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ABSTRACT

The tRNAHis guanylyltransferase (Thg1) was originally discovered in Saccharomyces cerevisiaewhere it catalyzes 3′′′′′–5′′′′′ ad-
dition of a single nontemplated guanosine (G−1) to the 5′′′′′ end of tRNAHis. In addition to this activity, S. cerevisiae Thg1
(SceThg1) also catalyzes 3′′′′′–5′′′′′ polymerization of Watson–Crick (WC) base pairs, utilizing nucleotides in the 3′′′′′-end of a
tRNA as the template for addition. Subsequent investigation revealed an entire class of enzymes related to Thg1, called
Thg1-like proteins (TLPs). TLPs are found in all three domains of life and preferentially catalyze 3′′′′′–5′′′′′ polymerase activity,
utilizing this unusual activity to repair tRNA, among other functions. Although both Thg1 and TLPs utilize the same chem-
ical mechanism, the molecular basis for differences between WC-dependent (catalyzed by Thg1 and TLPs) and non-WC-
dependent (catalyzed exclusively by Thg1) reactions has not been fully elucidated. Here we investigate the mechanism
of base-pair recognition by 3′′′′′–5′′′′′ polymerases using transient kinetic assays, and identify Thg1-specific residues that
play a role in base-pair discrimination. We reveal that, regardless of the identity of the opposing nucleotide in the RNA
“template,” addition of a non-WCG−1 residue is driven by a unique kinetic preference for GTP. However, a secondary pref-
erence for forming WC base pairs is evident for all possible templating residues. Similar to canonical 5′′′′′–3′′′′′ polymerases,
nucleotide addition by SceThg1 is driven by the maximal rate rather than by NTP substrate affinity. Together, these
data provide new insights into the mechanism of base-pair recognition by 3′′′′′–5′′′′′ polymerases.
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INTRODUCTION

DNA and RNA polymerases maintain the integrity of trans-
mission and expression of genetic information in all do-
mains of life. Canonical polymerases catalyze addition of
nucleotides in the 5′–3′ direction using a two-metal ion cat-
alytic mechanism (Joyce and Steitz 1995; Steitz 1998,
1999). This conserved reaction involves nucleophilic attack
of the 3′-OH from a growing polynucleotide chain on the
α-phosphate of an incoming nucleoside triphosphate
(NTP), resulting in phosphodiester bond formation and py-
rophosphate release (Fig. 1A). Similar chemistry could be
used to polymerize nucleotides in the 3′–5′ direction with
the same functional groups. For this reaction, the 3′-OH
of an incoming NTP would attack the 5′ triphosphorylated
end of the growing polynucleotide chain to create the
same phosphodiester linkage as for 5′–3′ addition (Fig.
1A). Enzymes of the tRNAHis guanylyltransferase (Thg1)/
Thg1-like protein (TLP) superfamily are so far the only

known enzymes that utilize this 3′–5′ RNA polymerase
chemistry (Gu et al. 2003; Jackman et al. 2012; Chen
et al. 2019).
In eukaryotes, as initially demonstrated in Saccharomy-

ces cerevisiae, Thg1 utilizes the 3′–5′ nucleotide addition
reaction to catalyze the essential addition of a single gua-
nosine (G−1) nucleotide to the 5′-end of tRNAHis (Fig. 1B;
Gu et al. 2003, 2005). The G−1 addition reaction catalyzed
by SceThg1 plays a critical role inmaintaining the fidelity of
protein synthesis because G−1 is required for recognition
of tRNAHis by histidyl-tRNA synthetase (HisRS) (Rudinger
et al. 1994, 1997; Nameki et al. 1995; Rosen et al. 2006).
SceThg1 incorporates GTP opposite a universally con-
served A73 nucleotide to form a non-WC G−1:A73 base
pair (Fig. 1B). Therefore, it was surprising when in vitro
studies revealed the ability of SceThg1 to catalyze an alter-
native activity that could utilize the 3′-end of an
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engineered tRNA as the template for 3′–5′ polymerization
of multiple WC base pairs (Jackman and Phizicky 2006b).
Subsequent studies suggested that, in fact, the 3′–5′ poly-
merase activity is the ancestral activity of this enzyme fam-
ily, and that the non-WC dependent G−1 addition reaction
observed in yeast and other eukaryotes was likely acquired
as a specialized trait during evolution of the eukaryotic en-
zymes (Abad et al. 2010; Rao et al. 2011; Long et al. 2016;
Chen et al. 2019).

The ability to efficiently incorporate two distinct kinds of
base pairs (WC and non-WC), depending on the identity
of the RNA substrate, remains so far, an exclusive property
of Thg1-type enzymes from eukaryotes (Jackman and
Phizicky 2006b; Abad et al. 2010; Rao et al. 2011;
Nakamura et al. 2018a). Yet questions remain about the
molecular basis for the fidelity of base-pair selection by
Thg1/TLP enzymes. Interest in these questions was further
heightened by multiple crystal structures now available for
members of this enzyme family, all demonstrating sig-
nificant structural similarity between the active sites of
Thg1/TLP 3′–5′ polymerases and canonical WC-depen-
dent 5′–3′ DNA/RNA polymerases (Hyde et al. 2010,
2013; Nakamura et al. 2013; Kimura et al. 2016). Similar ar-
rangement of the two metal ions and NTP binding sites,
combined with the results of alterations to conserved ac-
tive-site residues suggested that both 5′–3′ and 3′–5′ poly-
merases share the same two metal-ion mechanism for
catalysis. Decades of structural and biochemical studies
have probed mechanisms of base-pair selection by multi-

ple members of the canonical 5′–3′ polymerase family
(Kuchta et al. 1988; Johnson and Johnson 2001; Fiala and
Suo 2004; Joyce and Benkovic 2004; Roettger et al.
2004; Brown et al. 2010), but the molecular principles
that drive base-pair selection in the context of 3′–5′ poly-
merases are only beginning to be understood. Several re-
cent investigations of base-pair recognition, including a
kinetic study with C. albicans Thg1 (see below) and bio-
chemical studies with human Thg1 have underscored that
there are biochemically distinct features associated with
WC versus non-WC reactions (Nakamura et al. 2018b;
Matlock et al. 2019).

Here we describe a comprehensive kinetic investigation
into the mechanism of base-pair selection by 3′–5′ poly-
merases using full-length tRNAHis substrates, and identifi-
cation of protein residues that play a unique role in the
discrimination between WC and non-WC base pairs by
SceThg1. We show that the ability to add the non-WC
base-paired G−1 is driven largely by a kinetic preference
for GTP nucleotide substrates, and is a bona fide nontem-
plated reaction, occurring with high catalytic efficiency re-
gardless of the identity of the tRNA N73 discriminator
nucleotide. In addition, investigation of variants of highly
conserved residues that are shared by Thg1, but not by
TLP members of the 3′–5′ polymerase family, reveals three
Thg1 residues that when altered impact non-WC GTP ad-
dition, but not WC-dependent 3′–5′ addition, thus indicat-
ing distinct sites for recognition of the two types of base
pairs. Through these studies we provide new insights
into themechanism of catalysis utilized by these unique re-
verse polymerases and suggest a conservedmechanism of
base-pair fidelity as carried out by both 5′–3′ and 3′–5′ po-
lymerase enzymes.

RESULTS

SceThg1 exhibits distinct preferences for GTP versus
WC base-paired NTP additions

Because of the similarities between 5′–3′ and 3′–5′ poly-
merase chemistry (Fig. 1A), we sought to compare the fidel-
ity of base-pair selection using a similar kinetic framework
to that widely used for characterizing fidelity of 5′–3′ poly-
merase enzymes. Specifically, measured rates of NTP in-
corporations with a series of substrates where the identity
of the templating nucleotide base could be varied system-
atically. For its biological G−1 addition activity, SceThg1
uses a three step reaction involving first, 5′-end activation
by ATP to add G−1 to the tRNAHis substrate, which is
5′-monophosphorylated due to the prior action of the
5′-end maturation enzyme Ribonuclease P, and thus
5′-adenylylated tRNAHis is the substrate for nucleotidyl
transfer in vivo (Jahn and Pande 1991; Jackman and Phiz-
icky 2006a; Smith and Jackman 2012). However, we previ-
ously developed single-turnover kinetic assays that enable

B
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FIGURE 1. 3′–5′ polymerase activities catalyzed by Thg1-family en-
zymes. (A) Comparison of the chemistry of nucleotidyl transfer during
5′–3′ versus 3′–5′ polymerase reactions. In each case, a hydroxyl nucle-
ophile attacks a nucleotide 5′-triphosphate, releasing PPi as a leaving
group and resulting in the formation of a phosphodiester bond.
However, the orientation of the hydroxyl and triphosphate functional
groups are reversedbetween the two reactions. Arrows indicate the lo-
cation of the initial nucleophilic attack on each triphosphate. (B)
Schematic of the use of 3′–5′ polymerase chemistry to add G−1 to
wild-type tRNAHis containing the A73 discriminator nucleotide. The re-
action shown is the in vitro reaction that occurs with 5′-triphosphory-
lated tRNAHis transcripts, which were used for kinetic characterization
in this work.
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individual characterization of the three chemical steps (5′-
adenylylation, nucleotidyl transfer, 5′-pyrophosphate re-
moval) that occur during G−1 addition. We used these as-
says to demonstrate that SceThg1 exhibits nucleotidyl
transfer activity with its biological 5′-adenylated tRNAHis

substratewith the same rate as it doeswith 5′-triphosphory-
lated tRNAHis (ppp-tRNA) that can be readily prepared by
in vitro transcription (Smith and Jackman 2012). Important-
ly, ppp-tRNA is also the relevant substrate for multiple nu-
cleotide 3′–5′ polymerase reactions, which use the 5′-ppp
end that results from the previous NTP addition as the sub-
strate for attack by the incoming NTP, as diagrammed in
Figure 1A (Jackman and Phizicky 2006b; Abad et al.
2011, 2014). For all of these reasons, we chose to use
ppp-tRNA substrates for this work (as shown in Fig. 1B),
and measured complete kinetic profiles for the nucleotidyl
transfer step for comparison to the well-characterized 5′–3′

polymerase enzymes.
Another kinetic study of NTP addition by Thg1 was re-

cently reported, using a novel two-piece tRNA system
where a shorter 5′-fragment and 3′-template RNA are an-
nealed, allowing nucleotide addition products to be re-
solved by gel electrophoresis (Nakamura et al. 2018b).
Although there are many important advantages to this
assay, some significant limitations to this system were re-
vealed by a comparison to the complete kinetic character-
ization with full-length tRNA performed here. Our results
are also comparedwith those from the two-piece tRNA sys-
tem (see below) to clearly identify points where the two
types of approaches agree, and where there are differenc-
es that indicate features important for understanding activ-
ity with the physiologically relevant tRNA.
We determined rates of nucleotidyl transfer catalyzed

by SceThg1 under single-turnover conditions (where
[SceThg1]/[tRNA]≥ 5). Reactions were performed with
γ-32P-labeled ∗ppp-tRNA substrates and varied concentra-
tion of each NTP, with product formation measured by the
amount of labeled pyrophosphate (PPi) that is released af-
ter NTP addition to the 5′-end of each tRNA (Fig. 2A).
Reaction progress curves were fit to a single exponential
equation (Equation 1) to generate the observed rate (kobs)
at each concentration of NTP (Fig. 2B), and these kobs de-
termined at each (NTP) were then fit to a hyperbolic equa-
tion (Equation 2) to determine the pseudo-first order
maximal rate constant for NTP addition (kpol) and apparent
dissociation constant (KD) for each base-paired combina-
tion tested in the reactions (Fig. 2C). Using this approach,
kinetic parameters were determined for all 16 possible
NTP:N73 tRNAHis base-pair combinations (Table 1). From
these measured parameters, the kpol/KD value, which cor-
responds to the overall catalytic efficiency of a given reac-
tion and is thus the best parameter to compare reactions
with different substrates, was calculated.
The absolutely conserved nature of the A73 discrimina-

tor nucleotide in eukaryotic tRNAHis raised the possibility

that selection of the GTP substrate might be due to recog-
nition of some specific biochemical feature of the non-WC
G–A base pair itself, particularly since a sheared G–A base
pair is known to be stabilizing at the terminus of RNA du-
plexes (Chen et al. 2006). However, SceThg1 selects
GTP with the highest catalytic efficiency regardless of the
identity of the N73 nucleotide (Fig. 2D red bars, Table 1).
Moreover, the efficiencies of forming any of the three
non-WC GTP:N73 base pairs (G:A, G:G, or G:U) are nearly
identical. These data eliminate an essential role for the
conserved A73 acting as a true “templating” nucleotide
that enables selection of GTP over other possible nucleo-
tides for G−1 addition in eukaryotes. Aside from the obvi-
ous preference for GTP during 3′–5′ addition, a second
trend was readily apparent. Apart from C73-tRNAHis, the
second-most efficiently incorporated NTP for any of the

BA
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FIGURE 2. Single-turnover kinetic analysis of Thg1 3′–5′ addition ac-
tivity with tRNA substrates. (A) Representative time course of Thg1
nucleotidyl transfer activity. 5′-∗ppp-tRNAHis (position of the labeled
phosphate indicated in red) substrates are resolved from the PPi prod-
ucts of nucleotidyl transfer by thin-layer chromatography, as de-
scribed in Materials and Methods. At longer times, some of the PPi
is further hydrolyzed to Pi, and both products are quantified to mea-
sure % product formation as a function of time. (B) Measurement of
single-turnover kobs values for individual time courses was performed
as described in Materials and Methods, with reaction progress curves
fit to Equation 1 to yield kobs for the indicated substrate and [NTP]. In
this representative example, CTP addition to ppp-G73tRNAHis was ob-
served at 5 µM (red), 10 µM (green), 20 µM (blue), 100 µM (orange),
and 500 µM (pink) CTP. (C ) Determination of maximal rate (kpol) and
apparent dissociation constant for NTP (KD) from the plot of kobs at
each [CTP], as shown in B. Data shown are from three independent ex-
periments plotted together and fit to Equation 2. (D) Catalytic efficien-
cy (kpol/KD) measurements for nucleotidyl transfer reactions catalyzed
by SceThg1 with all four N73 tRNAHis templates and each NTP sub-
strate, as indicated. For comparison, the tRNA substrates are present-
ed with the physiological tRNAHis (A73) substrate first, followed by
results with the C73 substrate that enables WC base-pairing with the
physiologically relevant GTP nucleotide. The order shown for the
NTP substrates also starts with GTP for the same reason (and shows
results for the two purine NTPs followed by the two pyrimidines).
Diamond symbols indicate the bar for the NTP that makes a WC
base-pair with each N73 substrate.
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other three N73 template residues was the correct WC
base-pairing NTP (Fig. 2D, bars marked with diamond
symbols, Table 1).

Canonical 5′–3′ polymerase fidelity has been evaluated
quantitatively by comparing kpol/KD values for different
base-pair combinations (Kuchta et al. 1988; Joyce and
Benkovic 2004; Roettger et al. 2004). In the case of
SceThg1, to account for two distinct types of base-pairing
reactions, we defined two separate fidelity parameters.
One of these, the GTP preference (Table 1) corresponds
to the ratio of kpol/KD for GTP incorporation compared to
the kpol/KD for other NTP additions to a given substrate,
with a higher value indicating that a base pair made with
GTP is much more preferred than a base pair made with
the tested NTP. The GTP preference exhibited by
SceThg1 ranged from 5 to 300,000, indicating significant
context dependence for the enzyme’s preference for
GTP over other possible NTP substrates. Not surprisingly,
the strongest preferences for GTP over other possible
NTPs (∼104–105-fold) were observed in the context of
the C73 substrates where the inherent preference for GTP
is also combined with the ability of this nucleotide to
make aWCG−1:C73 base pair (Table 1). The second fidelity
parameter we defined is the WC preference, which is the
ratio of the WC kpol/KD compared to the kpol/KD for other
non-WC base-pair combinations, as has been classically

associated with other polymerases. Here, excluding com-
parisons with reactions involving GTP (and therefore sub-
ject to the inherent GTP preference), the preference of
SceThg1 for forming WC base pairs over other non-WC
combinations is modest, but readily measurable in all cas-
es, varying from ∼10–200-fold (Table 1).

Some similarities were observed between these trends
and those observed in the previous analysis with the
two-piece tRNA system (Nakamura et al. 2018b).
However, there are two key differences that affect the in-
terpretations from these two studies. First, overall rates
measured with the two-piece substrates were substantially
lower by ∼2 orders of magnitude than those measured
here with the full-length tRNA. Thus, activity with most
non-WC base-pairing combinations (ATP or CTP with
A73, ATP, UTP or CTP with C73, ATP or UTP with G73,
and UTP or CTP with U73) could not be detected with the
two-piece tRNA. Therefore, relative preferences for all dif-
ferent base-pair combinations could not be determined as
they were here with the full-length tRNA. Second, kobs for
the two-piece tRNA were measured at a single NTP con-
centration (1 mM), which does not take into account differ-
ences in NTP binding affinity (KD) for each base-pairing
combination (Nakamura et al. 2018b). In several cases,
kobs may not yet have reached its maximal values due to
the fact that 1 mM NTP is not sufficient to have achieved

TABLE 1. Kinetic parameters of NTP incorporation with N73-tRNAHis variants catalyzed by SceThg1

NTP kpol (min−1) KD (µM) kpol/KD (µM−1 min−1) GTP preferencea WC preferenceb

Template A73tRNAHis

GTP 2.84±0.08 23±2 1.2×10−1 1 0.046
ATP 0.032±0.001 70±15 4.6×10−4 260 12

UTP 0.77±0.07 140±50 5.5×10−3 22 1

CTP 0.009±0.001 200±130 4.5×10−5 2700 120

Template C73 tRNAHis

GTP ≥10 ≤1 ≥10 1 1
ATP 0.065±0.005 160±40 4.1×10−4 24,000 24,000

UTP 0.14±0.02 510±160 2.7×10−4 37,000 37,000

CTP 0.10±0.01 3000±500 3.3×10−5 300,000 300,000

Template G73 tRNAHis

GTP 3.56±0.39 22±8 1.6×10−1 1 0.18

ATP 0.16±0.01 46±13 3.5×10−3 47 9

UTP 0.11±0.01 452±170 2.4×10−4 670 120
CTP 1.38±0.07 46±9 3.0×10−2 5 1

Template U73 tRNAHis

GTP 4.88±0.44 12±4 4.1×10−1 1 0.056

ATP 0.46±0.03 20±6 2.3×10−2 17 1

UTP 0.25±0.02 362±72 6.9×10−4 580 33
CTP 0.07±0.008 628±258 1.1×10−4 3600 210

aCalculated as (kpol/KD)GTP/(kpol/KD)NTP for the indicated NTP-tRNA combination.
bCalculated as (kpol/KD)WC/(kpol/KD)non-WC for the indicated NTP-tRNA combination.
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saturation for many combinations of NTP and RNA where
KD values are in the >100 µM range. We emphasize that
a different Thg1 enzyme (C. albicans Thg1) was used in
the two-piece assays. However, faster rates with full-length
tRNA vs. two-piece substrates (by ∼15-fold) were also re-
ported even with this enzyme (Nakamura et al. 2018b),
suggesting that the observed differences cannot be entire-
ly explained by the different sources of enzyme used in
these studies. Thus, although the two-piece tRNA systems
have some significant technical advantages and have been
used for interesting applications (Desai et al. 2018;
Nakamura et al. 2018b), there are also some challenges
for fully assessing the kinetics of 3′–5′ addition that should
be considered, particularly for reactions that occur with
lower efficiency than the G−1 incorporation or WC base-
paired reactions.
For the physiological A73-tRNAHis substrate, a compari-

son of the relative kpol/KD values measured here suggests
that UTP would be the most frequently misincorporated
NTP by SceThg1, occurring ∼4.5% of the time compared
to GTP, followed by ATP 0.4% of the time, and CTP with
an even lower frequency of 0.03% (Table 1). Interestingly,
this pattern matches the observed frequency of nucleotide
incorporations at the −1 position of tRNAHis in vivo in wild-
type S. cerevisiae almost exactly (Dodbele et al. 2019). In
this case, U−1 was detected at 4.1% of all tRNA that contain
a −1 nucleotide (81% of the total tRNAHis pool), with the
amount of A−1 correspondingly lower (1.6%) and the level
of C−1 estimated at <1% based on RNA-seq data. Thus,
the differences observed here under our conditions, where
even low-efficiency rates of forming other non-WC base
pairs could be assessed, appear to be consistent with the
overall biological preferences of SceThg1.

Base-pair selection by SceThg1 is driven by the rate
of nucleotidyl transfer

Because wewere able tomeasure bothmaximal rates (kpol)
and apparent affinity (KD) for each NTP:N73 combination,
we were able to compare how each of these features con-
tribute to base-pair selection by SceThg1. The apparent
affinity of SceThg1 for each NTP substrate (KD) varied sub-
stantially for different base-pair combinations, and also de-
pends on the identity of the template nucleotide in the
substrate RNA (Table 1). Generally, purine NTPs are bound
more tightly than pyrimidines during nucleotidyl transfer
by about two- to 50-fold, with GTP binding most tightly
to all substrates tested, consistent with its generally high
catalytic efficiency (Table 1). Very tight binding of GTP to
C73-RNAwas evident from the inability to achieve subsatu-
rating concentrations of GTP in any assays. We observed
no change in kobs from the maximal value reported in
Table 1, even at concentrations as low as 1 µM GTP.
Therefore, KD is reported as an upper limit for the GTP:
C73 combination, and the affinity for GTP in the context

of its WC base-paired template is greater than any other
NTP by at least 100-fold (Table 1). However, for all non-
WC GTP:template combinations (tRNAs with A73, G73, or
U73), the difference between affinity for GTP vs. ATP was
only two- to threefold. Moreover, patterns of affinity for
other non-WC combinations follow inconsistent trends,
with at least one non-WC combination (ATP:A73) binding
even tighter than the WC base-paired UTP:A73 combina-
tion. Thus, contributions from NTP binding affinity are
not the primary determinant of SceThg1’s base-pair selec-
tion efficiency.
In contrast to the relatively modest differences in KD that

do not strictly correlate with WC base-pair forming poten-
tial, the correct WC base-pairing NTP was always incorpo-
rated with a maximal rate (kpol) that is the next highest after
the kpol for GTP (Table 1). Moreover, kpol values for either
GTP or a WC base-pairing NTP are greater than kpol for
any other non-WC NTP for any substrate tested. Thus,
the higher catalytic efficiencies for incorporating GTP,
and secondarily for WC base-pairing NTPs, are driven
more substantially by the enhanced catalytic rate for these
substrate combinations. Interestingly, GTP in the context
of the G:C WC base pair seems to benefit from both
GTP and WC preference, and thus represents a special
case where both faster rates and higher apparent affinity
appear to drive the overwhelming (>104-fold) preference
of SceThg1 for this nucleotide addition reaction (Table 1).

The Hoogsteen face of GTP plays a role
in base-pair recognition in the context
of full-length tRNAHis

Previously the two-piece tRNA system had been used to
study behavior of C. albicans Thg1 with various GTP ana-
logs, revealing that only nucleotides in the syn conforma-
tion are competent for catalysis, and an extremely
efficient addition of ITP in the context of A73, but not other
template nucleotides (Nakamura et al. 2018b). Given the
kinetic differences observed here when using full-length
substrates, some of these patterns with GTP analogs
were revisited herewith SceThg1 (Fig. 3A). Single-turnover
reactions were performed with 1 mM of the indicated GTP
analog, which is the same NTP concentration tested with
the two-piece substrates. Since complete kinetic profiles
were not obtained for each analog, measured rates are re-
ported as kobs values (Table 2). Three template tRNA were
used to test the physiological non-WC (G−1:A73), WC (G−1:
C73) and non-WC (G−1:G73) addition reactions with each
analog. Interestingly, all three tRNA substrates showed
generally similar patterns of activity with the 7-deaza-
GTP and 8-oxo-GTP incorporations, with addition occur-
ring at much slower rates between 1%–3% of the rate for
GTP incorporation into the same substrate (Table 2; Fig.
3B). This is in contrast to the stark difference in behavior
of these two analogs in the two-piece assay, where the
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7-deaza analog was relatively better tolerated (∼4%–15%
of kobs for GTP), and the 8-oxo analog substantially less
well-tolerated (no detectable activity with any tested sub-
strate). This differencemay also reflect distinct preferences
of the two enzymes used in these assays (SceThg1 vs. C.
albicans Thg1). Interestingly, the identity of the tRNA
N73 template had relatively little effect on activity with ei-
ther of these analogs with changes at N7 or C8 positions.
However, a stronger template-dependence was observed
for the ITP and 2APTP addition reactions, which is similar to
the results observed for the two-piece tRNA for these an-
alogs (Nakamura et al. 2018b). For ITP, rates of addition
to the A73 and C73 tRNA was within two- to fivefold of
the GTP kobs value, while there was a more substantial
(16-fold) effect on incorporation of ITP with the G73-
tRNA. A similar N73-dependent trend was observed with
2APTP. We did not observe a strong stimulation of the
rate of incorporation with ITP and the full-length A73-
tRNA, in contrast to what was observed with the analogous
two-piece substrate, where the rate was ∼300% of that
with a standard GTP. This intriguing substrate-dependent
difference is yet to be explained and will likely require fu-
ture structural characterization to fully rationalize.

Identification of SceThg1 residues that participate in
non-WC (G−1-A73tRNAHis) base-pair recognition

Thg1-type and TLP-typemembers of the Thg1 superfamily
exhibit distinct preferences for WC versus non-WC base-
pair formation. Specifically, while Thg1 enzymes efficiently
form the G−1:A73 tRNAHis base pair as part of their biolog-
ical reaction, TLPs do not perform this non-WC reaction ef-
ficiently (Abad et al. 2010; Rao et al. 2011). Thus, we
hypothesized that a comparison of Thg1 and TLP enzyme
sequences might reveal conserved residues that correlate
with each family member’s biochemical properties, includ-
ing base-pair recognition. Sequence alignments were
used to identify residues that were highly conserved
among Thg1-type enzymes, and which were not con-
served similarly among TLPs. Using this approach, we
identified three positions thatmet these criteria, which cor-
respond to residues N46, Y160 and T185 in SceThg1 (Fig.
4A). Variants were constructed to replace the Thg1-specif-
ic residue in SceThg1 to another residue depending on
features of the local alignment, yielding N46Y, Y160M,
and T185A SceThg1. Although the alignment suggested
smaller replacements for Y160 might recapitulate features
of the TLP, comparison with the structure of BtTLP indicat-
ed a downstreammethionine occupies an analogous posi-
tion (Hyde et al. 2013), leading us to create the Y160M
variant that turned out to be successful in the experiment
described below.

Recently, alterations of several conserved Thg1 residues
in the context of human Thg1 revealed that residues that
affect base-pair recognition exert a stronger kinetic effect
on the first (adenylylation) step of the Thg1 reaction with
tRNAHis than on the second (nucleotidyl transfer) step
(Matlock et al. 2019). Therefore, observed rates were mea-
sured for each purified SceThg1 variant under single-turn-
over conditions using 5′-monophosphorylated tRNAHis (p-
tRNA). Consistent with previous results, the kobs for both
non-WC (G−1:A73) and WC (G−1:C73) reactions catalyzed
by wild-type SceThg1 with p-tRNA differ by only approxi-
mately twofold, with a slight preference for the WC reac-
tion (Table 3; Fig. 4B). The lower kobs values measured
for WT SceThg1 with p-tRNA compared with ppp-tRNA
also agree with previous kinetic measurements, which

BA

FIGURE 3. Single-turnover measurement of nucleotidyl transfer with
GTP analogs and full-length 5′ppp-tRNAHis substrates. (A) Chemical
structures of selected analogs tested in nucleotidyl transfer reactions.
Differences from standard GTP nucleotides are highlighted with red
circles on each diagram; R indicates ribose 5′-triphosphate. (B)
Single-turnover rate (kobs) of nucleotidyl transfer was measured using
the 5′-∗ppp-tRNAHis substrate (as indicated) in the presence of 1 mM
of each GTP analog [GTP (red), ITP (green), 2APTP (blue), 7-deaza-
GTP (orange) and 8-oxo-GTP (black)] and 15 µM SceThg1.

TABLE 2. GTP analog incorporation by SceThg1 into tRNAHis variant substrates

tRNAHis

kobs (min−1)

GTPa ITP 2APTP 7-Deaza-GTP 8-Oxo-GTP

A73 2.84±0.08 1.55±0.03 0.57±0.06 0.067±0.002 0.066±0.002

C73 ≥10 1.90±0.16 0.36±0.03 0.12±0.01 0.12±0.01

G73 3.56±0.39 0.22±0.02 0.11±0.01 0.100±0.009 0.066±0.002

akobs value is extrapolated from kpol values measured for GTP in Table 1. Based on measured KD values, kobs at 1 mM GTP should correspond to kpol for
each tRNA substrate.
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revealed that the slower adenylylation step is rate limiting
under these conditions (pH 7.5) (Smith and Jackman
2012). Control reactions with a bacterial TLP from
Bacillus thuringiensis (BtTLP) also demonstrate the expect-
ed preference forWCG−1:C73 addition by a TLP, with∼30-
fold higher kobs for this reaction than for G−1:A73 (Table 3;
Fig. 4B). Interestingly, the single residue SceThg1 variants
all exhibited a substantial (50-100-fold) defect in the kobs
for the non-WC addition of GTP to A73-tRNAHis, while ex-
hibiting virtually no effect on the rate of theWC addition of
GTP to C73-tRNAHis (Table 3; Fig. 4B). Thus, these three
conserved residues (N46, Y160 and T185) appear to be re-
quired for some interaction that enables SceThg1 to form
the non-WC G−1:A73 base pair, but which is not required
for formation of theWCG−1:C73 base pair. The lack of con-
servation of these residues among TLPs appears to reflect
the fact that forming the G−1:A73 base pair is not these

enzymes′ physiological role. In the
converse experiment, we tested
whether replacement of the BtTLP
residues at these positions with the
SceThg1-type N46, Y160 and T185
would result in increased ability of
the resulting variant to add the non-
WC GTP to the A73-tRNA, but saw
no detectable increase in non-WC ac-
tivity with any of the tested enzymes
(data not shown). These data suggest
that acquisition of the ability to form
the non-WC G−1:A73 base pair is
more complicated in the context of
an enzyme that has not evolved to cat-
alyze this activity.

DISCUSSION

Previous studies have shown that
Thg1 family enzymes share significant
structural similarity with canonical
DNA polymerases including the posi-

tioning of twometal ions that are critical for catalysis (Hyde
et al. 2010, 2013; Nakamura et al. 2013; Kimura et al.
2016). For the first time, we have shown using single-turn-
over kinetic assays that the Thg1 family of polymerases
also share similar aspects of their kinetic mechanism with
many 5′–3′ polymerases. Similar to several well-studied ca-
nonical polymerases, nucleotide incorporation is driven
mainly by faster rate constants (kpol) for certain base-pair-
ing combinations, rather than by significant effects on
the dissociation constant (KD) for certain NTP:RNA combi-
nations. Our kinetic analyses predict the existence of two
biochemically distinct components of the SceThg1 active
site, one for mediating non-WC GTP addition and the sec-
ond for WC base-pair formation.
We show that the ability to add a non-WCGTP base pair,

the hallmark of eukaryotic Thg1-type activity, is driven by a
unique kinetic preference for GTP as the nucleotide donor

BA

FIGURE 4. Identification of SceThg1 residues that affect non-WC base-paired nucleotide ad-
dition. (A) Selected segments from a multiple sequence alignment of Thg1 enzymes from D.
melanogaster (Dmel), S. cerevisiae (Scer), H. sapiens (Hsap), and D. discoideum (Ddis) com-
pared with TLP enzymes from M. barkeri (Mbar), M. thermoautotrophicus (Mthe), M. xanthus
(Mxan), S. cellulosum (Scel), and B. thuringiensis (Bthu). The top panel shows a region corre-
sponding to residues 15–54 of SceThg1; the bottom panel shows a region corresponding to
residues 150–189 of SceThg1. Residues altered in SceThg1 in this work are highlighted in
red. (B) G−1 addition activities of purified SceThg1WT and variants (15 µM each) measured un-
der single-turnover conditions with 5′32P-labeled monophosphorylated tRNAHis substrates.
Red bars correspond to measured kobs for addition of WC base-paired G−1 to C73-tRNAHis,
and blue bars correspond to kobs for addition of non-WC base-paired G−1 to A73-tRNAHis.
Control reactions with BtTLP were performed under identical conditions to indicate the ex-
pected TLP preference for WC over non-WC base-pair formation.

TABLE 3. Single-turnover rate (kobs) for G−1 addition catalyzed by SceThg1 variantsa

Enzyme kobs (min−1) A73-tRNAHis kobs (min−1) C73-tRNAHis Fold-difference (WC/non-WC)c

WT 0.033±0.002 0.08±0.06 2

N46Y 0.00059b 0.0360±0.0006 60
Y160M 0.00046b 0.044±0.009 96

T185A 0.00059b 0.058±0.007 98

BtTLP 0.007±0.001 0.23±0.08 33

aSingle turnover kobs were measured in reactions with 0.1 mM ATP and 1 mM GTP and the indicated tRNAHis substrate with saturating concentration of puri-
fied SceThg1 or BtTLP enzymes.
bkobs was determined using method of linear initial rates.
cFold difference calculated as kobs(C73-tRNAHis)/kobs(A73-tRNAHis).
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for 3′–5′ addition. In addition, we find that the catalytic ef-
ficiency (kpol/KD) of GTP incorporation is approximately
five- to 22-fold higher compared to any other WC base-
pair addition across all N73 tRNAHis substrates. These ob-
servations are consistent with the biological requirement
for SceThg1 to add G−1 to tRNAHis, but also reveal that
the physiological non-WC G−1:A73 reaction is not strictly
“templated” because it occurs with nearly identical cata-
lytic efficiency as G−1:G73 and G−1:U73 reactions (Table 1).

Using transient kinetic assays, we also showed that the
WC base substitution fidelity of SceThg1 varies substan-
tially, ranging from 10−1 to 10−6 for nucleotide incorpora-
tion across from various N73-tRNAHis. This contrasts with
the canonical high-fidelity polymerases which display a fi-
delity range of 10−6 to 10−8 (Kuchta et al. 1988), and in-
stead is more appropriately compared to Y-Family DNA
polymerase enzymes, which play roles in DNA repair
(McCulloch and Kunkel 2008). We note that the relatively
slow rates for Thg1 catalysis (in the min−1 range), com-
pared to many high-fidelity polymerases that operate in
the 102 sec−1 regime, also suggests that 3′–5′ polymerases
are more aptly compared to repair polymerases that typi-
cally exhibit slower catalytic rates of NTP incorporation.
Fidelity exhibited by canonical polymerases is only partly
explained by free energy differences between WC and
non-WC base-pairing (Petruska et al. 1988). In addition,
substrate induced conformational changes, a tight com-
plementary fit between the nascent base pair and the na-
scent base-pair-binding pocket, and 3′–5′ exonucleolytic
proofreading activity of the polymerase all significantly en-
hance the level of base selectivity and incorporation effi-
ciency (Beard et al. 2002; Kool 2002). The difference in
fidelity between many DNA polymerases and Thg1 poly-
merases can partly be accounted for by the fact that
Thg1 polymerases use little to no difference in ground
state binding affinity KD to discriminate between most
WC and non-WC base-pair additions (Table 1), while
high-fidelity polymerases can discriminate up to three or-
ders of magnitude (Johnson 2010). Similar to low-fidelity
DNA polymerases, Thg1 family polymerases may also ex-
hibit a relatively more open and solvent accessible active
site for N−1 addition that enables more flexibility in accom-
modating a nascent incoming base pair (Ling et al. 2001;
Trincao et al. 2001; Wong et al. 2008). It is also apparent
that mismatched purines bind ∼three- to 30-fold better
thanmismatched pyrimidines. This preference for stronger
purine binding might be explained by the presence of
base stacking interactions with the incoming NTP in the
Thg1 active site, which have also been observed in the
structure of a TLP with bound NTP in the repair conforma-
tion (Friedman and Honig 1995; Kimura et al. 2016).

Kinetic measurements using different GTP nucleotide an-
alogs showed that the atoms on the Hoogsteen face of the
incoming GTP may be involved in positioning the nucleo-
tide for nucleotidyl transfer regardless of the templating

N73 base. Thus, at least some features of the active site
that interact with this Hoogsteen face of the incoming
NTP might be shared for both WC and non-WC reactions.
Although not identical in terms of themagnitude of defects,
some similarities with effects of GTP analogs on activity of
C. albicans Thg1 suggest that this feature is conserved
among Thg1-type enzymes. These enzymes, which are ca-
pable of efficiently forming both WC and non-WC base-
pairs with GTP, may have an asymmetric active site similar
to that exhibited byDNA polymerase iota,which allows dis-
tinct base-pairingmodes depending upon the nature of the
templating base (Choi et al. 2009). Our observation of ami-
no acids that are preferentially required for efficient incorpo-
ration of GTP in the non-WC base-paired context (Fig. 4)
suggests that at least someof these features can be separat-
ed biochemically. This idea is consistent with recent obser-
vations, where highly conserved residues H152 and K187 in
human Thg1 also are uniquely required for the non-WC
G−1:A73 reaction, and are not critical for WC base-paired
G−1:C73 or U−1:A73 reactions (Matlock et al. 2019).

There are currently two available crystal structures of
Thg1-type members of the 3′–5′ polymerase family from
eukaryotic sources (human and C. albicans) (Hyde et al.
2010; Nakamura et al. 2013). However, none of the con-
served amino acid residues (N46, Y160, T185) identified
to affect non-WC GTP incorporation here are observed
tomake specific contacts with NTP or tRNA in the Thg1 ac-
tive site in either of these structures. Thus, the molecular
basis for this remains to be fully determined. It is possible
that conformational changes following formation of the
ternary complex (Thg1:NTP:tRNA) could occur during
the course of the reaction similar to what has been pro-
posed for several canonical polymerases. Further experi-
ments will be needed to fully understand the molecular
role of these conserved residues, and to comprehensively
identify the components of the Thg1 active site that partic-
ipate in each type of base-pairing reaction.

MATERIALS AND METHODS

Thg1–TLP protein expression and purification

SceThg1 (Gu et al. 2003) and BtTLP (Rao et al. 2011) genes cloned
into pET expression vectors containing N-terminal His6-tag were
transformed into E. coli BL21(DE3) pLysS. Overexpressed ami-
no-terminal His6-tagged protein was purified using immobilized
metal-ion affinity chromatography (IMAC), as previously de-
scribed (Smith and Jackman 2012). Purified proteins were judged
to be >90% pure by SDS–PAGE and stored at −20°C, while the
BioRad protein assay was used to determine the concentrations
of purified proteins for subsequent activity assays.

In vitro transcription of tRNA constructs

T7 RNApolymerasewas used for runoff in vitro transcription using
digested plasmids encoding tRNAHis variant constructs
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downstream from the T7 RNA polymerase promoter, as
previously described (Rao et al. 2011). The tRNAHis variant con-
structs were transcribed in the presence of [γ-32P] GTP (6000 Ci/
mmol, Perkin-Elmer) to obtained [γ-32P]pp-labeled tRNAHis (5′-
∗ppp-tRNA), according to published methods (Jackman and
Phizicky 2006b).

Single-turnover nucleotidyl transfer assays

To determine kinetic parameters for the nucleotidyl transfer step,
5′-∗ppp-tRNAHis substrates (100−300 nM) generated using in vi-
tro transcription were reacted with NTP in Thg1 reaction buffer
(25 mM HEPES pH 7.5, 10 mM MgCl2, 125 mM NaCl, 3 mM
DTT, 0.2 mg/mL bovine serum albumin [BSA]) at room tempera-
ture as described previously (Smith and Jackman 2012). The con-
centration of SceThg1 used in the assays (15 µM) was previously
determined to be saturating for G−1 addition activity under these
conditions (Smith and Jackman 2012). In addition to standard
NTPs, various GTP analogs (Trilink Biotechnologies) including
inosine triphosphate (ITP), 2-aminopurine triphosphate (2APTP),
7-deazaguanosine triphosphate (7-deaza-GTP) and 8-oxoguano-
sine triphosphate (8-oxo-GTP) were also used to measure kobs for
nucleotide addition to the indicated ∗ppp-tRNAHis. To quench re-
actions, 3 µL aliquots were taken out of the reactionmixture at var-
ious time points and added to a new tube containing 1 µL of 500
mM EDTA. Following this step, 2 µL of each quenched reaction
mixture was spotted on to PEI-cellulose TLC plates (EM
Science). To separate the labeled pyrophosphate (PPi) product re-
leased after NTP addition from unreacted labeled tRNA substrate,
the TLC plates were washed in 100% methanol, air-dried, and re-
solved using a 0.5 M potassium phosphate (pH 6.3)/methanol
(80:20) solvent system. Time courses of product formation were
plotted and fit to a single- exponential rate equation (Equation
1) using Kaleidagraph (Synergy Software).

Pt = DP[1− exp (− kobst)], (1)

where Pt is the fraction of product formed at each time and ΔP is
the maximal amount of product conversion observed during each
time course.

The pseudo-first order maximal rate constants kpol and appar-
ent dissociation constants (KD) were determined by plotting the
resulting kobs values determined for each [NTP] and fitting the
data to Equation 2. The reported kinetic parameters were deter-
mined from data derived from at least three independent assays
for each tRNA/NTP combination.

kobs = kpol∗[NTP]/(KD,app·NTP + [NTP]). (2)

Preparation of SceThg1 variants

SceThg1 variants N46Y, Y160M and T185A were constructed us-
ing the Phusion mutagenesis protocol according to the manufac-
turer’s instructions, using complementary pairs of
oligonucleotides and validated by DNA sequencing. The plasmid
encoding amino-terminal His6-tagged SceThg1 was used as the
template for the mutagenesis experiment. Thg1 variant proteins
were purified using immobilized metal ion affinity chromatogra-
phy (IMAC) as described above for the wild-type enzyme.

G−1 nucleotide addition to 5′′′′′-monophosphorylated
tRNA with SceThg1 variants

G−1 addition reactions were performed at room temperature by
reacting 5′-monophosphorylated [32P]- tRNAHis (5′-p∗tRNAHis)
substrate (≤40 nM) with 0.1 mM ATP and 1 mM GTP in the pres-
ence of excess enzyme (15 µM). The 5′-p∗tRNAHis (with A73 or C73)
was generated by in vitro transcription followed by calf intestinal
phosphatase (NEB) treatment and labeling with T4 polynucleo-
tide kinase (NEB), as previously described (Jackman and
Phizicky 2006a). To measure the kobs, a saturating amount of en-
zyme (15 µM SceThg1) was added to a reaction mixture contain-
ing p∗tRNAHis, 0.1mMATP, 1mMGTP in Thg1 reaction buffer. At
specific time points, a 3 µL aliquot was removed from the reaction
mixture and quenched by adding 1 mg/mL of RNaseA (Ambion)
and 500 mM EDTA. The quenched reaction mixture was incubat-
ed at 50°C for 10 min. RNaseA digested samples were treated
with 0.5 U calf intestinal phosphatase (CIP) (Invitrogen) and incu-
bated at 37°C for 30 min. The products were resolved and quan-
tified using silica thin-layer chromatography (TLC), as described
previously (Jackman and Phizicky 2006a; Rao et al. 2011; Smith
and Jackman 2012).
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