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ABSTRACT

tRNA™S guanylyltransferase (Thg1) has unique reverse (3-5') polymerase activity occurring in all three
domains of life. Most eukaryotic Thgl homologs are essential genes involved in tRNA"® maturation.
These enzymes normally catalyze a single 5" guanylation of tRNA™ lacking the essential G™' identity
element required for aminoacylation. Recent studies suggest that archaeal type Thg1, which includes
most archaeal and bacterial Thg1 enzymes is phylogenetically distant from eukaryotic Thg1. Thg1 is
evolutionarily related to canonical 5’-3’ forward polymerases but catalyzes reverse 3'-5'polymerization.
Similar to its forward polymerase counterparts, Thg1 encodes the conserved catalytic palm domain
and fingers domain. Here we investigate the minimal requirements for reverse polymerization. We
show that the naturally occurring minimal Thg1 enzyme from Ignicoccus hospitalis (IhThg1), which
lacks parts of the conserved fingers domain, is catalytically active. And adds all four natural
nucleotides to RNA substrates, we further show that the entire fingers domain of Methanosarcina
acetivorans Thg1 and Pyrobaculum aerophilum Thg1 (PaThg1) is dispensable for enzymatic activity. In
addition, we identified residues in yeast Thg1 that play a part in preventing extended polymerization.
Mutation of these residues with alanine resulted in extended reverse polymerization. PaThgl was
found to catalyze extended, template dependent tRNA repair, adding up to 13 nucleotides to a
truncated tRNA™® substrate. Sequencing results suggest that PaThg1 fully restored the near correct
sequence of the D- and acceptor stem, but also produced incompletely and incorrectly repaired tRNA
products. This research forms the basis for future engineering efforts towards a high fidelity, template
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dependent reverse polymerase.

Introduction

DNA and RNA replication, transcription, and reverse tran-
scription have long been understood as unidirectional nucleo-
tide polymerization processes, exclusively proceeding with the
addition of nucleotides in the 5-3" direction. Despite the
advantages of 3°-5" elongation in general cellular processes such
as DNA replication and telomere formation, reverse (3’-5)
polymerization is almost non-existent in nature. The only
known example is the tRNA editing enzyme tRNA™* guanylyl-
transferase (Thgl). Thgl is evolutionarily related to canonical
polymerases.* All Thgl homologs encode the conserved cata-
lytic palm domain,*” which they use to catalyze a single nucle-
otide addition to the 5’ end of tRNA™. Some Thgl enzymes
are capable of catalyzing extended and template dependent
nucleotide addition and are, thus, bona fide reverse nucleotide
polymerases.">%®

In eukaryotes, Thgl is an essential enzyme in tRNA matura-
tion.” Thgl adds a single guanine residue (G™") to the 5'-end of
premature tRNA™® . G is the critical identity element that
histidyl-tRNA synthetase (HisRS) uses to recognize its cognate
tRNA, enabling HisRS to differentiate tRNA™* from the pool

of other cellular tRNAs."" Although bacteria and most archaea
retain a genome encoded G~ in the tRNA™™ gene, thgl is pres-
ent in many of their genomes, and Thgl enzymes from diverse
species are indeed catalytically active."”® Bacterial and archaeal
(archaeal-type) Thgl are biochemically and phylogenetically
distinct from their eukaryotic (eukaryotic-type) counter-
parts.">'?'7 Major differences between the two are found in
RNA-template preference, ATP dependence and the capability
to promote extended reverse nucleotide polymeriza-
tion."*”1#141 While the eukaryote-type Thgl exclusively adds
G~ to the 5'-end of tRNA™ in a non-templated fashion'®'®'",
archaeal-type Thgl exhibits extended reverse polymerase activ-
ity with template-dependent nucleotide addition. Eukaryotic
Thgl homologs generally require ATP to perform an initial
activation step of the tRNA prior to GTP addition, whereas
archaeal-type Thgl enzymes can utilize ATP or GTP to activate
tRNAMS lacking a G~ residue (tRNAMSAG™") prior to the
guanylation reaction.>>'®*

A current theory is that the extended reverse polymerization
activity of archaeal-type Thgl may be related to a role for Thgl
in tRNA repair and editing. Detailed biochemical experiments
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have established that archaeal-type Thgl adds nucleotides to
the 5’ end of immature or incorrectly processed tRNA.">712"1¢
Taken together these studies show that Thgl can uniquely per-
form 3’-5" nucleotide addition and elongation, and that nucleo-
tide polymerization in nature can proceed both in forward and
reverse directions.

The mechanism of reverse polymerization was revealed in
complex structures of Thgl bound to tRNA.*” The co-crystal
structures of Thgl in complex with its substrate tRNA and
ATP or GTP showed surprising structural similarity to forward
DNA and RNA polymerases despite no obvious conservation
of the amino acid sequence between Thgl and other canonical
polymerases.*” Like its forward polymerase relatives, each
Thgl subunit folds into a hand-shape containing a catalytic
palm domain, and substrate binding finger/thumb domains
(Fig. 1A). In both Thgl-tRNA and T7-DNA complexes, the
direction of substrate approach to the catalytic core is related to
the direction of polymerization.”” tRNA substrates enter
Thgl’s active site from the opposite side that DNA and RNA
enter other canonical 5'-3' polymerases. Furthermore, the finger
and thumb domains of Thgl are on the opposite sides of the
catalytic core compared to canonical polymerases.® Structural,
biochemical, and phylogenetic data indicate that reverse poly-
merization appeared early in evolution."® While much progress
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Figure 1. /. hospitalis Thg1 lacks multiple domains compared to eukaryotic Thg1. (A)
Crystal structure of tetrameric CaThg1 with two tRNA substrates (pdb 3wc1)®. Amino
acids absent or not aligned in IhThg1 are colored in purple. (B) Multiple Sequence
alignment using CLUSTAL multiple sequence alignment by MUSCLE (3.8)*. Sections
absent or not well aligned in IhThg1 are boxed. Amino acids subjected to muta-
tional analysis are marked with a star, catalytic residues are boxed in red.
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has been made in the characterization of archaeal and eukary-
otic-type Thgl homologs, little is known about the sequence
motifs or key residues required to facilitate reverse polymeriza-
tion and substrate selection.

In this study, we identified a naturally occurring minimal
Thgl enzyme from Ignicoccus hospitalis. We also identified key
Thgl mutants capable of extended reverse polymerization.
Finally, we found that Pyrobaculum aerophilum Thgl (PaThgl)
catalyzes high fidelity tRNA repair.

Results

Naturally occurring Thg1 homologs vary in amino acid
sequence and length

Despite differences in amino acid composition and substrate
specificity, most Thgl homologs are of similar length (Fig. 1B)
and encode a conserved palm and finger domain." An interest-
ing exception is the naturally occurring Thgl enzyme from
Ignicoccus hospitalis (IhThgl), which lacks several sections of
the protein, and aligns poorly with other Thgl sequences
(Figs. 1B, 2A), but was identified in a large Thgl phylogenetic
analysis.'

We produced and purified IhThgl to investigate whether
this minimal Thgl enzyme is catalytically active despite lacking
large sections of the Thgl protein (Fig. 2B). In an in vitro
enzyme activity assay with radiolabelled Escherichia coli
tRNA™AG™!, ThThgl was active at 37 °C but not at 65 °C
(Fig. 2C, D). ThThgl displayed reduced enzyme activity with
yeast tRNA"®AG™", which encodes an A73 discriminator base
compared to E. coli tRNA™AG™ with a C73 discriminator
base (Fig. 2C). In order to examine the nucleotide specificity of
IhThgl, we incubated the recombinant enzyme with radiola-
belled E. coli tRNA™AG™" and the individual nucleotides GTP,
ATP, CTP and UTP (Fig. 2D). IhThgl added all four nucleoti-
des to E. coli tRNA™AG™" in vitro at comparable efficiency.
Previous studies have shown that eukaryotic Thgl enzymes
require ATP for substrate activation, whereas archaeal-type
Thgl enzymes are ATP independent."*'*** To test for ATP
dependence, we incubated ThThgl with tRNA™AG™' and
[@->*P]-GTP in the presence and absence of 100 uM ATP.
Radioactive product formation was observed in the presence or
absence of ATP (Fig. 2E), suggesting that IhThgl does not
require ATP-dependent activation, but can utilize GTP, as
observed for other archaeal-type Thgl enzymes.>"

Minimal protein requirements for reverse polymerization

The co-crystal structure of Thgl with its substrate tRNA
revealed that the catalytic palm domain can promote forward
or reverse extension of a polynucleotide chain and that substrate
orientation correlates with the direction of polymerization.®
Though the finger domain aids in substrate coordination and
orientation, it is unclear whether it is required for Thgl’s cata-
Iytic activity. To determine whether the finger domain is dis-
pensable for catalytic activity, we created constructs including
only the palm domains from Methanosarcina acetivorans Thgl
(MaPalm, amino acids 1-141) or PaThgl (PaPalm, amino acids
1-150). The domain organization is depicted in Fig. 3A. The
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Figure 2. The naturally shortened /. hospitalis enzyme is enzymatically active. (A) Projection of the IhThg1 domains onto CaThg1 (pdb 3wc1). Sections missing in IhThg1
are depicted in purple. (B) IhThg1 was purified as a GST-fusion protein to apparent homogeneity. (C, D, and E) Autoradiography of IhThg1 reaction products separated on
a 12% denaturing polyacrylamide gel with 8M Urea. For enzyme activity assays, proteins were incubated with 3'-monophosphorylated tRNA"AG ™" transcripts and the
indicated nucleotides. Successful nucleotide addition results in a shift of the radiolabelled transcript or the appearance of a radiolabelled transcript. (C) IhThg1 incubated
with GTP, ATP, and labelled 3'-3?P -tRNA"AG " displays enzyme activity at 37 °C, but not at 65 °C, and exhibited reduced activity with S. cerevisiae tRNA"AG~". (D)
IhThg1 was incubated with labelled E. coli 3-32ptRNAMSAG™" and individual nucleotides GTP, ATP, CTP, and UTP and displayed nucleotidyltransferase activity with all
four nucleotides. (E) InThg1 was incubated with tRNA"AG~" and [«->2P]-GTP in the absence and presence of ATP. InThg1 enzyme activity is independent of ATP.

purified enzymes were incubated with radiolabelled E. coli P.aerophilum Thg1 repairs truncated tRNA substrates
tRNA"®AG™" and GTP. Both truncated enzymes were catalyti-

cally active, as evidenced by the appearance of a radiolabelled A major limitation in engineering Thgl towards a high fidelity
product band in the polyacrylamide gel. Palm domains alone —reverse polymerase acting on substrates outside of tRNA is the
were active at a similar level compared to the full length ~substrate recognition element, namely the anticodon of
MaThgl, adding a single nucleotide to tRNA™AG™" in the tRNA'S, 1921020 To circumvent the requirement of a tRNA-
absence of the fingers domain in vitro (Fig. 3B). like structure with a GUG-anticodon, we sought to employ a

32P_{RNAHS
S2P_tRNAHSAG-

Figure 3. The palm domain of Thg1 is sufficient for nucleotidyltransferase activity. (A) The palm domain (red) and finger domains (blue) of CaThg1. The palm domain con-
tains the catalytic nucleotidyltransferase domain, whereas the finger domain is mainly required for substrate positioning. (B) Autoradiography of Thg1 reaction products
separated on a 12% denaturing polyacrylamide gel with 8M Urea. For enzyme activity assays, proteins at a concentration of 0.5 mg/mL were incubated with
p-tRNAAG ™" 3'-32P labelled transcripts and GTP for 30 minutes. Successful nucleotide addition results in a shift of the radiolabelled product. Radiolabelled E. coli
tRNA"SAG™" tRNA was incubated with GTP and Thg1 palm domains from P. aerophilum (PaPalm), M. acetivorans (MaPalm), or full-length IhThg1 or M. acetivorans Thg1
(MaThg1). The palm domain is sufficient for nucleotide addition.



guide/target system, which has been successfully employed with
enzymes that act on tRNAs, particularly RNases. In these cases,
the enzymes display enzymatic activity when provided with a
guide/target RNA hybrid that mimics the general tRNA struc-
ture (Fig. 4A).”"** The guide RNA provides sequence elements
forming the tRNA anticodon, T-loop and half of the D-loop
and acceptor stem, with the latter two being complementary to
the 5’end of the target RNA (Fig. 4A). Since Thgl almost exclu-
sively relies on the anticodon for tRNA™* recognition, sequen-
ces in the guide acceptor stem and D-stem can vary to
accommodate complementary sequences to various target
RNAS.1_3)9’10)20

We designed two different guide RNAs based on E. coli
tRNA™SAG™!, which encode sequences starting from the 3’
half of the D-stem to the 3’>CCA-end of the tRNA (guide 1) and
from the D-loop to the 3’CCA-end (guide 2) (Fig. 4A). The tar-
get RNAs encode sequence elements of the 5 acceptor stem
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towards the 5° D-stem (target-short), and additionally the D-
loop sequence (target-long), or a scrambled sequence in place
of the D-loop (target-random). The guide/target system is visu-
alized in Fig. 4A, with sequence details given in Fig. 4C. To test
whether Thgl can be directed to larger range of RNA substrates
and circumvent the requirement of a tRNA like structure with
the guide/target system, we incubated PaThgl with various
guide/target combinations.

In these assays, radiolabelled GTP and unlabeled GTP, ATP,
UTP and CTP were added to a final concentration of 0.1 mM.
As a control, we assayed Hammerhead ribozyme RNA, which
does form a tRNA like-structure, but instead features a stem-
loop structure. PaThgl adds a single nucleotide to the guide
RNAs and, interestingly, also to the hammerhead ribozyme
RNAs in the presence or absence of target RNAs. We found no
evidence for nucleotide addition to the target RNAs in any of
our experiments (Fig. 4B), suggesting that the guide/target
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Figure 4. P. aerophilum Thg1 (PaThg1) exhibits tRNA repair activity. (A) In a split tRNA assay, E. coli tRNA"AG ™"

is divided into a guide RNA, spanning from the D-loop to

the CCA-end and a target RNA consisting of the second half or the D-stem and the acceptor stem. Split sites for guide 1 (target-short) and guide 2 (target-long) RNAs are
depicted. (B) For enzyme activity assays, PaThg1 was incubated as indicated with guide, target or non-substrate (Hammerhead (HH) ribozyme) RNA and [o-*2P]-GTP. Suc-
cessful nucleotide addition results in a radiolabelled product as visualized by denaturing gel electrophoresis and subsequent phosphorimaging. No radiolabelled products
for target RNAs were observed. Guide RNA without target RNAs are potent substrates for PaThg1, and yield two products for guide RNAs (boxed). (C) Alignment of full-
length E. coli tRNA"SAG™", guide 1 and 2 RNAs, target-long, target-short and target-random. (D) Alignment of full-length E. coli tRNA"AG™", guide 1 and sequences of
repaired guide 1 RNA. The reaction product of guide-1 RNA, GTP, ATP, CTP, UTP and [«-*2P]-GTP with PaThg1 was extracted from a denaturing polyacrylamide gel, circu-

larized, amplified with primers bmdmg to the anticodon loop, and ligated into Topo-TA for sequencing. Added bases are boxed and aligned to E. coli tRNA"AG ™

indicated bases matching E. coli tRNA™®,

. Dashes
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system is not applicable for redirecting Thgl activity. It is inter-
esting to note that the hammerhead ribozyme stem-loop struc-
ture is a sufficient substrate for guanylation, while the relatively
short target sequences are insufficient to be recognized as a sub-
strate on their own (Fig. 4).

In addition to a reaction product stemming from likely a
single guanylation addition, a second extended product forma-
tion was observed for all guide RNAs, but not the hammerhead
ribozyme RNA in the presence or absence of the target RNAs.
To analyze the nature of the extended reaction product, we car-
ried out a large-scale reaction with guide 1 substrate, all four
nucleotides and [a->*P]-GTP. We excised the extended reaction
product from the gel, circularized and reverse transcribed the
RNA products, which were subsequently sequenced. Represen-
tative sequencing results were aligned to the wild type E. coli
tRNA™* sequence (Fig. 4D). In this Fig., dashed lines represent
nucleotides that are identical to the sequence of E. coli
tRNA™AG™" and alterations are denoted according to the
sequencing results. Of the 25 sequenced reaction products, 12
of the retrieved sequences aligned to the guide RNA with no
additional nucleotides. Eight sequences encoded an additional
C, which represents a single nucleotide repair. The remaining 5
sequences are extended reaction products, with various lengths
and accuracy of near perfect repair. At least one sequence
(denoted with a star, Fig. 4D) would be a suitable substrate for
HisRS, indicating a repair efficiency of at least 4%, even though
the low sample number and assay conditions may not be repre-
sentative of events occurring in the cell.

Thg1 sequence determinants for extended reverse
polymerization

While most Thgl homologs function in vivo to specifically add
one guanylate nucleotide to pre-tRNA™", some enzymes dis-
play additional template dependent reverse polymerization
activity and add several nucleotides to a truncated tRNA 5’-
end.'® These homologs all belong to the archaeal-type Thgl
subgroup, which differs in substrate and cofactor requirements
from their eukaryotic counterparts."** Not all archaeal-type
Thgl enzymes display this ability.">'>'” A recent study sug-
gested that the final step of guanylation, the 5° pyrophosphate
removal of the added nucleotide, prevents extended polymeri-
zation in yeast Thgl."® Based on this data from the yeast Thgl,
we used the related Candida albicans Thgl (CaThgl) to iden-
tify residues involved in extended reverse polymerization. We
thus identified and mutated amino acid residues in the vicinity
of the active site that we hypothesized may be involved in cata-
lyzing pyrophosphate removal (Fig. 1A) and that were not
mutated in previous studies.>'**

We produced and purified recombinant CaThgl mutants
K10A, K31A, G32A, Y78A, R92A, E178A and T184A (Fig. 5A).
All of the mutants were enzymatically active and added nucleo-
tides to a yeast tRNA substrate. Mutants K31A, R92A, G324,
and E178A produced a product between 70-80 nts, indicating
single nucleotide addition (Fig. 5B). The R92A mutant was
notably more active than any other mutant or the wildtype
enzyme. Mutants Y78A, T184A, E178A and K10A produced a
product stemming from an extended polymerization reaction
that does not appear as a reaction product of wildtype CaThgl,
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Figure 5. C. albicans Thg1 (CaThg1) mutants are capable of extended reverse poly-
merization. (A) SDS Page of CaThg1 mutants purified via His-tag chromatography.
(B) Enzyme activity assay of CaThg1 mutants. Wildtype CaThg1 and mutants were
incubated as indicated with S. cerevisiae tRNA"AG™" and [a->2P]-GTP. Successful
nucleotide addition results in a radiolabelled product as visualized by denaturing
gel electrophoresis and subsequent phosphorimaging. Mutants Y78A, T184A,
E178A and K10A exhibited extended reverse polymerization activity.

or mutants K31A, R92A or G32A. These amino acid residues
are not conserved between species, and likely play a general
role in nucleotide and RNA positioning. Pyrophosphate
removal has been noted as an inefficient process,'® and altera-
tions in nucleotide and substrate positioning may already be
sufficient to further lower the elimination process and allow for
an extended polymerization.

Discussion

I. hospitalis Thg1 is active despite lacking conserved RNA
recognition motifs

In most archaea and bacteria, RNase P displays an altered
cleavage pattern specific to tRNA™ and leaves the genome
encoded G~' residue intact."*** The hyperthermophilic
archaeon I. hospitalis encodes the G~ residue of tRNA™ in its
genome,™* so it is possible that RNase P retains the genome
encoded HisRS identity element upon 5’-end tRNA processing.
I. hospitalis encodes a minimized Thgl homolog, yet potentially
does not require Thgl activity to maintain tRNA™* identity.**
The full length ThThgl (162 aa, 18 KDA) is roughly 40% shorter
than CaThgl (268 aa, 32.5 kDa, 30.6% identity in 85 residues
overlap) and 25% shorter than PaThgl (212 aa, 24 kDa, 35%
identity in 169 residues overlap). Though small in size, most of
the palm domain, including the catalytic carboxylates (Fig. 1B,
red boxes), is conserved in the minimal ThThgl homolog.
Despite its small size, we here show that IhThgl1 is enzymati-
cally active, and efficiently guanylates a tRNA™SAG™" sub-
strate. Although I. hospitalis is a hyperthermophile, ThThgl
was not active at 65°C. It is possible that specific chaperones
found only in I hospitalis are required for proper folding of
IhThgl.”® Similar to its archaeal homologs MaThgl and
PaThgl, ThThgl is ATP independent and prefers an E. coli
tRNA substrate with a C73 discriminator base over S. cerevisiae
tRNA™® with a A73 discriminator base (Fig. 2).13:715:20



Interestingly, ThThgl added all four nucleotides to E. coli
tRNA™*AG ™", indicating that the nucleotide addition does not
depend on Watson-Crick base-pairing with the discriminator
base (C73) (Fig. 2D). The relaxed nucleotide specificity suggests
that ThThgl assumes a broader function than tRNA™ guanyla-
tion in vivo. Even though it remains to be determined which
nucleotide is the preferred substrate in the cell, an elegant series
of studies of several Dictyostelium discoideum Thgl homologs
has shown that Thgl-like enzymes can assume roles in tRNA
repair and polymerization activities beyond tRNA™AG ™" gua-
nylation,'>'*'?® and this may be the case for ThThgl as well.

It is evident from the CaThgl crystal structure in complex
with tRNA that amino acids K10, N202, and K209 read the
base G36 of the tRNA, which is the third anticodon base.®
ThThgl lacks several motifs required for anticodon recognition
(Fig. 6A), including the amino acids required for G36 coordina-
tion. IThThgl is thus likely unable to discriminate the GUG anti-
codon from GUN, which would allow guanylation of additional
tRNAs, including tRNA™ 56, tRNA™ Gy A, tRNAY Gy, and
tRNA*P; . Because the addition of G™! is sufficient to con-
vert any tRNA into a substrate for HisRS,” this Thgl activity
may lead to mistranslation. A tRNA™" containing the G~ resi-
due will be converted to His-tRNA™", and can lead to mis-
translation by incorporating His at designated Tyr codons
throughout the proteome. Indeed, not only is there precedent
for this type of mistranslation, but it can even have a selective
advantage. A recent study showed that the closely related
hyperthermophile archaeon Aeropyrum pernix adapts to low
temperatures by inducing mistranslation by temperature-
dependent mis-charging of tRNA"" with methionine.”®

Taking into consideration that Thgl is likely not required to
maintain tRNA™ identity in I. hospitalis, and displays relaxed
nucleotide specificity, IhThgl may assume alternate functions
in L hospitalis related to tRNA repair and potentially adapta-
tion to changes in the environment.

The palm domain of Thg1 is sufficient for catalytic activity

Both DNA and RNA polymerases, as well as nucleotidyltrans-
ferases share the catalytic palm domain."” Considering that
IhThgl lacks major parts of the protein and remains catalyti-
cally active, we investigated whether the fingers domain is
required for catalytic activity. We purified and assayed the
palm domains of P. aerophilum and M. acetivorans Thgl in the
absence of the fingers domain, and found that the truncated

RNA BIOLOGY 619

proteins are catalytically active in vitro. MaThgl was initially
characterized as a split protein that consisted of two protein
halves separated by a UAG stop codon followed by a short, the-
oretically noncoding, DNA sequence.” The predicted split
occurs between the palm and finger domains, but in vivo
MaThgl is expressed as a full-length protein with UAG
decoded as pyrrolysine.” We previously showed that the split
protein halves could be reassembled to form a functional and
enzymatically active Thgl, yet the palm domain of MaThgl
showed no significant activity on its own.” Due to instability of
the protein construct, we were previously unsuccessful in
obtaining active MaThgl palm domain. However, we can now
report significant nucleotidyltransferase activity by the MaThgl
palm domain alone (Fig. 3). This activity was only observable
upon assaying the protein immediately after purification. Fol-
lowing prolonged storage, the MaThgl palm domain degrades
and rapidly loses activity. The data clearly show that the Thgl
palm domain is sufficient for guanylation activity. The full
length Thgl, including the fingers domain, is likely required for
stability and substrate recognition in vivo.

P. aerophilum Thg1 repairs truncated tRNA substrates

Thgl homologs, given their unique catalytic activity, are ideal
targets for engineering novel methods to label RNA molecules.
A major limitation in the application of Thgl to 5 labeling of
RNA molecules is its substrate specificity to tRNA"™. Thgl has
been shown to specifically recognize the tRNA™ anticodon.'
Developing a method that can extend Thgls substrate range to
non-tRNA molecules would make the enzyme useful in RNA
labeling applications. While the 5’end of mRNAs is defined by
the transcription start site, the 3’ end is less unique, and often
indistinguishable between mRNAs due to the presence of the
poly(A) tail. Thgl could be employed to universally label RNA
molecules at the 5" end at a specific pulse. The 5’-end of RNAs
is targetable for sequence specific labeling, as it is unique to the
RNA species, compared to the universal poly(A) tail which
does not allow for sequence specific labeling. Reverse polymer-
ases could specifically and covalently label a specific RNA,
which would be highly useful in diagnostics, but requires a pro-
tein that can be directed towards a variety of sequences, rather
than being restricted to tRNA™®, An engineered Thgl system
that can be directed towards a variety of substrates would thus
be highly useful and add to the current toolbox of RNA and
DNA manipulating enzymes.”> We are currently engineering

Figure 6. Mutational analysis of Thg1 enzymes. (A) I. hospitalis Thg1 lacks homologs to C. albicans (CaThg1) amino acid residues N202, K209 and K210 that read base G36
of the tRNA™ substrate®. (B) P. aerophilum Thg1 mutants K10 and E178 are involved in coordination of the incoming GTP nucleotide®.
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Thgl enzymes to use a guide RNA-based system to target spe-
cific cellular RNAs for 5-end labeling. The guide based tech-
nology has previously found application in gene silencing
therapies, utilizing a tRNA-like structure to direct RNAses
towards a non-tRNA substrate.”"*?

The experiments presented here represent our initial efforts
to adapt Thgl to function with a guide RNA target system.
Strikingly, while we found no evidence that Thgl utilized the
provided guide sequence to guanylate a target RNA, we instead
discovered an unexpected template dependent tRNA repair
activity in the wild type Thgl (Fig. 4). We expected to observe
RNA labeling of the shorter target RNAs (13-22 nucleotides),
and no end labeling of the guide RNAs (55 and 63 nucleotides,
respectively). Much to our surprise, we found no evidence that
the target RNAs were labelled, but instead observed a reaction
product corresponding to a singly labelled guide RNA. Addi-
tionally, we observed an extended reaction product indicating
multiple nucleotide additions to the guide RNA. These reaction
products were found in the presence and absence of the target
RNAs. The sequencing results of the extended reaction product
confirmed that Thgl repairs the guide RNA, adding the missing
nucleotides at the 5" end of the truncated tRNA substrate. With
only a tRNA fragment as substrate, Thgl produces the full
length tRNA in a template dependent fashion. In addition,
Thgl produced nearly correct as well as incomplete and non-
templated products. In many cases, only few nucleotides were
added in a template dependent manner, but we found evidence
that templated RNA polymerization was extended up to the
acceptor stem, adding up to 13 nucleotides in an almost error
free manner. All four nucleotides were provided in the reaction
and were catalytically added to the truncated tRNA substrate
by PaThgl.

Out of 25 sampled sequences, one repaired tRNA is almost
error free and suitable as a HisRS substrate, indicating that
PaThgl is capable of a catalyzing a template dependent tRNA
repair. A similar tRNA repair and editing mechanism has been
found in Thgl homologs from Dictyostelium discoi-
deum'>'*'%% Acanthamoeba castellanii,"* M. acetivorans and
Bacillus thuringiensis."> In these cases tRNA repair was
restricted to a few nucleotide additions, while we report a novel
extended repair function, in which Thg] is able to reverse poly-
merize a 13 nucleotide segment spanning parts of the D-loop
and acceptor stem. These data point to an even more elaborate
repair activity of Thgl-like proteins than previously assumed.
It is interesting to note that we also observed radiolabelled
product in reactions containing the hammerhead ribozyme
RNA as a substrate, in what appears to be a single nucleotide
addition reaction. In contrast to eukaryotic and many bacterial
and archaeal Thgl enzymes," PaThgl appears to be capable of
adding nucleotides to substrates other than tRNA™* and can be
denoted as a low fidelity, template dependent reverse
polymerase.

Engineering extended reverse polymerization

Even though extended reverse polymerization has been shown
for a few Thgl homologs, the eukaryotic Thgl enzymes are
restricted to the addition of a single guanylate residue on
tRNA™®, ' A previous study showed that removal of the

5’pyrophosphate after tRNA™* guanylation is an essential step
in limiting reverse polymerization to a single nucleotide.'"® We
identified new residues involved in this final step of eukaryotic
Thgl activity.

Residues from CaThgl were chosen based on their vicinity
to the active site and tRNA binding regions. Mutation of
CaThgl residues K10, Y78, E178 and T184 lead to an extended
polymerization reaction (Fig. 5B), with E178A exhibiting resid-
ual single guanylation activity. Residue T184 is involved in the
coordination of the G™" residue of the tRNA substrate.® Resi-
dues K10 and E178 are in close proximity to the GTP binding
site. Y78 is likely involved in coordinating the activating ATP
as it is located adjacent to the catalytic carboxylates D76 and
E77 (Fig. 6B). A previous study showed that pyrophosphate
removal in yeast Thgl is slow, and only effective when the gua-
nylate is added in a Watson-Crick independent manner.'® In a
reaction allowing for Watson-Crick base-pairing pyrophos-
phate removal is too inefficient to prevent extended polymeri-
zation. In this study, we employed S. cerevisize tRNA™AG™"
to determine enzymatic activity of the CaThgl wild type and
mutant proteins, which encodes an A73 discriminator base.
Consequently, the first guanylation reaction is a non-Watson-
Crick base pairing reaction, whereas further polymerization
can occur in a templated reaction opposite to the CC nucleoti-
des of the 3’>CCA-end of the tRNA. CaThgl mutants produced
an extended reaction product of ~50-100 nucleotides in our
reactions, which appeared to be an extended, untemplated
polymerization reaction.

Taking into account that pyrophosphate removal is slow,"® a
disturbance of tRNA or nucleotide substrate coordination may
further reduce efficiency of the elimination reaction and allow
for an efficient RNA polymerization. Interestingly, two of the
mutants displaying extended polymerization are mutations of
amino acids in the palm domain (K10, Y78), and two are
located in the fingers domain (E178, T184). None of these resi-
dues are well conserved between Thgl enzymes (Fig. 1B), indi-
cating that they likely play a general role in RNA and
nucleotide positioning.

Based on its proximity to the active site, K10 may play a role
in catalysis. Pyrophosphate removal is thought to occur by
nucleophilic water attacking the phosphodiester bond, releasing
pyrophosphate and yielding a mono-phosphorylated 5-tRNA
end. K10 can potentially provide a base, which could deproto-
nate a nucleophilic water, which in turn attacks the phospho-
diester bond and result in removal of the pyrophosphate.
While the exact mechanism remains to be elucidated, the
mutant Thgl extended polymerization activity may be the
result of an inefficient or ablated pyrophosphate removal activ-
ity."® These mutants also represent prototypes in our on-going
efforts to engineering Thgl into a processive and perhaps high
fidelity reverse polymerase.

Conclusion

We found that the conserved polymerase palm domain in Thgl
is sufficient for nucleotidyltransferase activity, and further that
single point mutations of amino acid residues in either palm or
fingers domain are sufficient to promote extended polymeriza-
tion activity. We identified PaThgl as an enzyme capable of a



template dependent extended tRNA repair activity. Taken
together, these findings clearly show that Thgl activity can be
evolved towards enhanced processivity and a broader substrate
range. Our mutagenesis efforts provide a framework for future
engineering of a versatile reverse polymerase. A reverse poly-
merase has clear biotechnological and biological applications.
These functions include 3’-5’ sequencing, promoter identifica-
tion, and sequence specific and sequence unspecific 5> RNA
labeling. Additional engineering efforts will include extending
the Thgl substrate range to include DNA and modified nucleo-
tides, which will be highly valuable in research and diagnostic
applications.

Materials and methods
Plasmids and protein purification

P. aerophilum (PaThgl), M. acetivorans Thgl (MaThgl) trun-
cated MaThgl (MaPalm and MaFingers) and C. albicans Thgl
(CaThgl) plasmid constructs and purification were described
previously.>>® I hospitalis Thgl (IhThgl) was ordered as a
codon optimized gene (Genewiz) for expression in Escherichia
coli and cloned into pGEX-6P-2, which was modified to include
a —terminal His-tag using Xhol and EcoRI restriction sites. A
His-tag was added by PCR between GST and IhThgl, and the
construct was transformed into E. coli BL21 Codon Plus cells.
Protein production was induced at ODggo = 0.6 and cells were
grown at 16 °C for 18 hours. Cells were harvested, and broken
by sonication. Since most of the produced protein was found to
be insoluble, protein was extracted from the insoluble fraction.
The cell pellet from 2 L cells was suspended in 10 mL Thgl
buffer*® containing 7M hydroxyurea. The solution was incu-
bated for 1 hour, centrifuged, and the protein extract loaded
onto a Ni-NTA column. The column was washed with 5 col-
umn volumes of Thgl buffer with 7M urea. Proteins were
eluted with Thgl buffer containing 7M hydroxyurea and
250 mM imidazole. Elution fractions were pooled and dialyzed
twice against 100x volume Thgl buffer without urea to allow
protein refolding. Mutants of CaThgl were generated using
Quickchange Site directed mutagenesis kit (Stratagene). Trun-
cated PaThgl PaPalm (amino acids 1 to 150) was cloned into
pet20b using Xhol and EcoRI restriction sites. Purification of
truncated constructs was carried out as described for other
Thgl enzymes>° and proteins were assayed the same day to
prevent degradation.

tRNA in vitro transcription

tRNA constructs and in vitro transcription of P. aerophilum, S.
cerevisiae and E. coli tRNAHiSAG™' were described previ-
ously.>° Sequences for guide RNA expression were cloned
into pucl9 as a T7 runoff construct. E. coli tRNA™* sequence
was used as a base to design guide and target sequences. Guide
RNAs sequences are EcHisTguidel (63 nt) 5-AGTTGGTA-
GAGCCCTGGATTGTGATTCCAGTTGtCGTGGGTTC-

GAATCCCATTAGCCACCCCA-3’ and EcHisTguide2 (55 nt)
5-GAGCCCTGGATTGTGATTCCAGTTGtCGTGGGTTC-
GAATCCCATTAGCCACCCCA-3’. Target sequences were
ordered as 5’-monophosphorylated RNAs from Sigma Aldrich.
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Target-long, 5-GTGGCTATAGCTCAGTTGGTA-3’; Target-
short, 5-GTGGCTATAGCTC-3’; Target-random, 5’-
GTGGCTATAGCTCTGCATCG-3’. In vitro transcribed RNAs
were gel purified and refolded by heating and adding MgCl, to
a final concentration of 5 mM.

Enzyme activity assays

Thgl activity assays were carried out as described previ-
ously.>”° Briefly, Thgl enzymes were incubated with tRNA™*
substrates lacking the G™' residue, and [@->*P]-GTP. In some
cases, the tRNA was 3’-end labelled using CCA-adding enzyme
and [y-**P]-ATP, as described previously.

Circularization/quide Target system

PaThgl was incubated with the RNA substrates Guide 1, GTP,
ATP, CTP, UTP, and [«->*P]-GTP for 1 hour. Reactions were
separated by polyacrylaminde gel electrophoresis and the
extended product was eluted from the RNA gel as carried out
for in vitro transcribed RNAs.>*® RNAs were circularized with
T4 RNA Ligase (New England Biolabs, Cat No M0204S), and
the 5°-3’ ligation was reverse transcribed and amplified with
primers binding to the tRNA anticodon 5-TGTGATTC-
CAGTTGTCGTGGGTTCGAATCCC-3’ and 5-TCACAATC-
CAGGGCTCTACCAACTGAGC-3". The resulting product
was ligated into pCR2.1®°-TOPO® TA (ThermoFisher Cat No
451641) for sequencing.
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