotide addition at the 5’ end of tRNA,
potentially through the involvement of a 3’-5" nucleotide
polymerase. The unexpected discovery of Watson—Crick-
templated 3'-5’ polymerase activity catalyzed by yeast Thgl
(Jackman and Phizicky 2006b) further supported this
hypothesis. However, attempts to demonstrate an “edit-
ing-like” activity of yeast Thgl were not successful, as yeast
Thgl does not efficiently add missing nucleotides to
5'-truncated tRNAs (Jackman and Phizicky 2006b). Instead,
the connection between 5 editing and the Thgl enzyme
family became evident only recently upon characterization
of TLPs found in Bacteria and Archaea. Like DdiTLP3 and
DdiTLP4, bacterial and archaeal TLPs catalyze efficient
repair of 5'-truncated tRNA substrates (Rao et al. 2010).
Moreover, they exhibit a strong kinetic preference for
5’-end repair over nucleotide additions at the —1 position
of tRNA substrates, suggesting that this is the preferred
activity for bacterial and archaeal TLPs in vivo. Endoge-
nous substrates for tRNA 5’-end repair in Bacteria and
Archaea have not yet been identified, as genomic tRNA
sequences from TLP-containing species do not contain
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FIGURE 7. DAiTLP4 (and DdiTLP3) fully repair 5'-truncated mt-tRNA™", using 3'-5’
polymerization. (A) Schematic of nuclease digestion assay used with 5'-**P-labeled tRNA to
detect addition catalyzed by TLPs in the presence of various nucleotides, as indicated. The
relative thicknesses of the reaction arrows reflect the experimentally observed (see B, C below)
preference for the addition of templated G, over the addition of nontemplated A, ,, observed
when GTP was omitted from the assays. For this assay, reactions were treated with phosphatase
and purified by phenol extraction and ethanol precipitation prior to further nuclease digestion;
expected reaction products for each tRNA are shown by dashed arrows. (B) Assays contained
DdiTLP4 (30 M), or no enzyme (—) as indicated, and either CTP only (1 mM), CTP (1 mM) +
ATP (0.1 mM), or all three NTPs (1 mM each CTP and GTP, and 0.1 mM ATP), and were
digested with the indicated nuclease. Reaction products were resolved using PEI-cellulose TLC;
positions of unlabeled NMP standards (C, A, U, and G) were visualized by UV shadowing
and are indicated to the left of the figure. Identical results were observed in reactions with
DdiTLP3, not shown here for clarity. (C) Reaction products from panel B were resolved
by silica TLC to further separate products that remained at the origin following RNase
A digestion. Identities of labeled species are indicated to the right of the figure.

aminoacyl-acceptor stem mismatches. Thus, the occurrence
of 5’ editing in Bacteria and Archaea seems unlikely.
Instead, the 5'-end repair activity in these species is pro-
posed to play a more general role in repair of tRNA that has
been damaged or misprocessed (Rao et al. 2010). Nonethe-
less, the results presented here are the first demonstrated
involvement of tRNA 5'-end repair in a known physiolog-
ical activity, and further support the proposed repair
function of TLPs in Bacteria and Archaea.

The lack of apparent 5'-end repair activity catalyzed by
bona fide Thgl enzymes such as yeast Thgl and DdiThgl is
intriguing with respect to the evolution of the Thgl/TLP
enzyme family. The universal ability of members of the
Thg1/TLP enzyme family from all domains of life to catalyze
3’-5" Watson—Crick polymerization suggests that this is an
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ancestral activity of Thgl enzymes
(Abad et al. 2010). Evolutionary pres-
sure on eukaryotic Thgl enzymes to
catalyze the nontemplated addition of
G_; opposite A3 with strong selectivity
for tRNAM" may have resulted in a con-
current reduction in their ability to add,
in a templated fashion, different nucle-

-» Cp* otides in repairing a diverse set of tRNA

substrates. However, the possibility re-
mains that even eukaryotic Thgl en-
zymes may similarly be able to catalyze
5'-end repair, perhaps for other sub-
strates or under certain conditions. The
demarcation between enzymes that are
involved in G_, addition and those that
appear to be involved in 5'-end repair is
not always clear. In some archaeons,
such as M. thermoautotrophicus, the sin-
gle encoded TLP (MtTLP) exhibits a
biochemical and kinetic preference for
+ - 5'-end repair of 5'-truncated tRNA
. similar to that shown by other archaeal
& TLPs. Yet the lack of a genomically
A encoded G_; residue on tRNA™ in M.
thermoautotrophicus suggests that MtTLP
predictably functions in post-transcrip-
tional G_; addition (Heinemann et al.
2010; Rao et al. 2010). Further investi-
gation of mt-tRNA editing in certain
protists appears likely to reveal a similar
situation. In A. castellanii, we have
identified only two TLPs in the virtually
complete draft genome sequence, but
unlike in D. discoideum, neither of these
TLPs appears to be an authentic ortho-
log to the canonical “Thgl” enzymes
from yeast and humans. However, cy-
toplasmic G_; addition to tRNAM™ js
presumably also required in A. castellanii,
so that one of the A. castellanii TLPs may catalyze this
reaction, despite its lack of similarity to yeast Thgl. In-
vestigation of the functions of these members of the Thgl/
TLP enzyme family are likely to be important for un-
derstanding the evolution of the distinct activities catalyzed
by Thgl/TLP enzymes.

Steady-state kinetic analysis of 5’'-end repair catalyzed by
DdiTLP3 and DdiTLP4 compared with G_; addition cata-
lyzed by yeast Thgl revealed similar in vitro activity for each
enzyme with respect to its expected substrates (Table 1).
However, questions remain about the nature of the editing
enzymes in vivo. In particular, the reason for the presence
of two enzymes in D. discoideum with apparently simi-
lar abilities to catalyze the same reaction is intriguing.
DdiTLP3 and DdiTLP4 may exhibit distinct tRNA substrate
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recognition properties not yet observed with the limited
number of substrates tested so far, and thus both enzymes
could be required in vivo to repair the full complement of
mt-tRNAs to be edited. It is also possible that the in vivo
editing enzyme contains both DdiTLP3 and DdiTLP4, and
that the activity of the in vivo enzyme is enhanced over that
of each enzyme in isolation, a possibility that could also
explain the relatively low rates observed in vitro. The k.,
for the 5'-repair activity is not enhanced above that
observed with either enzyme alone when purified DdiTLP3
and DdiTLP4 are mixed in the reactions. Nonetheless, the
recently observed tetrameric structure of human Thgl
(Hyde et al. 2010) suggests the possibility of formation of
heteromultimeric complexes in organisms that encode more
than one Thgl/TLP gene, as is the case in D. discoideum.
Finally, the possibility that only one of the enzymes catalyzes
5'-tRNA editing in vivo cannot be ruled out; in this case,
the other enzyme may be required for another biological
function, perhaps related to other tRNA repair activities.
With respect to this possibility, it is interesting to note that
only DdiTLP3 possesses an identifiable targeting signal for
mitochondrial localization (Fig. 1). Although a nonstandard
targeting signal in DdiTLP4 may yet be identified, or
interactions with other proteins may bring DdiTLP4 into
the mitochondria, the possibility of a cytosolic function for
DdiTLP4 (e.g., in the repair of 5'-truncated cytosolic
tRNAs) remains intriguing.

Of the four TLPs investigated in this work, DdiTLP2
remains the only enzyme so far not associated with any of
the typical biochemical activities of Thgl/TLP family en-
zymes. As the gene was cloned from a D. discoideum cDNA
library, the mRNA is expressed, although DdiTLP2 protein
expression in vivo has not been tested. Possibilities for this
protein include noncatalytic roles in G_; addition and/or
5'-editing activities, perhaps by association with other TLPs,
or the possibility that DAiTLP2 exhibits activity with other
as-yet-unidentified substrates. In vitro mixing experiments
again revealed no stimulation of G_; addition or 5'-editing
activities by inclusion of purified DdiTLP2 in the assays
(data not shown). Nonetheless, DAiTLP2 does not lack any
of the highly conserved residues that function in 3'-5’
nucleotide addition, including critically important metal-
binding residues (Jackman and Phizicky 2008; Hyde et al.
2010), an absence of which could readily explain the lack of
in vitro activities observed in these assays (Fig. 1). The
strongly predicted mitochondrial localization of DdiTLP2
suggests a likely function for the protein in the organelle,
but further studies regarding this function will be necessary
to elucidate the role of DAiTLP2 in D. discoideum.

Although this investigation establishes the foundation
for the detailed biochemical analysis of 5 -tRNA editing
and suggests that at least some of the protein components
of the in vivo editing enzyme have been identified, many
questions remain about the complete form of the editing
holoenzyme, including identification of the postulated

nuclease needed to remove the initial 5’-mismatched
nucleotides from the transcript. Further investigations of
the functions of the multiple Thgl/TLP family enzymes in
protists will likely yield important insights into the evolu-
tion and mechanism of 3'-5' nucleotide addition reactions
in biology.

MATERIALS AND METHODS

Cloning and purification of DdiTLPs

The four Ddi TLP sequences were identified by BLAST search and
amplified by PCR from purified DNA recovered from a D.
discoideum cDNA library. For ligation-independent cloning
(LIC) into a pET vector, appropriate sequences for expression
with an N-terminal Hiss tag (AVA421) were introduced with the
PCR primers. The gel-purified PCR products for each DdiTLP
were inserted into AVA421 vector using LIC with T4 DNA
polymerase (Invitrogen) according to the manufacturer’s instruc-
tions; clones were verified by sequencing. Plasmids encoding the
four TLPs were transformed into E. coli strain (Rosetta pLysS) for
expression. Cultures were grown in LB media with 100 pg/mL
ampicillin at 37°C and induced with isopropyl-B-thiogalactose
(1 mM final concentration) upon reaching ODgyy = 0.4. After
incubation for 4-5 h at 37°C, cells were harvested by centrifuga-
tion and lysed by French press, followed by centrifugation to
obtain a cell-free crude extract. Purification was performed using
immobilized metal-ion affinity chromatography with TALON
resin (Clontech), as previously described (Abad et al. 2010).
Following dialysis into buffer containing 50% glycerol, concen-
trations of the purified proteins (stored at —20°C) were de-
termined by BioRad protein assay. Each of the purified TLPs was
estimated to be >90% pure by SDS-PAGE, as judged by intensity
of the Coomassie-stained protein bands (Fig. 2A).

Cloning and preparation of D. discoideum
mt-tRNA constructs

Plasmids for in vitro transcription of mt-tRNAs (mt-tRNA™,y
and mt-tRNA™Y ;) were constructed using pairs of overlapping
oligonucleotides (50 nucleotides each) and successive rounds of
fill-in polymerization to yield DNA fragments with the final
sequence: [T7 RNA polymerase promoter]—[hammerhead ribo-
zyme]—[tRNA], as described in Morl et al. (2005). A final round of
PCR was performed to introduce a BstNI restriction site for run-off
transcription, and BamHI/Pstl restriction sites for cloning by
ligation into a digested pUC19 vector. Final constructs were verified
by sequencing. tRNAs were produced from the BstNI-digested
plasmid by in vitro transcription using T7 RNA polymerase under
standard conditions, except that an additional cycling step (60°C X
3 min followed by 25°C X 3 min, repeated 10 times) was added
following the initial 1 h transcription reaction at 37°C. The cycling
step ensures maximal formation of ribozyme-cleaved tRNA initi-
ating at the desired position. The gel-purified 5'-hydroxylated
tRNA that results from transcription/hammerhead cleavage was
subsequently 5’-monophosphorylated using T4 polynucleotide
kinase and either unlabeled or [y->*P]-labeled ATP, according to
standard protocols. Unreacted ATP was removed by spin column
chromatography using BioGel P6 columns (BioRad).
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3’-5’ Nucleotide addition assay

Phosphatase protection assays were performed using 5'-P-
labeled tRNA substrates, as previously described (Jackman and
Phizicky 2006a). Reactions were initiated by the addition of
fivefold serial dilutions of purified enzyme. Concentration ranges
spanned for each enzyme varied depending on the concentration
of each purified protein preparation and were: DdiTLP1, 6-0.01
pM; DdiTLP2, 100-0.2 wM; DdAiTLP3, 3-0.005 uM; and
DdiTLP4, 34-0.05 wM. Reactions were allowed to proceed for
2 h at room temperature, stopped by the addition of nuclease
(either RNase A or RNase T1, as indicated for each substrate) and
subsequently treated with phosphatase. The resulting reaction
mixtures were resolved by silica TLC in a 55:35:10 (v:vv,
1-propanol:NH,OH:H,0) solvent system. Plates were dried and
visualized using a Typhoon Trio imager. For product identifica-
tion experiments, labeled products were eluted from silica TLC
plates with water, dried, and resuspended in ddH,O for further
digestion. Nuclease digestion reactions were performed in 20 mM
sodium acetate, pH 5.2; nuclease P1 digestion reactions also
contained 200 uM ZnCl,, whereas RNase A, T2 and T1 digestions
additionally contained 100 wM EDTA. Steady-state kinetic pa-
rameters for addition to monophosphorylated tRNAs were de-
termined by measurement of initial rates for TLP-catalyzed G,
addition at varied tRNA substrate concentrations (0.1-10 pM
tRNA" and 0.05-2 pM tRNA™") using the above-mentioned
assay, also as previously described (Jackman and Phizicky 2006a).
For C,,/G,,; addition to mt-tRNA™", reactions were first treated
with phosphatase (0.5 U/10 pL reaction) and subsequently
purified by phenol extraction and ethanol precipitation. The
labeled products were then subjected to digestion with various
nucleases, under the same conditions described above.

Yeast complementation assay

The DAiTLP genes were cloned to a shuttle plasmid containing
a galactose-inducible promoter [CEN LEU2 Pgar-TLPx]. Four
DdiTLP gene inserts, TLP1, TLP2-mito (lacking the predicted
mitochondrial-targeting sequence), TLP3-M107 (lacking the pre-
dicted mitochondrial-targeting sequence and Q/N-rich domain,
and starting from M107) and TLP4, were generated by PCR using
pairs of primers that introduce BamHI or Pst restriction sites for
cloning. BamH]I/PstI-digested PCR products and vector (treated
with calf intestinal phosphatase, CIP) were ligated using T4 DNA
ligase (USB, Affymetrix, Inc.) according to the manufacturer’s pro-
tocol. Each construct was verified by DNA sequencing. Five plas-
mids (the four TLP constructs and the empty vector) were trans-
formed to a yeast thglA strain containing a yeast THGI gene on
a URA3 plasmid [CEN URA3 Pypyg;-THGI], which is needed to
maintain viability. Positive (Leu") transformants were selected at
30°C on synthetic dextrose (SD) media, and tested by replica
plating at 30°C to synthetic galactose (SGal) media containing
5-fluoroorotic acid, to induce expression of the DdiTLPs and select
against the URA3 plasmid-containing wild-type yeast THGI.
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