Specificity in the biosynthesis of the universal tRNA
nucleoside N°-threonylcarbamoyl adenosine (t°A)—TsaD
is the gatekeeper
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ABSTRACT

N®-threonylcarbamoyl adenosine (t°A) is a nucleoside modification found in all kingdoms of life at position 37 of tRNAs
decoding ANN codons, which functions in part to restrict translation initiation to AUG and suppress frameshifting at tan-
dem ANN codons. In Bacteria the proteins TsaB, TsaC (or C2), TsaD, and TsaE, comprise the biosynthetic apparatus respon-
sible for t®A formation. TsaC(C2) and TsaD harbor the relevant active sites, with TsaC(C2) catalyzing the formation of the
intermediate threonylcarbamoyladenosine monophosphate (TC-AMP) from ATP, threonine, and CO,, and TsaD catalyzing
the transfer of the threonylcarbamoyl moiety from TC-AMP to A3, of substrate tRNAs. Several related modified nucleo-
sides, including hydroxynorvalylcarbamoyl adenosine (hn®A), have been identified in select organisms, but nothing is
known about their biosynthesis. To better understand the mechanism and structural constraints on t°A formation, and
to determine if related modified nucleosides are formed via parallel biosynthetic pathways or the t°A pathway, we carried
out biochemical and biophysical investigations of the t°A systems from E. coli and T. maritima to address these questions.
Using kinetic assays of TsaC(C2), tRNA modification assays, and NMR, our data demonstrate that TsaC(C2) exhibit relaxed
substrate specificity, producing a variety of TC-AMP analogs that can differ in both the identity of the amino acid and nu-
cleotide component, whereas TsaD displays more stringent specificity, but efficiently produces hn®A in E. coli and T. mar-
itima tRNA. Thus, in organisms that contain modifications such as hn®A in their tRNA, we conclude that their origin is due to
formation via the t°A pathway.
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INTRODUCTION fied nucleosides that are universally conserved among all
organisms (Thiaville et al. 2014). Found exclusively at posi-
tion-37 in the anticodon loop of ANN decoding tRNA (Fig.
1), t°A appears to facilitate codon-anticodon interactions
by preorganizing the anticodon loop (Stuart et al. 2000;
Murphy et al. 2004). In Bacteria t°A is essential in all but
a handful of organisms (Thiaville et al. 2015), due at least
in part to serving as an identity element for lleRS, the iso-
leucine tRNA-synthetase, and TilS, the enzyme responsi-

ble for the formation of the modified nucleoside lysidine

Nucleoside modification is a hallmark of the post-transcrip-
tional processing of transfer RNA (tRNA), resulting in the
introduction of scores of structurally modified nucleosides
(Boccaletto et al. 2018). The modification N®-threonylcar-
bamoyl adenosine (t°A), which in some organisms is fur-
ther modified to a cyclic hydantoin (Miyauchi et al. 2013;
Matuszewski et al. 2017), is one of a core group of modi-
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in the anticodon of tRNA!"®. Although not essential in yeast,
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Specificity in t°A biosynthesis
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FIGURE 1. tRNA"SUUU) from E. coli with all of the modifications indicated (4), and the structures of t°A, hn®A, and g®A (B).

mutants deficient in t°A exhibit severely compromised
growth (Thiaville et al. 2016), and display a number of
translation related defects (Thiaville et al. 2016), including
translation initiation at upstream non-AUG codons and in-
creased frame-shifting in a context dependent manner.
The t°A biosynthetic pathway was first elucidated in
Bacteria (Deutsch et al. 2012), and subsequently described
in Eukarya and Archaea (Perrochia et al. 2013). The biosyn-
thesis occurs in two steps with the initial formation of threo-
nylcarbamoyldenylate (TC-AMP) (Lauhon 2012), a reaction
catalyzed by the enzymes TsaC/TsaC2 in Bacteria (Fig. 2;
Thiaville et al. 2014), or Tcs1/Tcs2 in Eukarya and
Archaea (Thiaville et al. 2014). The second step involves
the transfer of the threonylcarbamoyl moiety to N® of
adenosine-37 in substrate tRNAs and is catalyzed by the
threonylcarbamoyl transferase complex (TCT complex),
which is composed of different proteins dependent on
the Kingdom (Thiaville et al. 2014). In Bacteria the TCT
complex is composed of the proteins TsaB, TsaD, and
TsaE (Fig. 2); Archaea and Eukarya uti-
lize the proteins Tcs3, Tcs5, Tesé,
Tes7, and Tcs8, and in mitochondria
the TCT complex is composed of the
single protein Tcs4 (Thiaville et al.
2014). Notably, TsaC(C2) and Tcs1(2)
are homologs, as are TsaD and Tcs3
(4), and not surprisingly, these two
protein families harbor the catalytic
sites for the reactions of t°A biosyn-
thesis. Interestingly, homologs of
these two families are found fused in
the enzyme TobZ (Parthier et al.
2012), which catalyzes the carbamoy-
lation of the antibiotic tobramycin
to form nebramycin-5', a reaction

HO,, _CH,

+ CO,/HCO5 + ATP
@ O
HN” ~CO,

that involves the formation of the intermediate carba-
moyl-AMP.

In addition to t°A, two similar modified nucleosides have
been reported, N°-hydroxynorvalylcarbamoy! adenosine
(hn®A), discovered in the tRNA of several thermophilic
Bacteria and Archaea (Reddy et al. 1992), and N°-glycinyl-
carbamoyladenosine (gé’A), discovered in yeast tRNA (Fig.
1; Schweizer et al. 1970). Notably, hydroxythreonine has
been reported to be a substrate for E. coli TsaBCDE
(Nagao et al. 2017), suggesting that the t°A system may
be responsible for the formation of other naturally occur-
ring modified nucleosides. As part of an effort to better un-
derstand the mechanism and structural constraints on t°A
formation, and to investigate whether related modified nu-
cleosides can be formed via the t°A pathway, we carried
out kinetic and biophysical studies to address the specific-
ity of the bacterial t°A biosynthetic systems from E. coli and
Thermotoga maritima, and report the results of those in-
vestigations here.
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FIGURE 2. The t°A biosynthetic pathway in Bacteria.
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RESULTS

Because the t°A system carries out t°A biosynthesis in two
discrete steps, the TsaC(C2) catalyzed formation of TC-
AMP from CO,/HCOs3, threonine, and ATP, followed by
the TsaD catalyzed transfer of the TC-unit to tRNA, issues
of system specificity are relevant for both steps. In the case
of E. coli TsaC and Thermotoga maritima TsaC2, both en-
zymes can function in the absence of the TCT complexes,
and so can be assayed independently. In contrast, ad-
dressing TsaD specificity requires a complete tRNA modi-
fication assay with TsaC(C2), and in this case we were
necessarily limited in possible TsaD substrates by the
TC-AMP analogs that TsaC(C2) were capable of produc-
ing. However, because both TsaC and TsaC2 display
broader substrate tolerance than TsaD (vide infra), this
proved not to be a practical limitation.

Characterization of a PP; continuous
spectrophotometric assay for TsaC(C2) activity

Our prior assays of the TsaC(C2) catalyzed formation of
TC-AMP were carried out by HPLC, but to facilitate a
more extensive kinetic analysis of E. coli TsaC and
Thermotoga maritima TsaC2 we sought to use a more ef-
ficient method for quantifying the activity of the enzymes,
and settled on indirectly monitoring the formation of the
co-product pyrophosphate (PP;) utilizing a continuous
UV-vis assay that couples a PPi-dependent phosphofruc-
tokinase enzyme to NADH oxidation via glycolytic en-
zymes (O'Brien 1976). To ensure that the PP;-detection
assay would be appropriate for measuring initial velocities
of TsaC(C2), we measured the kinetics of PP; consumption
in the absence of TsaC(C2), treating the multienzyme sys-
tem as a single kinetic species (Supplemental Fig. 1A).
The apparent Ky (K FP) of PP; for the system was 28.6
UM, with @ Vo, *PP of 74.2 M min~". Since a preliminary
kinetic analysis of E. coli TsaC using HPLC provided an ap-
proximate Ky for threonine and ATP in the low millimolar
and high micromolar range, respectively, and a V.« of
~0.6 uM min~" (data not shown), the measured parame-
ters of the PP;-detection assay allowed us to easily estab-
lish conditions in which flux through the coupling
enzymes was not rate limiting over the range of substrate
concentrations that we anticipated investigating (Sup-
plemental Fig. 2), therefore ensuring that the rate mea-
surements of TsaC(C2) would not be compromised
using the coupled assay.

Given that ATP is a substrate in the TsaC(C2) reaction,
we also needed to confirm that ATP, and other nucleotide
triphosphates, would not unduly impact the kinetics of the
coupled assay. Measuring initial velocity data over a range
of ATP concentrations demonstrated that not unexpected-
ly, ATP behaved as an inhibitor, and global analysis of the
data fit to the nonlinear Michaelis-Menten equations for
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competitive, uncompetitive, and noncompetitive inhibi-
tion systems demonstrated that it functioned as a compet-
itive inhibitor (Supplemental Fig. 1B). Other nucleotide
triphosphates behaved similarly (data not shown). For-
tunately for our purposes, the K; value determined for
ATP (1.18 mM) was relatively high, and by treating ATP
as both substrate and inhibitor in the TsaC(C2) assays we
were able to determine the relative kinetic parameters
for a variety of amino acids and nucleotide triphosphates
(NTPs) that functioned as substrates with E. coli TsaC
and/or T. maritima TsaC2 (vide infra).

Steady-state kinetic analysis of E. coli TsaC
and T. maritima TsaC2

Whereas the complete PP;-detection assay containing E.
coli TsaC but lacking threonine exhibited a stable baseline
at 340 nm, indicating no reaction of ATP to form PP, the T.
maritima TsaC2 exhibited a slow rate of NADH oxidation in
the absence of threonine, suggesting that a low level of un-
coupling of the reaction was occurring; this background
rate was calculated for each concentration of ATP (or other
NTPs) used and subtracted from the experimentally mea-
sured rates in the kinetic assays.

Steady-state analysis provided kinetic values for both T.
maritima TsaC2 and E. coli TsaC enzymes with various ami-
no acids and NTPs. To appropriately account for the inhi-
bition of the coupled system observed with nucleotide
triphosphates, ATP was treated as a noncompetitive inhib-
itor in the assays in which amino acids were varied accord-
ing to the simplified Michaelis-Menten equation for
noncompetitive inhibition (Segel 1975),

. Vimax[aal
Y alKy + [aa)

[ATP]
K
ATP, and aa is the relevant amino acid being investigated.
This is essentially equivalent to the reduced equation for a
multisubstrate reaction in which a nonvaried substrate also
serves as an inhibitor. In assays with variable NTP the sys-
tem can be treated as one subject to substrate inhibition
(Segel 1975), and the data fit to the following simplified
Michaelis-Menten equation for substrate inhibition:

L ViwNTP]
" Ky + o[NTP]

where a = (1 + [NKLP]) and K; is the inhibition constant of

where o = (1 + ), Ki is the inhibition constant of

the NTP being investigated. It is important to recognize
that due to the limited kinetic analysis carried out here,
the kinetic constants determined for both amino acids
and NTPs are not the intrinsic constants, but they do serve
as a direct measure of the relative values between sub-
strates, and therefore provide quantitative information on
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TABLE 1. Kinetic parameters for E. coli TsaC with various amino
acids

Substrate  kgae (Min™") K., (mM) Keat/ Ky (K min~")
Thr 0.813+0.065 3.66+1.00 0.222 +0.160
hnV? 0.592+0.038 4.53+0.746 0.131+0.105
Ser 0.831+0.042 7.65+1.04 0.109 +£0.091
Gly =P — -

Val - - -—-

Ala - - -

“Kinetic parameters assuming only on the L-enantiomer of racemic hnV
serves as a substrate.
PEnzymatic activity not detected.

the ability of various amino acids and NTPs to serve as sub-
strates for TsaC and TsaC2.

Both E. coli TsaC and T. maritima TsaC2 exhibited re-
laxed substrate specificity toward amino acids, and were
able to form TC-AMP analogs using several amino acids
that contain a hydroxyl-group bound to the B-carbon
(Tables 1, 2; Fig. 3). Interestingly, aliphatic amino acids
lacking a hydroxyl group, even those of the same or small-
er size than threonine, did not function as substrates
(Tables 1, 2). E. coli TsaC exhibited a k.,/Ky for threonine
roughly twofold higher than that for serine and hydroxy-
norvaline (Table 1), whereas T. maritima TsaC2 exhibited
much higher selectivity for threonine, exhibiting keat/Ku
for threonine almost an order of magnitude greater than
that for serine, and approximately fourfold greater than
that for hydroxynorvaline (Table 2).

We next tested the ability of E. coli TsaC and T. maritima
TsaC2 to form TC-AMP analogs with NTPs other than ATP,
and both enzymes were able to utilize several NTPs as ef-
fective substrates. As observed for ATP, T. maritima
TsaC2 exhibited a low background rate of NADH oxidation
with several NTPs (AATP and GTP) in the absence of threo-
nine, indicating reaction uncoupling
with the production of PP;, but this
rate was even lower than that ob- A
served with ATP. Control assays of E.
coli TsaC with various NTPs in the ab-
sence of threonine exhibited no un-
coupling, consistent with the lack of
uncoupling with ATP. Surprisingly, E.
coliTsaC formed a TC-dAMP interme-
diate as efficiently as the canonical TC-
AMP (Table 3; Fig. 4). Furthermore, all
other NTPs with the exception of UTP,

Vo (uM/min)

whereas CTP served as a substrate (Fig. 4), but displayed
a profile that was poorly fit by the kinetic model, and so
kinetic parameters were not extracted from the analysis.

Although T. maritima TsaC2 was also able to utilize nu-
cleotide triphosphates other than ATP, it exhibited far
higher selectivity for ATP, with a k../Ki 100-fold higher
than dATP and at least 25-fold higher than any other
NTP (Table 4; Fig. 5). This difference was largely attribut-
able to the low Ky for ATP exhibited by TsaC2, which
was 10-60x lower than for other NTPs, and 20x lower
than the Ky, determined for ATP with TsaC.

Transfer of various TC-AMP analogs to tRNA
by the TCTC of E. coli and T. maritima

Having established that both TsaC and TsaC2 are capable
of synthesizing TC-AMP analogs comprising various amino
acids and nucleotide components, we sought to determine
whether these intermediates could serve as substrates for
the TCT complex and generate modified tRNA products.
To address this question we assayed the full t°A biosyn-
thetic systems (TsaC(C2), TsaB, TsaD, TsaE) for their ability
to modify tRNA using our standard radiochemical based
tRNA precipitation assay (Deutsch et al. 2012).

When E. coli TsaC and the TCT complex were reacted
with the three amino acids shown above to serve as sub-
strates for TsaC (threonine, hydroxynorvaline, and serine),
only threonine and hydroxynorvaline were observed to
serve as substrates for the modification of tRNA (Fig. 6A),
indicating that TsaD is more stringent than TsaC and that
specificity in the biosynthetic system occurs at the trans-
fer step catalyzed by TsaD. Similarly, the T. maritima
system (TsaC2 and the TCT complex) was able to utilize
threonine and hydroxynorvaline but not serine, efficiently
producing both t°A and hn®A modified tRNA, respectively
(Fig. 6B).

Consistent with the results above with alternate amino
acid substrates, the T. maritima system exhibited high

154

104

Vo (WM/min)

dTTP, and CTP were substrates for E. o .
coli TsaC, with catalytic efficiencies 0 10
only three to four times lower than
that of ATP (Table 3; Fig. 4). UTP and
dTTP did not serve as substrates,

[Amino Acid] mM

20 30 0 10 20 30 40 50
[Amino Acid] mM

FIGURE 3. Michaelis-Menten plots of E. coli TsaC (A) and T. maritima TsaC2 (B) with the ami-
no acids threonine (), hnV (), and Ser (a). Error bars represent standard errors.
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TABLE 2. Kinetic parameters for T. maritima TsaC2 with various
amino acids

Substrate ket (min~") K., (mM) Keat/ Ky (K2 min™")
Thr 3.08 +£0.060 2.76 +0.198 1.12+1.02
hnV? 0.68+0.030 2.26+0.274 0.30+£0.23
Ser 3.51+£0.152 24.8+2.26 0.14+0.12
Gly = -— —

Val - -—- -

Ala - - -

“Kinetic parameters assuming only on the L-enantiomer of racemic hnV
serves as a substrate.
PEnzymatic activity not detected.

selectivity for the nucleotide moiety of the TC-XMP inter-
mediate, producing t®A-modified tRNA only when ATP
was used (Fig. 7). The E. coli system also exhibited high
selectivity, although it was able to utilize dATP, albeit far
less effectively than ATP (Fig. 8), and no other NTPs were
able to support formation of t°A.

NMR saturation transfer experiments with Tsa
proteins from E. coli and T. maritima

To gain further insight into the binding of amino acids to
TsaC(C2) and TsaD, saturation transfer difference NMR
(STD NMR) was used to probe the affinity of TsaC(C2)
and TsaD proteins for threonine and hydroxynorvaline. In
these STD NMR experiments, nonexchangeable protons
on the amino acid that are located within 5 A of TsaC(C2)
or TsaD exhibit STD NMR peaks. Distinct proton peaks
from the HB, Ha, and Hy protons of threonine (Fig. 8A,C)
are visible when E. coli TsaC interacts with this amino
acid, indicating spatial proximity of those protons to the
enzyme and consistent with a binding event. Similarly, dis-
tinct peaks from the HB and Ha protons of hydroxynorva-
line (Fig. 8B,D) are visible, along with a weak signal for
Hs. E. coli TsaD shows a similar pattern of interaction
with threonine (Fig. 8A,C), but evidence of its interaction
with hydroxynorvaline is limited to a H peak and a weaker
H& peak (Fig. 8B,D), suggesting a more spatially limited in-
teraction. Distinct STD NMR peaks are visible from the Hp
and Hy protons of threonine and the Ho, HB, and H8 pro-
tons of hydroxynorvaline to T. maritima TsaC2 (Fig. 8),
again suggesting spatial proximity and binding events be-
tween TsaC2 and both amino acids. Although T. maritima
TsaD was not as well behaved under NMR conditions as
the other three enzymes, making data collection difficult,
it was nevertheless possible to obtain a clear STD NMR sig-
nal for its interaction with the Hp proton of threonine along
with a weaker one for the Hy proton. In the case of its inter-
action with hydroxynorvaline, distinct signals due to inter-
actions with the Ho and HB protons were clearly visible, as
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well as weaker signals from its interaction with the Hy and
H& protons (Fig. 8B,D). Overall, the E. coli proteins ex-
hibited stronger interactions with threonine than with
hydroxynorvaline, whereas the T. maritima proteins were
reversed, exhibiting stronger interactions with hydroxynor-
valine than with threonine.

DISCUSSION

To address the specificity of bacterial t°A biosynthesis we
investigated the kinetics of two prototypic bacterial sys-
tems, that from E. coli, which utilizes TsaC for the formation
of the intermediate TC-AMP, and from T. maritima, which
utilizes TsaC2. Although both systems share homologous
TsaB, TsaD, and TsaE proteins, which together form the
TCT complexes, these assemble into distinct quaternary
complexes; the E. coli system forms both a TsaBD hetero-
dimer and a TsaBDE heterotrimer (Zhang et al. 2015),
whereas the T. maritima system forms a TsaBD complex
with 2:2 stoichiometry and TsaBDE complexes with 2:2:1
and 2:2:2 stoichiometry (Luthra et al. 2018).

ltisimportant to note that although the kinetic studies of
the alternate amino acids and NTPs carried out with TsaC
and TsaC2 provide a direct measure of the relative activity
of the enzymes with the various substrates, the same is not
true for the tRNA modification assays (Figs. 6, 7). For the
amino acids and nucleotides tested, the “normal” sub-
strates (threonine and ATP) are more efficient with TsaC
and TsaC2, and TC-AMP is produced faster in the t°A as-
says than the other amino acid or nucleotide analogs of
TC-AMP, so the rates of modified tRNA formation using
the various amino acids and (d)NTPs cannot be compared
directly. Furthermore, multiple turnovers of the T. maritima
TCT complex require ATP hydrolysis by TsaE (Luthra et al.
2018), and although we have shown that T. maritima TsaE
can utilize dATP efficiently (Luthra et al. 2019), it is un-
known if other NTPs are also accepted by TsaE, and thus
if the T. maritima TCT is capable of multiple turnovers

TABLE 3. Kinetic parameters for E. coli TsaC with various
nucleotides

Substrate  keat (min™") K (mM) Keat/ Ko (Kea'min™")
ATP 0.53+0.05 0.831=0.126 0.632+0.499
GTP 0.30+0.05 1.01+0.243 0.300+0.204
CTP kkka ok ok * ok k.

uTP =

dATP 0.58+0.07 0.913%0.192 0.632+0.453
dGTP 0.49+0.43 2.62+2.71 0.185+0.012
dCTP 0.18+0.08  0.90+0.69 0.200 +0.061
dTTP - - -

°Fit was ambiguous.
PEnzymatic activity not detected.
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active sites that bind both threonine
and hydroxynorvaline in isolation from
the other reactants, and in the case of
TsaD in the absence of the other com-
ponents of the TCT complex.
Comparison of the TC-transfer sites
of E. coliand T. maritima TsaD as seen
in their crystal structures in complex
with other Tsa proteins (PDB ID
4YDU, Zhang et al. 2015; and PDB ID

[rNTP] mM

FIGURE 4. Michaelis-Menten plots of E. coli TsaC with rNTPs (A) and dNTPs (B). ATP/dATP
(¢), GTP/AGTP (w), and CTP/dCTP (a). Error bars represent standard errors.

with (d)NTPs other than (d)ATP. Nevertheless, because the
T. maritima TCT complex can carry out a single turnover in
the absence of ATP (Luthra et al. 2018), and the assays
were carried out with high protein concentration, we
were easily able to detect the formation of product corre-
sponding to less than one turnover. So although data from
the full modification assays do not provide quantitative
rate information, the data do provide a qualitative measure
of the ability of the TCT complexes to accept TC-AMP an-
alogs in the modification of tRNA. Therefore, we can con-
clude that amino acids and NTPs that do not support tRNA
modification in these assays are not accepted efficiently as
substrates by the relevant TCT complex.

Although TC-AMP analogs comprised of alternate nu-
cleotides, if accepted by TsaD, would not impact the over-
all formation of t°A3; as only the TC unit is transferred to
the tRNA, the TsaD proteins exhibited specificity for
AMP, and to a lesser extent dAMP in the case of E. coli
TsaD, as the nucleotide moiety. However, the fact that
both TsaC and TsaC2 were able to produce a variety of
TC-AMP nucleotide analogs in our in vitro assays does
notimply that such intermediates are generated to any sig-
nificant extent in the cell; indeed, the measured K, values
for all (d)NTPs except ATP are far above their cellular con-
centrations (Bochner and Ames 1982; Buckstein et al.
2008), which with the exception of ATP (~3.5 mM) and
GTP (~1.5 mM) are in the mid- to low micromolar range,
whereas the Ky, values for ATP indicate that both enzymes
are likely saturated with this substrate in vivo.

In conclusion, we have shown that both TsaC and TsaC2,
which produce the intermediate TC-AMP in t°A biosynthe-
sis, are highly promiscuous in both their amino acid and
NTP substrates, but that TsaD, a component of the TCT
complex in t°A biosynthesis and the catalytic subunit re-
sponsible for transferring the TC moiety of TC-AMP to
As; of tRNA, exhibits much more selectivity, accepting
only TC- and hnC-AMP as efficient substrates. The STD
NMR experiments are broadly consistent with these activity
measurements, and indicate that TsaC(C2) and TsaD form

[dNTP] mM

6N9A, Luthra etal. 2019, respectively)
reveals that both have identical active
site residues. However, because these
structures represent different steps in
the t°A cycle, the TsaD subunits in
these structures exhibit significantly
different conformations in and around the active site region
due to a TsaE-induced upward movement of a helix-loop-
helix (lever arm) in the T. maritima structure, which renders
the TC-transfer site more accessible in that structure (Luthra
etal. 2019). To enable a meaningful comparison of the ac-
tive sites, we generated a homology model of E. coli TsaD
withthe leverarminthe "up” position and compared it with
T. maritima TsaD as seen in the crystal structure 6N9A
(Supplemental Fig. 3). This shows that the T. maritima
TsaD active site is ~18% larger than that of the E. coli en-
zyme (950 A3 vs. 804 A3), a difference that may account
for the somewhat greater efficiency for hnC-AMP exhibited
by the T. maritima TsaD (Fig. 6).

To gain insight into the structural basis of recognition of
hnC- and TC-AMP by TsaD, and the failure of SC-AMP to
serve as an efficient substrate, we docked both TC-AMP
and hnC-AMP in the active site of T. maritima TsaD as
seen in the 6N9A crystal structure (Luthra et al. 2019) using
H-Dock (Yan et al. 2017). The ligands were docked based
on the position of the crystallographically observed car-
boxy-AMP bound in that structure as well as template
free, and in both cases the models show (Fig. 9; Sup-
plemental Fig. 4) that the amino acid hydroxyl groups of

TABLE 4. Kinetic parameters for T. maritima TsaC2 with various
nucleotides

Substrate  kegt (min~") K., (mM) keat/ K (K min™")
ATP 1.97+0.18 0.041+0.012 48.54+34.1

GTP 0.673+0.157 0.380+0.142 1.77 £0.990
CTP 1.58+0.226  1.48+0.273 1.07+0.772
uTP 0.748+0.411 0.673+0.460 1.18 +£0.308
dATP 0.424+0.061 0.824+0.200 0.515+0.354
dGTP 0.443+0.349 2.35+2.2 0.189 +0.020
dcrp

dTTP

“Enzymatic activity not detected.
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contaminating nucleotide triphosphates.
Amino acids used were from Millipore
Sigma, and were at least >98% pure;
NMR analysis of hydroxynorvaline and ser-
ine showed them to be free of contaminat-
ing threonine. Dithiothreitol (DTT), iso-
propyl-B-p-thiogalacto-pyranoside (IPTG),
kanamycin sulfate, diethylpyrocarbonate
(DEPC), and ampicillin were purchased
from RPI Corporation. [U-"*C]-threonine
and [U-"*C]-sodium bicarbonate were ob-

[rNTP] mM

FIGURE 5. Michaelis-Menten plots of T. maritima TsaC2 with rNTPs (A), and dNTPs (B). ATP/
dATP (o), GTP/dGTP (m), and CTP (a), and UTP (Q). Error bars represent standard errors.

TC-AMP and hnC-AMP are coordinated by the conserved
side chain of Glu12, whereas the C, or C,C; atoms of Thror
hnV, respectively, are within van der Waals contact dis-
tance from Cg of Cys10. Evidence for these interactions
are also seen in the STD NMR experiments, where peaks
due to C,, and Cs in the case of hnC-AMP, are visible.
The absence of a C, interaction may account for the failure
of SC-AMP to serve as an efficient substrate for TsaD as this
would give more mobility to the SC- moiety and may in
turn compromise optimal positioning of its carbonyl group
for nucleophilic attack by N6 of As;.

The ability of the t°A biosynthetic systems investigated
here to efficiently produce hn®A modified tRNA, together
with the previous report of hn®Ain T. maritima tRNA (Reddy
etal. 1992) and the recent discovery that hn®A is located at
position-37 of several ANN-decoding Methanocaldococ-
cus jannaschii tRNA (Yu et al. 2019), suggests that the T.
maritimat®As; system, and that of other organisms in which
hn®A has been found (Reddy et al. 1992) functions as the
biosynthetic machinery responsible for this modification.
Although the metabolic origin of hydroxynorvaline is un-
known, the function of hn®A presumably mimics that of
t°A, and given that hn®A has only been found in ther-
mophiles, it may be that the ethyl
moiety, which provides a larger hydro-
phobic surface than the methyl moiety A 4
of t°A, better stabilizes the anticodon
loop structure necessary for efficient
codon binding (Murphy et al. 2004).

toA
(M) 2 |
MATERIALS AND METHODS

General

Buffers, salts, and reagents (highest quality
grade available) were purchased from Thr
Sigma-Aldrich. NTPs and dNTPs used in ki-
netic studies were from Fisher Scientific,
and were >99% pure and certified free of

1100 RNA (2020) Vol. 26, No. 9

[dNTP] mM

hnV Ser

tained from PerkinElmer or Moravek Inc.
Amicon Ultra 15 and 0.5 centrifugal filter
units and NovaBlue Singles competent
cells were acquired from EMD Millipore.
Nickel-nitrilotriacetic acid agarose (Ni?
*-NTA agarose) and Whatman GF-B PVDF
syringe filters were purchased from Fisher Scientific. GeneJet Plas-
mid Miniprep kits and PageRuler prestained protein ladder were
purchased from Fermentas. Dialysis was carried out in Slide-A-
Lyzer cassettes (Thermo Fisher Scientific). All reagents for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
were purchased from Bio-Rad. SDS-PAGE analysis was carried
out using 12% gels and visualized with Coomassie Brilliant Blue.
Diethylpyrocarbonate-treated water was used in the preparation
of all solutions for RNA-related assays.

Instrumentation

Ultraviolet-visible (UV-Vis) spectrophotometry was performed
with a Varian Cary 100 spectrophotometer equipped with a ther-
mostatted multicell holder. Liquid scintillation counting (LSC) was
conducted with a Hidex 300 SL counter. HPLC was carried out
with an Agilent 1100 system equipped with a UV-Vis diode array
detector. Nuclear magnetic resonance spectra were collected at
37°C on a Bruker Avance 700 MHz spectrometer equipped with
a z-gradient TXI cryoprobe.

Purification of proteins and preparation of RNA

The purification of E. coli TsaB, TsaC, TsaD, and TsaE was carried
out as described previously (Deutsch et al. 2012). The T. maritima
TsaC2, TsaB, TsaD, and TsaE proteins were purified as described

t°A
(UM)

Negative Thr hnVv Ser  Negative

FIGURE 6. t°A modified tRNA formed by either the E. coli (A) or T. maritima (B) biosynthetic
systems in the presence of various amino acids. Error bars represent standard errors.
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FIGURE 7. t°A modified tRNA formed by either the E. coli (A) or T. maritima (B) biosynthetic
systems in the presence of various rNTPs or dNTPs. Error bars represent standard errors.

(Luthra et al. 2018). The transcript for E. coli tRNAY* was prepared
and purified as previously described (Deutsch et al. 2012).

Steady state kinetics of E. coli TsaC—HPLC analysis

Kinetic assays contained 50 mM MOPS (pH 7.4), 50 mM KCl,
0.5 mM MgCl,, 5 pM TsaC, and variable L-threonine (50 uM-50
mM) and 10 mM ATP when analyzing L-threonine kinetics, or 10
mM L-threonine and variable ATP (100 uM-10 mM) when analyz-
ing ATP kinetics. All assays contained 20 mM sodium bicarbonate
(pH 7.4); rigorous kinetic analysis of E. coli TsaC as a function of
sodium bicarbonate concentration has not been carried out, but
the mitochondrial enzyme displays a Ky of 13 mM (Lin et al.
2018), and the full E. coli A system exhibits >80% of full activity
at 20 mM sodium bicarbonate.
Reactions were carried out at 37°C for

&Q «Q ,\Q «Q «Q R @
$ TS

nents were 50 mM MOPS (pH 7.4), 50 mM
KCl, 20 mM sodium bicarbonate (pH 7.4),
1.17 mM MgCl,, 15 mM imidazole, 1.67
mM citrate, 30 uM EDTA, 70 uM Mn?*, 10
pM Co?*, 270 pM NADH, 4.0 mM fruc-
tose-6-phosphate, 1.67 mg/mL BSA, 1.67
mg/mL sugar stabilizer, 0.026 units PPi-de-
pendent phosphofuctokinase, 0.375 units
aldolase, 2.5 units triosephosphate isomer-
ase, and 0.25 units glycerophosphate
dehydrogenase. Reaction rates for the con-
version of NADH to NAD" were measured
at variable concentrations of pyrophos-
phate (10 pM to 2 mM). Assays were per-
formed in triplicate at 37°C and monitored
spectrophotometrically at an absorbance
of 340 nm for 5 min. Initial velocities were
calculated from the time-course data and fit to the nonlinear Mi-
chaelis-Menten equation using GraphPad Prism 8.

To measure inhibition of the assay by nucleotides, assays were
carried out under the conditions described above with the addi-
tion of various nucleotide triphosphates in concentrations ranging
from 500 pM to 5 mM. The data were globally fit to the nonlinear
Michaelis-Menten equations for competitive, uncompetitive, and
noncompetitive inhibition using GraphPad Prism 8 to determine
a best fit.

Steady state kinetic analysis of E. coli TsaC
and T. maritima TsaC2

Kinetic analysis of the E. coli TsaC and T. maritima reactions
were carried out using the continuous UV-vis coupled

5-30 min, terminated by centrifugal filtra- A OH O H B NH»

tion (Millipore centrifugal filter units, . " ! s X s (@] H3

10 kDa cutoff) for 30 sec to remove TsaC, HscMOH HsC ¢

and analyzed by HPLC using a Supelco NHz OH OH

Discovery HS C18 (250 A~21mm,5 uM) as | He

column with a mobile phase of 10 mM b He Hy
ammonium acetate (pH 6.0) and acetoni- J\_J

trile at a flow rate of 0.3 mL/min. After a

five-minute hold with ammonium acetate ppm 4 3 2 1 0 ppm 4 3 2 1 0
buffer a linear gradient to acetonitrile C  E coliTsaC + L-Thr E. coli TsaC + D,L-HNV

(100:0 to 60:40 over 20 min) was applied. | '

Initial velocities were calculated from '\fp
time-course data of peak areas (collected
in triplicate) and fit to the Michaelis—

s

E. coli TsaD + L-Thr

D
* ﬁ%m* i

J

y

Menten equation using Kaleidagraph.

-

T. maritima TsaC2 + L-Thr

J} E. coli TsaD + D,L-HNV

T. maritima TsaC2 + D,L-HNV

. L A
)

Validation of pyrophosphate

T. maritima TsaD + L-Thr

T. maritima TsaD + D,L-HNV

continuous assay »JJ“

e

Reactions using the pyrophosphate assay pem . 4

(Sigma-Aldrich P7275) were performed in
a final volume of 150 pL containing 50 pL
of the pyrophosphate reagent prepared ac-
cording to the manufacturer’s instructions.
The final concentrations of all assay compo-

3

N
2 1 0 ppm 4 3 2 1 0

FIGURE 8. Amino acid interaction with the TsaC, TsaC2 and TsaD proteins from E. coli and
T. maritima by saturation difference transfer (STD) NMR. Atomic structure and "H NMR refer-
ence spectra of L-threonine (A) and D,L-3-hydroxynorvaline (B), with protons and associated
resonances labeled. STD NMR spectra of TsaC, TsaC2, and TsaD in complex with L-threonine
(C) and D, L-3-hydroxynorvaline (D) at a 50:1 molar ratio.
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FIGURE 9. Docking model of TC-AMP onto the active site of T. maritima TsaD showing inter-
actions with conserved residues Glu12 and Cys10. Atomic van der Waals surfaces are shown as
dotted surfaces. The Zn?* ion is shown as a purple sphere. Distances are in Angstroms. The
AMP and carbonyl moieties occupy the same sites as the corresponding moieties in car-
boxy-AMP bound in the crystal structure of T. maritima TsaB,D.E, (PDB ID 6N%A).

pyrophosphate assay described above. Assays were performed
at a final volume of 150 pL as described. In addition to the com-
ponents listed above, assays contained 10 uM TsaC or TsaC2,
50 uM-20 mM amino acid (L-threonine, L-serine, D,L-3-hydrox-
ynorvaline, glycine, L-alanine, L-valine), and 1.0 mM ATP when
analyzing amino acid kinetics, or 10 mM L-threonine and vari-
able nucleotide triphosphates (50 pM-4.0 mM) when analyzing
nucleotide kinetics. Assays were conducted at 37°C and moni-
tored spectrophotometrically at an absorbance of 340 nm for
15 min. TC-AMP concentrations were calculated from the absor-
bance data based on a stoichiometry of one mole of pyrophos-
phate consumed per two moles of NADH (£=6220 M~" cm™)
oxidized. The data were collected in triplicate and fit to the
Michaelis-Menten equation for noncompetitive inhibition by
ATP when investigating amino acid kinetics, and to the
Michaelis-Menten equation with substrate inhibition when in-
vestigating the reaction with various nucleotide triphosphates.
Data analysis was carried out using GraphPad Prism 8. In the
case of T. maritima TsaC2, the background rate of NADH oxida-
tion due to TsaC2 uncoupling in the absence of threonine at
each nucleotide triphosphate concentration was subtracted
from the raw data for each run before the initial velocity values
were calculated.

E. coli t°A assays with amino acids
and nucleotides

Assays probing the transfer of N-carbamoyl amino acids to tRNA
via the full E. coli t°A biosynthetic system were performed using in
vitro transcribed E. coli tRNAYSUUU) with ['*C]-labeled sodium
bicarbonate as the source of label, added to a concentration of
150 puM (1,000,000 dpm/assay). Assays were performed in
100 mM Tris (pH 7.5), 300 mM KCI, 5 mM DTT, 20 mM MgCly,
10 mM amino acid, 50 uM E. coli tRNA"* transcript, 2 mM ATP,
and 2.0 uM each E. coli TsaB, TsaC, TasD, and TsaE. Assays
were incubated at 37°C for 1 h, then quenched with 500 pL
10% TCA followed by incubation on ice for 10 min to facilitate
quantitative precipitation of the tRNA. After cooling, the reaction
mixtures were transferred to glass microfiber filters and the tubes
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washed with 10% TCA to quantitate trans-
fer. The filters were washed with additional
cold 10% TCA followed by cold 95% etha-
nol. Filters were then transferred to scin-
tillation vials, submerged in 5 mL of
scintillation cocktail, and radioactivity
measured by liquid scintillation counting.
Assays involving transfer of the threonyl-
carbamoyl moiety activated by various nu-
cleotides were performed as described
above except that ['*C]-threonine (50 M,
100,000 dpm/assay) was used as the radio-
' active label, unlabeled sodium bicarbon-
ate (20 mM, pH 7.4) was added, and
nucleotides were added to 3.0 mM. All
of the assays were carried out in duplicate,
and the data represent the results of at
least three independent trials.

T. maritima t°A assays with amino acids
and nucleotides

Assays probing the transfer of N-carbamoyl amino acids (L-threo-
nine, D,L-3-hydroxynorvaline, and serine), to tRNA via the T. mari-
tima TCT complex were performed as described above for the
E. coli TCT complex, except that assays were carried out at 60°C
for 1 h and contained the T. maritima TsaC2 (4 pM) and the T. mar-
itima TCT complex, either as a preisolated complex with a molar ra-
tio of TsaBDE at 2:2:1 (2.0 uM) or the individual proteins at a
concentration of 4.0 uM each. Assays involving transfer of the threo-
nylcarbamoyl moiety activated by various nucleotides were per-
formed as described above except that ["*Cl-threonine (50 uM,
100,000 dpm/assay) was used as the radioactive label, unlabeled
sodium bicarbonate (20 mM, pH 7.4) was added, and nucleotides
were added to 3.0 mM. All of the assays were carried out in dupli-
cate, and the data represent the results of at least three independent
trials.

NMR analysis of amino acid binding to TsaC, TsaC2,
and TsaD

For each STD-NMR experiment, a sample containing 20 uM pro-
tein (E. colior T. maritima TsaC(C2) or TsaD) and 1 mM amino acid
(L-threonine or D,L-3-hydroxynorvaline) was prepared in 500 pL
10 mM potassium phosphate pH 6.8, 100 mM NaCl, 99%
D,O. L-threonine 'H assignments were obtained from the Bio-
logical Magnetic Resonance Bank (Ulrich et al. 2008); hydroxynor-
valine assignments were made on the basis of chemical shift and
observed signal splitting due to spin-spin coupling. The on-reso-
nance irradiation of the protein during the 1D STD NMR experi-
ment was performed at a chemical shift of —4.5 ppm where no
amino acid resonances were present. Off-resonance irradiation
was applied at 40 ppm. All spectra were obtained at 37°C with
1024 scans. The NMR data were processed and analyzed using
Topspin 4.0.2 (Bruker).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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