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Structural and Mechanistic Investigations of the N6-threonylcarbamoyladenosine Biosynthesis
System in Bacteria

by
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Professor Manal A. Swairjo, Chair

Ne-threonylcarbamoyladenosine (t°A) is a universally conserved tRNA modification
found at position 37 of ANN-decoding tRNAs (N is A, U, G or C) and is essential for accurate
and efficient translation. t°A37 biosynthesis occurs in two steps: synthesis of the pathway

intermediate threonylcarbamoyladenylate (TC-AMP) by TsaC/TsaC2 enzymes, followed by

Xiil



transfer of the threonylcarbamoyl moiety onto A37 of substrate tRNAs, catalyzed in bacteria by
the threonylcarbamoyl transfer (TCT) complex. Although the enzymes responsible for t°A37
biosynthesis have been identified and characterized biochemically, key mechanistic questions
have remained unresolved, including how TsaC2 catalyzes TC-AMP formation and what drives
substrate tRNA recognition. In this dissertation, I used X-ray crystallography, SEC-SAXS, cryo-
EM, and biochemical assays to investigate t°A biosynthesis in Thermotoga maritima. In Chapter
2, I performed time- and pH-dependent soaking of 7TmTsaC2 crystals to capture substrate-,
intermediate-, and product-bound states of the enzyme. These structures provide direct evidence
for N-carboxy-L-threonine as a reaction intermediate. In addition, SEC-SAXS analysis revealed
that 7TmTsaC2 adopts a closed conformation in the presence of substrates in solution but exhibits
high conformational flexibility in their absence. In Chapter 3, I used cryo-EM to determine
structures of the Thermotoga maritima t°A synthase bound to unmodified and t®A-modified
tRNA. These structures reveal that productive tRNA binding requires dramatic remodeling of the
anticodon loop into a zig-zag conformation. tRNA is recognized through an indirect readout
mechanism in which the key t°A determinants, U36 and A38, form a base triple with U32 instead
of making base-specific interactions with the protein. The tRNA D-stem is also recognized
predominantly by shape rather than sequence-specific contacts. Together, these data fill
important knowledge gaps in the t°A field by defining key steps in TC-AMP synthesis and
revealing how the bacterial t°A synthase selects substrate tRNAs for modification. This work
provides a structural and mechanistic foundation for future studies of this essential tRNA

modification pathway.
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Chapter 1: Introduction

1.1. transfer RNA: structure, function and modifications

Transfer RNA (tRNA) is an adaptor molecule in protein synthesis and plays a crucial role
in accurate decoding of genetic information carried by messenger RNAs (mRNA). Most mature
tRNAs are 76-90 bases long and adopt a cloverleaf-like secondary structure, composed of five
regions: acceptor stem, D (dihydrouridine) arm, T (TWC) arm, variable loop and anticodon stem-
loop (ASL) (Fig. 1-1A). Tertiary interactions between D-loop and T-loop promote formation of
L-shaped tertiary structure of tRNAs (Fig. 1-1B). tRNAs are aminoacylated at the 3’ end by
aminoacyl-tRNA synthetases and then recruited to the aminoacyl site of ribosomes where the
tRNA anticodon, specifically the bases at 34, 35 and 36 positions, pair with the three-base codon
of mRNA. After the peptide bond forms and translocation takes place, tRNA migrates to the
peptidyl site and then to the exit site of the ribosome.

Although all tRNAs adopt a common L-shaped structure, each species accepts a specific
amino acid. tRNA recognition by aminoacyl-tRNA synthetases is supported by tRNA
determinants and anti-determinants, mainly clustered in the anticodon and acceptor stem, in
combination with the discriminator base 73 (3). Besides these determinants, aminoacylation
efficiency can also be enhanced by tRNA modifications (4-8).

So far more than 170 chemical modifications have been discovered in RNAs, and more
than half of them have been found in tRNAs (Fig. 1-1A) (9). Typical tRNAs carry around 8-13
chemical modifications (10). Modifications in the main body of the tRNA are relatively small in
size and support its structural stability and flexibility (11). Dihydrouridine (D), pseudouridine
(¥) and methylated and thiolated bases (e.g. 1-methyladenosine, m'A, 4-thiouridine, s*U) are the

most abundant and conserved small modifications. On the other hand, modifications in the ASL,



especially at positions 34 and 37, tend to be more chemically complex and larger in size and they
often contribute to proper selection of codons (12).

Position 34 base pairs with the wobble position of mRNA codons and these interactions
can be either Watson-Crick or non-canonical base-pairing. The non-canonical wobble-tRNA
interactions are often mediated by modifications at position 34, most frequently present in U34.
Modifications at 34 can expand codon decoding capacity. For example, when A34 is converted
to Inosine (I) through deamination, the tRNA can recognize codons with U, C or A in the wobble
position, expanding beyond U-A base pairing (3, 13).

While modified purines at position 37 are not directly involved in codon-anticodon base
pairing, they can stabilize the anticodon loop conformation and interactions with the mRNA
codon. For instance, isopentyladenosine (i°A) modification is added to UNN-decoding tRNAs at
position 37 (N being any canonical nucleotide). This modification stabilizes U1:A36 base pairing
and enhances the ability of tRNA to recognize the appropriate codon (14).

The role of tRNA modifications is underscored by their essentiality in cellular function
and implications in human diseases such as neurological disorders, cancer, diabetes, and
mitochondrial diseases. Clear examples of this are the neurodegenerative diseases Mitochondrial
Encephalomyopathy, Lactic Acidosis and Stroke-like Episodes (MELAS), and Myoclonic
Epilepsy with Ragged-Red Fibers (MERRF) (15, 16). These diseases are directly caused by
mutations in tRNA genes which in turn result in the decreased levels of taurine modifications at
the wobble position of the anticodon (17-20). Deficiencies in 5-taurinomethyluridine (tm°U) and
5-tauromethyl-2-thiouridine (tm*s?U) interfere with the decoding capacity of tRNA and impair

mitochondrial translational efficiency (21).
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Figure 1-1: tRNA structure and modifications.
A) tRNA secondary structure showing modifications at various positions. B) Tertiary structure

of Thermotoga maritima tRNA™cuu as an example (AlphaFold3 model, visualized in
ChimeraX).

1.2. N®-threonylcarbamoyladenosine (t°A37)
1.2.1. Structure and function of t°A37

NS-threonylcarbamoyladenosine (t°A) is a universally conserved modified nucleoside at
position 37 of tRNAs that decode ANN codons (N is A, G, U or C) (Fig. 1-2A) (8-12). In t°A,

the threonylcarbamoyl group is attached to the exocyclic N6 amino group of adenosine through a



ureido linkage. In free t°A, the carbamoyl/ureido group adopts a coplanar orientation with A37
and the -NH from the threonylcarbamoyl (TC) moiety forms a hydrogen bond with N1 of A37
(22-24).

Because the t°A37 modification is immediately adjacent to the anticodon, it plays an
important role in accurate and efficient protein synthesis. The t°A37 modification has been
shown to significantly enhance the affinity of the ASL towards AAA-programmed ribosomes
(25). Conversely, loss of t*A37 promotes improper start codon selection, U36-U1(mRNA)
mismatches, and frameshift events (26). In addition to its direct role in decoding, t°A also
supports aminoacylation efficiency, as reduced t°A levels have been associated with decreased
aminoacylation (7, 27-30).

Structural and NMR studies have provided insight into how t®A37 supports these
functions at the molecular level. Structures of ribosomes bound to modified ASLs or tRNAs and
mRNAs show that t°A37 acts as an additional ring-like extension of the adenine base. The
modification stacks against U36 and A38, while the A37 base itself stacks against the U36-
A1(mRNA) base pair in the ribosome decoding center (31-33). In some structures, the threonyl
moiety also interacts with A38 and the modified wobble base, U34 (31, 33). Additionally, the
bulky threonylcarbamoyl moiety prevents intraloop base pairing between A37 and U33, thereby

maintaining a loop structure favorable for accurate decoding (34).
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Figure 1-2: Location and biosynthesis of t°A37.

A) Position of t°A modification in ANN-decoding tRNAs. The universal determinant 36-UAA-
38 sequence for t°A modification is highlighted. N is any canonical nucleotide. B) The t°A
biosynthesis pathway across the three domains of life. TsaC/TsaC2 synthesizes TC-AMP from -
threonine, CO2/bicarbonate and ATP. The transfer of the threonylcarbamoyl (TC) moiety onto
the substrate tRNA is catalyzed by the KEOPS complex in eukarya and archaea, Qri7 in
mitochondria, and by TsaB, TsaD and TsaE in bacteria.

1.2.2. The ancient origins of t°A37

t°A37 has been regarded as one of the “molecular fossils” of the origins of life, reflecting
both its ancient chemical features and its broad conservation (35, 36). Its presence in bacteria,
archaea, and eukaryotes, together with its role in stabilizing codon—anticodon interactions,
supports the idea that t°A emerged early during evolution of the genetic code, possibly before the
divergence of modern organisms from the Last Universal Common Ancestor (LUCA) (37, 38).
Recent work on a giant-virus enzyme system further supports the ancient origin of t°A-related
chemistry by showing that the threonylcarbamoyl group can be installed on ATP or ADP

independently of tRNA (39). This expands the known scope of threonylcarbamoyl chemistry and



suggests that modern t°A biosynthesis may have evolved from a more ancient biochemical
system.

1.2.3. Biosynthesis of t°A37

t°A biosynthesis occurs in two major steps: synthesis of the pathway intermediate,
threonylcarbamoyladenylate (TC-AMP) and transfer of the threonylcarbamoyl (TC) moiety from
TC-AMP onto the tRNA substrate (Fig. 1-2B).

In the first step of the reaction, TsaC or TsaC2 enzymes utilize L-threonine, HCO3 or
CO2 and ATP to form TC-AMP (40-42). TsaC (also known as YRDC in some organisms) is a
single-domain enzyme, whereas TsaC2 (also known as Sua5) contains a catalytic, N-terminal
TsaC domain connected to a C-terminal SUAS domain by a flexible linker (43-45). Although
there is no strict phylogenetic pattern, TsaC is more commonly found in multicellular eukaryotes
and mesophilic bacteria, while TsaC2/Sua5 is often present in Archaea, fungi and thermophilic
bacteria (43, 45).

In the second step of the reaction, the TC moiety of TC-AMP is transferred to A37 of
substrate tRNA. During this reaction, N6 of A37 acts as a nucleophile and attacks the carbamoyl
carbon of TC-AMP, resulting in formation of the t®A37. This step is catalyzed by a transferase
embedded in a larger protein complex that differs across the domains of life. In bacteria, it is the
threonylcarbamoyl transfer (TCT) complex, comprised of TsaD, TsaB and TsaE (2, 41, 42). In
archaea and the cytosols of eukaryotes, it is the KEOPS (Kinase, putative Endopeptidase, and
Other Proteins of Small size) complex, comprised of Kael, Bud32, Cgil21 and Pccl (46-48),
and in some eukaryotes and archaea, is regulated by an additional Gon7 or Pcc2 subunit,
respectively (49). In mitochondria, the enzyme responsible for TC-transfer is the TsaD ortholog
Qri7, functioning alone as a homodimer (50). The TsaD/Kael/Qri7 protein family harbors the

active site for the transfer reaction.



In bacteria, TsaB and TsaD associate to form a TsaB/TsaD hetero complex with a 1:1
stoichiometry (e.g. Salmonella typhimurium and Escherichia coli systems (51, 52)), or a 2:2
stoichiometry where TsaB serves as the dimerization module (e.g. Thermotoga maritima and
Agquifex aeolicus systems (2, 53, 54)). This minimal complex binds tRNA and carries out the TC
transfer reaction (2, 42, 53). In the absence of tRNA, TsaE binds to this minimal complex at the
TsaB/TsaD interface in an ATP-dependent manner to form a 1:1:1 complex (e.g. S. typhimurium
and E. coli (51, 52)) or a 2:2:2 complex (e.g. T. maritima (2, 53) and A. aeolicus (54)). TsaE is
an atypical ATPase that belongs to the P-loop NTPase structural superfamily (55), and its
ATPase activity is enhanced in the presence of TsaB and TsaD (2, 51, 53).

1.2.4. t*A37 biosynthesis cycle in Thermotoga maritima

Among the bacterial t°A biosynthesis systems characterized to date, that of 7. maritima
has been investigated most extensively at the mechanistic level and has served as the primary
model for understanding the catalytic cycle. In 7. maritima, the TC-AMP synthase is TmTsaC2.
In 2018, Luthra et al. showed that the 2:2 heterocomplex of 7mTsaB and 7mTsaD (TmTsaB2Dz)
acts as the minimal tRNA-binding unit, and binds only one tRNA molecule despite containing
two TC-transfer sites (53). TmTsaB2D:2 catalyzes one reaction cycle, and releases the modified
tRNA product (2, 53). Further, using competition binding assays and SAXS analysis of the
tRNA-bound complex, Luthra ef al. showed that tRNA binding and ATP-dependent TsaE
binding to 7mTsaB2D2 (the latter forms the 7mTsaB2D2E2 complex) are mutually exclusive,
demonstrating that TsaE and tRNA bind to overlapping sites on 7mTsaB2Dz (2, 53). Critically,
using careful radiochemical assays, they showed that TsaE-catalyzed ATP hydrolysis is required
for multiple turnover of the t°A biosynthesis reaction (53). Based on these observations, a

catalytic cycle has been proposed, in which the TCT complex becomes inactivated after one



round of reaction, and TsaE-mediated ATP hydrolysis serves to reset/re-activate the system for

the next cycle (Fig. 1-3) (2).

_Thr + HCO, + ATP

TsaD 1 TsaD L
e PPi
TsaE . TsaB TsaB : in )
ATP i AP TsaC2
TsaE
ATP
TC-AMP
Transfer

5
-’ TsaE
' TC ATP
ADP+Pi | TsaE %\Reset Transfer !(
AMP

Product
4 Release
- m i
TsaE bt

‘["
ATP o

toA-tRNA

Figure 1-3: Proposed t°A37 biosynthesis cycle in 7. maritima.
(figure from Luthra et al., 2019) (2).

1.2.5. t°A37 derivatives
In some organisms, t°A is further processed into hypermodified derivatives, including N°-
methyl-N°-threonylcarbamoyladenosine (m®°A), 2-methylthio-N°-threonylcarbamoyladenosine
(ms?t°A), and 2-methylthio cyclic N°-threonylcarbamoyladenosine (ms?ct®A) (Fig. 1-4) (9).
These derivatives expand the chemical diversity of t®A-containing tRNAs and may further

modulate decoding efficiency of the t°A modification.



Methylation and thiomethylation are among the most common t°A hypermodifications.
The methyltransferase TrmO methylates the N° position of t°A to form m°t°A, which likely
further enhances the stacking capacity of the modified base (56). A methylthio group can also be
installed at the C2 position of t°A37 in tRNADYS, generating ms*t®A. This reaction is catalyzed by
the methylthiotransferase MtaB in bacteria, and by CDKALT in eukaryotic cytosolic and
mitochondrial tRNAs (57-59).

t®A can also be dehydrated to cyclic t°A (ct®A) by TcdA and its orthologs in an ATP-
dependent manner (60). ct®A is a predominant form of t°A in some bacteria, fungi and plants
and has been shown to support more efficient decoding of certain codons than uncyclized t°A
(60). In some organisms, ct®A can be further thiomethylated by MtaB to form ms?ct®A (58).

Additional t°A derivatives include hydroxy-N°-threonylcarbamoyladenosine (ht®A), first
discovered in sea urchin mitochondria. ht®A helps reassign the AAA codon from lysine to
asparagine in mitochondria, by restricting mitochondrial tRNAYS decoding to the AAG codon
and preventing its binding to the AAA codon (61). However, it remains unclear whether the
hydroxyl group is added after t°A formation or whether 4-hydroxythreonine is directly used by
the t°A biosynthesis machinery. Similarly, N°-hydroxynorvalylcarbamoyladenosine (hn®A) and
2-methylthio-N¢-hydroxynorvalylcarbamoyladenosine (ms*hn®A) are found in some
thermophiles (62-64), and the T. maritima and E. coli t°A37 biosynthesis enzyme systems have
been shown to use hydroxynorvaline (instead of L-threonine) to form hn®A37-modified tRNA in

vitro (65).
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Figure 1-4: t°A derivatives.
The t°A moiety is highlighted in blue, additional groups shown in red. R=ribose.

1.2.6. Essentiality of tSA37
The importance of t*A37 is underscored by its requirement for normal cellular function
across diverse organisms. In humans, mutations in t*A37 biosynthesis genes cause Galloway-
Mowat syndrome (GAMOS), a rare disorder characterized by steroid-resistant nephrotic
syndrome (SRNS) accompanied by neurological impairment (66-68). GAMOS-associated
mutations have been identified in YRDC and KEOPS genes and can disturb tA biosynthesis by
affecting catalytic sites, KEOPS complex assembly, individual protein expression, or folding

(24).
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t°A37 modification is essential for cell growth. Absence of t*A37 causes severe growth
defects in yeast and drosophila (40, 69-71). In some bacterial species, such as Escherichia coli,
Streptococcus pneumoniae, Staphylococcus aureus, and Pseudomonas aeruginosa, t°A37
modification is essential for viability (7, 72, 73). Even in species where t°A37 is not strictly
required, loss of the modification can impair normal cellular function, leading to defects in cell
morphology and growth, compromised biofilm formation, and increased sensitivity to oxidative
stress (74, 75). As mentioned earlier, the essentiality of t*A37 in bacteria may reflect not only its
role in decoding but also its contribution to tRNA aminoacylation and broader cellular
physiology. In S. pneumoniae, t*A37 synthesis genes are essential; however, deletion of zsaE can
be tolerated in the presence of a suppressor mutation in the asnS gene, corresponding to
Aspl21Ala substitution in asparaginyl-tRNA synthetase (AsnRS) (73). This suggests a
functional connection between t®A37 biosynthesis and recognition of tRNAAS for
aminoacylation in this organism. To explore this possibility, I generated a structural model of the
AsnRS/tRNAAS" complex using an AlphaFold2 model of S. pneumoniae AsnRS (SpAsnRS) and
available structures of class IIb synthetases bound to their cognate tRNAs as references (Fig. 1-
5) (76-78). In this model, the linker connecting the catalytic and anticodon-binding domains of
SpAsnRS contacts both the tRNA acceptor stem and anticodon loop: Asp121 is positioned to
interact with the 2'-OH of ribose 67, while Lys116 may contact t°A37, similar to interactions
observed in the recently determined structure of human lysyl-tRNA synthetase (LysRS) bound to
tRNALYS (77). In case of t°A37 loss, the Asp121Ala mutation may allow the linker to adopt an
alternative conformation that preserves productive tRNA binding. Thus, t°A37 may act as a

positive determinant for recognition of tRNAA" by wild-type SpAsnRS, while the Asp121Ala
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suppressor mutation may relax this requirement, allowing aminoacylation of unmodified
tRNAA" sufficiently enough to support growth in the absence of t°A37.

Because t°A37 is essential in most bacterial species, the bacterial t°A biosynthesis system
represents an attractive target for the development of new antibiotics against pathogenic bacteria.
TsaB and TsaE are particularly promising targets because they are bacterial-specific proteins and

essential components of the bacterial t°A biosynthesis pathway (79).
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Figure 1-5: Model of t°A-modified tRNA”" bound to Streptococcus pneumoniae asparaginyl-
tRNA synthetase (SpAsnRS) (73).

SpAsnRS is shown in purple, with its interdomain linker region highlighted in tan. Potential
interactions between linker residues and C67 at the base of the tRNA acceptor stem, as well as
with t9A37, are shown as dashed lines. The threonylcarbamoyl moiety of t°A37 is highlighted in
cyan.
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Chapter 2: TC-AMP synthesis by 7TmTsaC2

2.1. Introduction

The first step of the t°A biosynthesis is the formation of the pathway intermediate, TC-
AMP from L-threonine, ATP, and COz/bicarbonate. The reaction is catalyzed by either
TsaC/YrdC or TsaC2/Sua5 enzymes (42). These two enzyme families contain orthologous
catalytic domains; however, TsaC2/Sua5 contains an additional C-terminal segment comprising
a linker and SUAS domain, both of which are required for TsaC2 activity (44). There is no strict
phylogenetic pattern in the distribution of TsaC and TsaC2 enzymes. A bioinformatics study by
Pichard-Kostuch ef al. suggested that TsaC arose from TsaC2 through repeated loss of the SUAS
domain during evolution (45). This study also identified protein residues that are conserved in
TsaC but not in TsaC2, and vice versa, and proposed that these residues may support distinct
ligand-binding modes in the two enzyme varieties.

Lauhon extensively characterized TC-AMP synthesis and stability (42). TC-AMP is
relatively unstable in solution, with a half-life of 3.5 min at pH 7.5, 37°C and 2 mM magnesium
chloride. TC-AMP readily undergoes hydrolysis to AMP and equimolar amounts of L-threonine
or oxazolidinone, a cyclized form of N-carboxy-L-threonine. Increasing temperature or
magnesium concentration further destabilizes TC-AMP. E. coli TsaC catalyzes the formation of
TC-AMP while producing only a small amount of AMP. In contrast, B. subtilis TsaC2 generates
a large excess of AMP unless inorganic pyrophosphatase is included in the reaction; under those
conditions, its products profile resembles that of E. coli TsaC. Because the reaction generates
only substoichiometric amounts of AMP, Lauhon argued that TC-AMP formation may not
require an ATP-activated bicarbonate intermediate. Instead, he proposed that the reaction

proceeds through N-carboxy-L-threonine, or L-threonine carbamate, formed by the reaction of -
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threonine with CO2 (Fig. 2-1). N-carboxy-L-threonine can then react directly with ATP to form
TC-AMP and pyrophosphate (Fig. 2-1).

Several structural studies of Sua5 enzymes from S. tokodaii and P. abyssi (StSua5 and
PaSua5, respectively) have been reported. In the first StSua5 structure, the bound ligand was
initially modeled as AMP and was later remodeled as TC-AMP (PDB ID: 4E1B) (80). A second
StSua5 structure contained L-threonine and AMPPNP (PDB ID: 3AJE) (80, 81). Several PaSua5
structures have also been reported, revealing a fully ordered linker for the first time and showing
the protein bound to threonine or to threonine and pyrophosphate (PP1) (82).

In this study, I use timed crystal soaking, X-ray crystallography, and SEC-SAXS (Size-
Exclusion Chromatography coupled to Small-Angle X-ray Scattering) to elucidate the
mechanism of the TsaC2-catalyzed reaction and to understand the roles of the SUAS domain and

linker in catalysis.

H
NH;* N o HN OAMP™
HO TsaC/TsaC2 HO TsaC/TsaC2
+co, \H/ o Y
co; o O ATP PPi Ccoy 0

2 2 A

L-threonine N-carboxy- -threonine TC-AMP

Figure 2-1: The TC-AMP biosynthesis reaction as proposed by Lauhon (42).

2.2. Methods
2.2.1. Preparation of wild-type and mutant 7. maritima TsaC2
Cloning of the T. maritima tsaC2 gene (NCBI accession number AGL49779) into a pET-
28a expression vector with the N-terminal Hise tag followed by a thrombin cleavage site

(construct pET28a-tsaC2) was described previously (53). TmTsaC2 wild-type and mutant

14



proteins were purified as described previously with minor modifications (53). Briefly, 7TmTsaC2
was overexpressed in E. coli C41 cells. The clarified lysate was heated at 60°C for 30 minutes.
The first purification step was performed by Ni-NTA affinity chromatography. After overnight
thrombin digestion to remove the Hiss tag, the protein was further purified by size-exclusion
chromatography (SEC) using an ENrich™ SEC 650 column (10 x 300 mm; Bio-Rad
Laboratories) equilibrated in 50 mM Tris-HCIL, pH 7.5, 50 mM KCI, and 1 mM DTT. The protein
was stored at -80°C and protein purity was verified by SDS-PAGE (sodium dodecyl sulfate—
polyacrylamide gel electrophoresis). The purified 7mTsaC2 samples were heated at 60°C for 30
minutes before use to eliminate any E. coli protease contamination.

Point mutagenesis was performed using the Q5® Site-Directed Mutagenesis Kit (NEW
ENGLAND Biolabs Inc.). Nucleotide sequences were confirmed by sequencing (Genewiz, Inc.,
South Plainfield, NJ). Mutant proteins were overexpressed and purified using the same
procedures used for the wild type enzyme.

2.2.2. Crystallization and structural determination

TmTsaC2 crystals were grown at 20 °C in a Cryschem M 24-well sitting drop plates by
mixing 1.5 ul protein with 1.5 pl reservoir solution and equilibrating the drops against 500 pul
reservoir solution. In all experiments, the protein stock contained 25 mg/mL 7mTsaC2 (660
pM), 10 mM r-threonine, 50 mM Tris-HCL pH 7.5, 50 mM KCl and 1 mM DTT. The reservoir
solution only for the 7mTsaC2/Thr-ATP crystal contained 80 mM sodium cacodylate, pH 6.5,
160 mM calcium acetate, 14% polyethylene glycol 8000 (PEG8000), 20% glycerol. The
reservoir solution for all other crystals contained 80 mM sodium cacodylate, pH 7.5, 130-230
mM sodium acetate, 13-14% PEG 8000, 20% glycerol.

For the structure in complex with L-threonine only (7mTsaC2/Thr), the crystal was

directly cryoprotected in mother liquor supplemented with 20% glycerol and flash-cooled in
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liquid nitrogen. All the other crystals were soaked in a solution containing 10 mM L-threonine,
10 mM ATP, 10 mM magnesium chloride, 30 mM sodium bicarbonate; for the 7mTsaC2/TC-
AMP-PPi crystal, 0.11 unit/ul inorganic pyrophosphatase was also added. The soaking buffer for
the 7mTsaC2/Thr-ATP crystal contained 80 mM sodium cacodylate, pH 6.5, 160 mM calcium
acetate, 14.4% PEG8000 and 40% glycerol. After a 10-minute soak, the crystal was immediately
frozen in liquid nitrogen. The soaking buffer for the other crystals contained 80 mM sodium
cacodylate, pH 7.5, 160 mM sodium acetate, 14.4% PEG8000, and 20% glycerol. The crystals
were then cryoprotected in mother liquor supplemented with 20% glycerol and flash-frozen in
liquid nitrogen. Soaking conditions, data collection and structure refinement statistics are
summarized in the Table 2-1.

X-ray diffraction data were collected at the Stanford Synchrotron Radiation Lightsource
(SSRL, Menlo Park, CA) beamlines 12-2 or 14-1, equipped with Pilatus CCD detectors; or at the
National Synchrotron Light Source II (NSLSII, Long Island, NY) 17-ID-1 AMX beamline,
equipped with Eiger 9M detector; or the Advanced Light Source (ALS, Berkeley, CA) beamline
5.0.2, equipped with Pilatus 6M detector. Data were processed using the HKL3000 program
suite (83) or XDS (84).

The structure of 7mTsaC2 was determined by molecular replacement using Phenix
Phaser (85) and an AlphaFold3 (78) model for search. Local remodeling of the linker region,

ligand and solvent fitting, and structure refinement were done in Coot (86) and Refmac5 (87).
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Table 2-1: X-ray data collection and structural refinement statistics.

Structure TmTsaC2/ TmTsaC2/ TmTsaC2/ TmTsaC2/ | TmTsaC2
Thr/ATP CT/ATP TC-AMP/ CT/PPi /Thr
PPi
PDB ID 9DG5 9DSV 9DSQ 9D3H 9DSW
Ligands present in | 10 mM L- 10 mM 10 mM L- 10 mM each | 10 mM L-
crystallization threonine threonine, 30 | threonine L-threonine, | threonine
mM ATP and
NaHCO:s. MgCla
Crystal soaking 10 min at 30 min 60 min with | 90 min N/A
time with 10 mM | pH 6.5. pyrophosphat
each L-threonine, ase.
ATP and MgCla,
30 mM NaHCO:s.
Bound ligands L-Threonine, | Monomer A: | TC-AMP, CT, PPi L-
ATP CT, ATP. PPi Threonine
Monomer B:
mixture of
CT, ATP &
TC-AMP,PPi.
Data Collection
Beamline, detector | SSRL ALS BL5.0.2, | ALS NSLSII 17- | SSRL
BL14-1, Pilatus 6M BL5.0.2, ID-1 AMX, | BL14-1,
Pilatus 3M Pilatus 6M Eiger 9M Pilatus3
2M
Space group P3:21
Matthew’s 3.89 3.87 3.87 3.90 3.86
coefficient (A3/Da)
Solvent content 68.4 68.1 68.3 68.5 68.2
(%)
Monomers/AU 2 2 2 2 2
Unit cell a=b, ¢ 153.76, 153.59, 86.55 | 153.83, 154.04, 153.67.
(A) 87.21 86.89 87.24 86.73
Wavelength (A) 1.19499 0.97741 1.00004 0.92010 1.19499
Resolution (A)! 50.00-2.25 44.34-2.01 44.41-1.99 34.09-2.277 | 44.5-2.05
(2.29-2.25) | (2.05-2.01) (2.03-1.99) (2.317- (2.09-
2.277) 2.05)
Measured 1,110,952 1,242,956 1,509,843 697,037 1,282,439
reflections (84,602) (71,594) (84,700) (34,797)
Unique reflections | 56,743 78,278 81,174 54,251 73,986
(2,809) (4,436) (4,420) (2,696) (3,656)

"Highest-resolution shell information in parentheses. > Rfee was calculated with 5% of the data
excluded from the refinement. CT: N-carboxy-L-threonine, TC-AMP: Threonylcarbamoyl

adenylate.

17




Table 2-1: X-ray data collection and structural refinement statistics, continued.

Structure TmTsaC2/ TmTsaC2/ TmTsaC2/ | TmTsaC2/ | TmTsaC2
Thr/ATP CT/ATP TC-AMP/ | CT/PPi /Thr
PPi
Completeness (%) | 99.9 (100.0) | 100.0 (100.0) | 100.0 (100.0) | 99.1 (100.0) | 91.2
Multiplicity 19.6 (16.3) 15.9 (16.1) 18.6 (19.2) 12.8 (12.9)
R-merge 0.503(2.799) | 0.236 (3.912) | 0.271 (5.124) | 0.37(3.685) | 0.24
R-meas 0.556 0.252 (4.175) | 0.279 (5.263) | 0.390 0.247
(1.806) (3.836)
R-pim 0.124 0.063 (1.032) | 0.064 (1.197) | 0.108 0.04
(0.446) (1.060) (0.247)
CCin 0.953(0.642) | 0.998(0.308) | 0.997(0.322) | 0.994 0.999
(0.419) (0.366)
<I/o(I)> 6.6 (1.3) 10.7 (0.8) 7.9 (0.7) 7.7(1.1)
Structure refinement
Resolution range 44.43-2.25 44.34-2.01 44.41-1.99 34.09-2.28 | 44.40-
(A) 2.05
No. of reflections | 45,571/ 74,298 / 76,961 / 51,476/ 64,297
(working/free) 2,356 3,941 4,176 2,724 (3,283)
No. of atoms in the | 5,550 5,656 5,553 5,672 5,434
asymmetric unit
Protein residues 645 646 646 671 646
Water 188 212 195 151 227
ATP 2 1 0 0 0
N-carboxy-L- 0 1 0 2 0
threonine
TC-AMP 0 1 2 0 0
PPi 0 1 2 2 0
L-Threonine 2 0 0 0 2
Magnesium ions 2 2 2 2 0
No. of TLS bodies | 2 1 2 2 2
Reryst/R frec? 0.1849 / 0.1945/ 0.1909 / 0.1887/ 0.198/
0.2189 0.2165 0.2052 0.2125 0.208
Deviation from ideality
Bond length (A) | 0.008 0.004 0.004 0.009 0.009
Bond angles (°) 1.586 1.270 1.370 1.659 1.495
Ramachandran plot
Favored & 99.51 99.16 99.33 99.7 99.8
allowed (%)
Outliers (%) 0.49 0.84 0.67 0.3 0.2
Mean B factor 474 45.0 48.7 38.0 31.7
(A?)

'Highest-resolution shell information in parentheses. ? Rfree Was calculated with 5% of the data
excluded from the refinement. CT: N-carboxy-rL-threonine, TC-AMP: Threonylcarbamoyl

adenylate.
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2.2.2. Size-exclusion Chromatography-coupled Small-Angle X-ray Scattering analysis (SEC-
SAXS)

SEC-SAXS data were collected on the SIBYLS beamline 12.3.1 at the Lawrence
Berkeley National Laboratory’s Advanced Light Source (ALS) (88, 89), using an incident beam
wavelength (1) set at 1.127 A and a sample-to-detector distance of 2.1 m. This combination gives
scattering vectors (q) ranging from 0.01 A to 0.4 A-', where q = 4nsin@/A and 20 is the
measured scattering angle. Samples were injected on a Shodex 802.5 or 803 analytical SEC
column in line with the X-ray beam and run using an Agilent 1260 Infinity HPLC system at a
flow rate of 0.65 ml/min. For analysis of the apo enzyme, the sample contained 10 mg/ml (264
uM) TmTsaC2, 30 mM KCl, 20 mM Tris pH 7.5 and 2 mM TCEP. For analysis of the enzyme in
the presence of substrates, the sample additionally contained 1 mM L-threonine, 0.5 mM each
ATP and MgClz, and 50 mM sodium bicarbonate. In each experiment, the SEC column was
equilibrated and run with a buffer identical in composition to the corresponding sample buffer,
including the presence or absence of substrates. The eluate was also subjected to in-line
multiangle light scattering (MALS), quasi-elastic light scattering (QELS), UV absorption and
refractive index analyses. MALS data were collected on an 18-angle DAWN HELEOS II light
scattering detector connected to an Optilab refractive index concentration detector (Wyatt) and
analyzed using the Wyatt Astra 8 software package. SAXS data were collected continuously
using 2-second exposures per frame during a 25-min elution, and buffer scattering was
subtracted from each frame before analysis. The data were processed in BioXTAS RAW (90).
The radius of gyration (Rg) for each buffer-subtracted frame was calculated using the Guinier
approximation I(q) = I(0) exp(—q°R¢?/3) with the limit qRg < 1.3. Sample homogeneity was

confirmed by the uniform Rg values across the elution peak, complemented by the MALS, UV
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and differential refractive index data. Final merged SAXS profiles, derived by integrating
multiple frames at the elution peak, were used for further analysis. Pair distribution functions
(P(r)) were calculated using the program GNOM (91). Porod volumes were calculated using
PRIMUS in the ATSAS package (92). Molecular masses were determined using the methods
Shape & Size (25) and SAXS- MoW 2.0 (93). Theoretical scattering curves were computed from
various structural models and compared to the experimental scattering curves using the program
FoXS (94). To fit SAXS data of 7mTsaC2 in the presence of substrates, a structural model
derived directly from the Thr-bound crystal structure was used. To fit the SAXS data collected in
the absence of substrates, the crystal structure was subjected to conformational sampling,
covering 10,000 accessible conformations and followed by iterative multi-state model
enumeration in MultiFoXs (94).

2.2.3. Initial velocity assays of various 7mTsaC2 mutants in the production of t°A modified
tRNA

Initial rates of t°A-modified tRNA formation by wild-type and mutant 7mTsaC2 proteins
were determined using 100 pL reactions. Reactions contained tri-buffer, pH 8.0, consisting of 80
mM MES, 80 mM HEPES, and 160 mM diethanolamine, supplemented with 300 mM KCl, 5
mM DTT, 5 mM NaHCOs, 20 mM MgClz, 2 mM ATP, 250 uM L-[U-'*C]-threonine (17.5
uCi/umol), 20 uM TmtRNAT™CGU in vitro transcript, 2.5 pM TCT complex, and 0.1 uM wild-
type or mutant 7mTsaC2. Reactions were started by adding ATP and L-threonine and incubated
at 60°C. Aliquots of 30 nL were collected after 5, 10, and 15 min and quenched in 300 pL cold
10% TCA. After incubation on ice for at least 15 min, precipitated tRNA was captured on
Whatman GF/C filters. Reaction tubes were washed three times with cold 10% TCA, and filters
were washed with cold 10% TCA followed by cold 95% ethanol. Dried filters were placed in 5

mL Econo-safe liquid scintillation cocktail, and radioactivity was measured using a Beckman LS

20



6500 multi-purpose scintillation counter. Assays were performed in duplicate across three
independent trials.

2.3. Results

2.3.1. Time-course crystal soaking captures sequential steps of the TsaC2-catalyzed reaction
and provides direct evidence of the reaction intermediate N-carboxy-L-threonine.

I conducted a series of timed soaking experiments in which 7mTsaC2 crystals, grown
in the presence of L-Threonine, were soaked for increasing periods of time in buffer
containing all reaction substrates: L-Threonine, sodium bicarbonate, and Mg-ATP. These
experiments yielded five TmTsaC2 crystal structures, at resolutions of 1.99-2.28 A, with
unambiguous density for reaction substrates, an intermediate and products (Fig. 2-2A, B). The
structures are referred to here as TmTsaC2/Thr, TmTsaC2/Thr/ATP, TmTsaC2/CT/ATP,
TmTsaC2/TC-AMP/PPi, and TmTsaC2/CT/PP1i, corresponding to structures bound to -
threonine, L-threonine/ATP, N-carboxy-L-threonine/ ATP, TC-AMP/pyrophosphate, and N-
carboxy-L-threonine/pyrophosphate, respectively (Table 2-1). The crystal asymmetric unit
contains two 7mTsaC2 monomers, A and B, which exhibit identical structures and can be
superimposed with an r.m.s.d. of 0.3 A over 335 C, atoms. In all structures except
TmTsaC2/CT/ATP, both monomers contain the same ligands. In 7mTsaC2/CT/ATP, the active
site of monomer A is occupied by N-carboxy-L-threonine and ATP, whereas monomer B exhibits
a mixture of two states, one bound to N-carboxy-L-threonine/ATP and the other bound to TC-

AMP/pyrophosphate.
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Figure 2-2: TmTsaC2 structures.

A) Superposition of all structures. The catalytic domain is shown in dark green, the
SUAS domain in light green, the linker region in salmon, the linker loop found ordered
only in 7mTsaC2/CT/PP1i in red, and the ligands in wheat. B) 2Fo-Fc map around the
bound ligands in the different structures, contoured at 1.0 . PDB IDs are shown in
parentheses. CT is N-carboxy-L-threonine. C) The active site of 7mTsaC2/CT/PPi
structure showing the ordered linker loop (red). Superposed on this figure is the Mg-
ATP molecule bound in the active site of the 7mTsaC2/Thr/ATP structure. The
superposition highlights that in the absence of nucleotide, the tip of the linker loop
inserts into the active site, with Pro230 occupying the binding site of the ATP ribose.
D) Orientation of linker residues 235-237 as seen in the 7mTsaC2/Thr/ATP structure
(in color), versus in the 7mTsaC2/Thr structure (gray), highlighting conformational
changes associated with Mg-ATP binding.
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Overall, the TmTsaC2 structures are similar to TsaC2/Sua5 structures from S. tokodaii
and P. abyssi (PDB IDs 6F8Y and 6F87, respectively). Structural superposition of the three
enzymes yields r.m.s.d. values of 0.69-1.1A. Structure-based alignment of the three enzymes
shows overall sequence identities of 43%, 42% and 20% in their N-terminal domains, linker
regions and SUAS domains, respectively (Supplementary Fig. 2-1).

In TmTsaC2, the catalytic N-terminal domain is composed of nine B-strands and seven -
helices folded into a compact o/f twisted open-sheet structure, whereas the SUAS domain adopts
a Rossmann fold consisting of a central five-stranded B-sheet surrounded by three a-helices. The
two domains are connected by a flexible linker comprising residues Pro199-Pro242.

Although all TmTsaC2 structures are highly similar overall, differences are observed in
the linker region (Fig. 2-2C and D). In all structures except 7mTsaC2/CT/PPi, the linker loop
comprising residues 223-235 is disordered and lacks interpretable density, similar to the
corresponding loop in the TC-AMP-bound StSua$5 structure (residues 215-233 in S. tokodaii
numbers, PDB ID 4E1B). In the 7mTsaC2/CT/PP1i structure, the loop is ordered, with its highly
conserved Pro230-Gly231-Met232 motif at its tip inserted into the active site. Pro230 sits in the
position otherwise occupied by the ribose of ATP or TC-AMP, and the backbone nitrogen of
Gly231 forms a hydrogen bond with a pyrophosphate oxygen atom. This linker arrangement was
previously observed in the PaSua5 structure bound to L-threonine/PPi or L-threonine alone,
where triple mutation of the PGM motif to alanine significantly reduced t°A and ATPase activity
(82). Intriguingly, the linker is not ordered in my r-threonine-bound structure.

In TmTsaC2 structures, linker residues Arg235, His 236 and Tyr237 change their
orientations in response to ligand binding (Fig. 2-2D). When only L-threonine is bound, these

residues face away from the active site. Upon binding ATP or PPi, a rotation of the polypeptide
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backbone reorients both residues toward the active site. In this conformation, His236 forms a
hydrogen bond with a y-phosphate oxygen atom, whereas Tyr237 forms a water-mediated
hydrogen bond with the B-phosphate of ATP or with PPi. Consistent with the importance of this
interaction, the TmTsaC2Y?*7A mutant is essentially inactive in the t’A synthesis assay (Fig. 2-
3E). This trend is not observed in the Thr-bound and Thr/PPi-bound PaSua5 structures where the
corresponding His234 and Tyr235 face the active site in both structures. In the absence of bound
PPi, His234 instead interacts with one of two water molecules occupying the PPi binding site.

All other ligand interactions are mediated by conserved residues of the N-terminal
domain of 7mTsaC2 (Fig. 2-3). Alanine substitutions of ligand binding residues either abolish or
significantly reduces t°A activity (Fig. 2-3D, E). Unlike the linker, this domain is relatively rigid,
and the positions of active-site residues do not change significantly between the different
structures. All protein-ligand interactions are summarized in the Table 2-2.

The TmTsaC2/Thr-ATP structure is the first TsaC2/Sua5 structure in which the true ATP
substrate, as opposed to a non-hydrolyzable analog, is bound. (Fig. 2-3A). In this structure, -
threonine interacts with five conserved residues and a water molecule located at the position
where the CO2/HCO3™ substrate is likely to bind during the reaction. The side-chain hydroxyl
group of threonine hydrogen bonds with His68 and Argl122, while the backbone carboxylate
moiety forms a network of hydrogen bonds with Thr36, Ser182 and Arg196. Argl196 also
interacts with the 5'-O of ATP. The ATP phosphate groups engage the side chains of Arg59,
Ser144, Lys57, Ser148, Gly149, His236 and Asn63. In addition, Asn63 forms a hydrogen bond
via its side chain O with the 3’-OH of the ribose. The adenine base is inserted into a conserved
hydrophobic pocket (shown for TC-AMP in Fig. 2-3C) and forms a single hydrogen bond via its

exocyclic amino group with Thr118.
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Figure 2-3: TsaC2 interactions with the substrates, intermediate and products.

A-C: TmTsaC2 interactions with A) substrates ATP and L-threonine, B) intermediate N-
carboxy-1-threonine and ATP, C) products TC-AMP (left) and PPi (right). Distances 3.3A or
less are shown as dashed lines. D) Conservation of residues in 7mTsaC2. E) Initial velocity
measured for 7mTsaC2 mutants and constructs in the t°A biosynthesis assay. TmTsaC2N! is
the N-terminal domain (residues 2-221), TmTsaC25Y43 is the SUAS5 domain (residues 222-
335).
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The conformation and interactions of ATP in my structure differ from those previously
observed for AMPPNP bound to StSua5 (Supplementary Fig. 2-2A-C). In the StSua5 structure
(PDB ID 3AJE), due to rotation of the triphosphate moiety relative to the ribose, Asn63
coordinates the ribose 2'-OH and does not engage the a-phosphate. Lys57 and His236 are far
removed from the nucleotide binding site and do not make any contacts with it. Instead, Tyr237
makes a direct hydrogen bond with the B-phosphate, and Glul81 is positioned only 2.4 A away
from the y-phosphate, which appears highly unusual unless it is protonated. This structure likely
does not accurately represent the substrate-binding mode, as the y-phosphate lacks 2Fo-Fc
density and strong negative Fo-Fc density is observed even at contour level of 5 (Supplementary
Fig. 2-2D). Additionally, AMPPNP is not coordinated to a metal ion.

Most of the enzyme-ligand interactions observed in the Thr/ATP-bound structure are also
present in the other liganded 7mTsaC2 structures (Fig. 2-3B and C). In addition to its role in
coordinating the L-Thr and ATP substrates, Argl196 also coordinates the C=0 moiety of the N-
carboxy-L-threonine intermediate and of TC-AMP in the 7mTsaC2/CT/ATP and TmTsaC2/TC-
AMP/PPi structures, respectively. This suggests that Argl196 also engages CO2/HCO3™ during the
reaction, explaining why enzyme activity is completely abolished in the TmTsaC2R!%%A mutant
(Fig. 2-3E).

The TmTsaC2/CT/ATP structure provides the first direct evidence of the proposed
reaction intermediate N-carboxy-L-threonine, and offers insight into this stage of the reaction.
Intriguingly, only monomer A in the crystal is bound to N-carboxy-L-threonine and ATP,
whereas monomer B contains a mixture of N-carboxy-L-threonine/ATP (the intermediate-bound
state) and TC-AMP/PP1i (the products-bound state). In monomer A, the negative charge of the

ATP a-phosphate is stabilized by interactions with the Arg59 side chain, hydrogen bonds with
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the Ser144 side chain and backbone, and coordination by the magnesium cation. One carbamate
oxygen of N-carboxy-L-threonine forms a salt bridge with Arg196, while the other one is 3.1 A
from the a-phosphorus atom of ATP, which appears to be in a favorable position for nucleophilic
attack. It is unclear how the reaction is fully trapped at the intermediate stage in monomer A.
Possibly, local crystal packing constrains the conformational flexibility of monomer A, thereby
slowing down the reaction.

The TmTsaC2/CT/PPi structure also contains N-carboxy-L-threonine, but with
pyrophosphate, instead of ATP. This structure was obtained from the longest crystal soak, 90
minutes. As reported previously, TC-AMP degrades in solution into AMP and equivalent
amounts of L-threonine or oxazolidinone, a dehydrated and cyclized form of N-carboxy-L-
threonine (42). It is possible that after long soak, TC-AMP degraded and AMP was released into

solution, while CT and PPi stayed bound in the active site.

2.3.2. SEC-SAXS reveals substrate-induced closure of 7mTsaC2.

To examine how substrates affect 7TmTsaC2 structure and dynamics, SEC-SAXS was
performed in the absence and presence of the following substrates in the mobile phase: 1 mM L-
threonine, 0.5 mM ATP, 0.5 mM magnesium chloride and 50 mM sodium bicarbonate (Fig. 2-
4A, B). Structural parameters derived from the SAXS data are summarized in Table 2-3. In the
absence of substrates, the crystal structure, referred to as the ‘closed model’, gave a relatively
poor fit to the SAXS data (2 = 3.20). To improve the fit, the MultiFoXs program was used to
identify the appropriate conformation by subjecting the crystal structure to conformational
sampling while allowing flexibility in the linker region (94). This generated an open model in
which the SUAS5 domain and linker peptide are positioned away from the active site. The fit

improved to %>=1.45. However, the best fit was obtained from a multi-state model in which 74%
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of protein population adopts the open conformation and only 26% is in the closed conformation
(x? = 1.19). This suggests that TmTsaC2 is conformationally flexible in solution in the absence
of ligands. In contrast, in the SEC-SAXS experiment conducted in the presence of the substrates,
the best fit to the SAXS data was obtained using the closed model alone (32 = 1.14), or a multi-
state model where 94% of the protein population adopts the closed conformation (y2 = 1.11).

Overall, these results show that 7mTsaC2 is conformationally flexible in solution in the
absence of substrates. Once substrates bind and the reaction begins, the protein assumes the
closed, compact conformation observed in the crystal structures. This is consistent with the
observation that crystals could not be obtained without at least threonine being present in the
crystallization buffer.

Previous enzymatic studies established that the SUAS domain is required for catalysis in
TmTsaC2 (Fig. 2-4C) (unpublished data). Studies on PaSua$5 also provided evidence that some
linker residues contribute to catalytic activity (82). Arg325 is the most conserved residue in the
SUAS domain of 7mTsaC2, and this basic residue forms a salt bridge with Glul81 in the
catalytic domain (Fig. 2-4D). Although neither residue interacts with any of the substrates, their
alanine substitutions result in loss of t°A synthesis activity (Fig. 2.4C), suggesting a role for the
salt bridge in stabilizing a catalytically productive protein conformation. This could explain why

these residues are essential for catalysis.
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Figure 2-4: Conformational flexibility of 7mTsaC2 in solution as revealed by SEC-SAXS

analysis.

A) Comparison of the experimental SAXS intensity (black circles) with theoretical scattering
curves calculated from various structural models (colored lines) for the apo enzyme (left) and for
the enzyme in the presence of all substrates (right). B) The open (left) and closed (right)
structural models used for fitting the SAXS data. C) t°A biosynthesis assay for related TmTsaC2
constructs and mutants. 7mTsaC2N! is N-terminal domain (residues 2-221), TmTsaC2543 is the
SUAS domain (residues 222-335). D) Location of the E181-R325 salt bridge in 7mTsaC2.
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Table 2-2: Interactions between specific 7mTsaC2 residues and bound ligands.

Residues in Interactions with the ligands and % Ala mutant
TmTsaC2: distances(A) Conserv | t°A activity
interacting Thr+ATP | CT+ATP | TC-AMP | CT+PPi | ationin | (% relative
ligand +PPi TsaC2s to wild
type)
Thr36-OH: Carboxyl | Carboxyl | Carboxyl Carboxyl
Thr/Thr moiety in | O1 01 01 01 100 0.9
CT or TC-AMP
Lys57-NZ: vPO1 vPO1, P2-01, P2-01, 100 -
ATP/PPi yPO2 P2-02 P2-02
Arg59-NH1: aPO2 aPO2 PO3 (TC- | P1-03
ATP/TC-AMP/ AMP),
PPi P1-03 100 0.2
(PP1)
Arg59-NH2: aP-O-pP, | aP-O-pP, | P1-O3 P1-O3
ATP/PPi vPO2 vPO2 P2-02 P2-02
Asn63-ND2: B-PO2 B-PO2 P1-02 P1-02
ATP/PPi 99.8 0.5
Asn63-OD1: Ribose Ribose Ribose water (0.2%
ATP/TC-AMP 2'-OH 2'-OH 2'-OH Asp)
His68-NE2: Thr/ | Hydroxyl | Hydroxyl | Hydroxyl | Hydroxyl
Thr moiety in CT | -OH -OH -OH -OH 99.8 2
or TC-AMP (0.2%
Thr)
T118-OH: N6 of N6 of N6 of 83.5
ATP/TC-AMP adenine adenine adenine - (13.8% 24
Ser)
Argl22 - Hydroxyl | Hydroxyl | Hydroxyl- | Hydroxyl
NE&NH2: -OH -OH OH -OH
Thr/ Thr moiety 100 0.1
in CT or TC-
AMP

* Interacting atoms from ligands are bolded. CT is N-carboxy-L-threonine. Relative positions of

Pyrophosphate P1 and P2 in TsaC2 correspond to positions of ATP B-phosphate and y-
phosphate, respectively. Conservation of protein residues and the effects of alanine mutations on
t°A biosynthesis are shown in the right columns.
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Table 2-2: Interactions between specific 7TmTsaC2 residues and bound ligands, continued.

Residues in Interactions with the ligands and % Ala mutant

TmTsaC2: distances(A) Conserv | t°A activity

interacting Thr+ATP | CT+ATP | TC-AMP | CT+PPi | ationin | (% relative

ligand +PPi TsaC2s to wild

type)
Ser144-OH: Mg, Mg, Mg, P2-O1 | Mg,
Mg&ATP/PPi aPOL1, aPOl, (PPi), PO1 | P2-O1 100 0.1
yPO1 yPO1 (TC-AMP)

Ser144-NH: aPO1 aPO1 PO1, -

ATP/TC-AMP C-O-P

Ser148-OH: yPO2 vPO2 P2-02 P2-02 94.8

ATP/PPi (4.7% -
Ala)

Gly149-NH: yPO2 vPO2 P2-03 P2-03 97.3

ATP/PPi (2.4% -
Thr)

Ser182-OH: Carboxyl | Carboxyl | Carboxyl Carboxyl

Thr/ Thr moiety | O1 o1 o1 o1 100 0.1

in CT or TC-

AMP

Ser182-NH: Carboxyl | Carboxyl | Carboxyl Carboxyl

Thr/ Thr moiety 02 02 02 02

in CT or TC-

AMP

Argl96-NH1: Carboxyl | Carboxyl | Carboxyl Carboxyl

Thr/ Thr moiety 02 02 02 02

in CT or TC-

AMP 100 0.08

Argl96-NH2: Ribose ribose 5'- | ribose 5'- carbamat

ATP/TC-AMP & | 5'-O (0] o, eO

CT carbamat | Carbamoyl

eO 0)

Gly231-NH: PPi | - P1-02 100 -

His236-NE2: B-PO2 B-PO2 P1-02, P1- | P1-02, 100 -

ATP/PPi BP-O-yP | O-P2 P1-O-P2

Tyr237-OH: H-bonds with water that interacts with 100 1

water fPO4/P2-04 and magnesium coordinating

water

* Interacting atoms from ligands are bolded. CT is N-carboxy-L-threonine. Relative positions of
Pyrophosphate P1 and P2 in TsaC2 correspond to positions of ATP B-phosphate and y-
phosphate, respectively. Conservation of protein residues and the effects of alanine mutations on
t°A biosynthesis are shown in the right columns.
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Table 2-3: Parameters calculated from SAXS and MALS data of 7mTsaC2 in the absence and
presence of substrates.

Apo enzyme With all substrates

Structural parameters

Porod volume, Vp (A%) 44,689 39,939

Rg from Guinier plot (A) 21.86+0.29 21.2+0.14
Rg from P(r) (A) 22.28+0.05 21.35+0.04
Dmax from GNOM (A) 69 69
Molecular mass (kDa)

MALS® 47.9 38.5

Theoretical from sequence 38.3

2.4. Discussion
2.4.1. Proposal for the TsaC2-catalyzed reaction mechanism

The TmTsaC2/TC-ATP structure provides the first direct evidence for the reaction
intermediate, N-carboxy-L-threonine. In this structure, one carbamate oxygen is stabilized by
Argl196, while the other is positioned near the ATP a-phosphorus, consistent with a favorable
geometry for nucleophilic attack. Thus, this structure supports the previously proposed reaction
mechanism in which N-carboxy-L-threonine is formed from L-threonine and CO-, which
subsequently attacks ATP to generate TC-AMP and pyrophosphate (42).

In the first step of this proposed mechanism, L-threonine must react with CO- to form N-
carboxy-L-threonine. Free L-threonine exists predominantly as a zwitterion, with a protonated
amino group; therefore, its amino group must be deprotonated or otherwise activated before it

can act as an efficient nucleophile. The 7mTsaC2/Thr-ATP structure suggests a possible route
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for this activation. A water molecule located at the position proposed to be occupied by
CO2/HCOs™ hydrogen bonds with the threonine amino group and lies 3.2 A from the ATP 5’
oxygen. By donating a hydrogen bond to ATP, this water molecule may be positioned favorably
to accept a proton from L-threonine, either directly or as part of a broader proton-transfer
network that promotes threonine activation. Alternatively, His68 or Glul81 could contribute to
proton transfer, although both residues are positioned approximately 4—6 A from the threonine
amino group in the observed structures and would require either conformational adjustment or
involvement of an intervening water.

The second reactant in this step is likely CO: rather than bicarbonate. CO: is a better
electrophile than bicarbonate and can react directly with the threonine amino group without
requiring loss of a hydroxide group. In contrast, direct reaction with bicarbonate would require a
less favorable substitution process. This proposed first step is chemically plausible, as amino
acids, including threonine, have been shown to react with CO: to form carbamates in solution;
however, such reactions generally require high amino acid concentrations and alkaline pH values
of approximately 8.5—12 (42, 95). Therefore, the role of TsaC2 may be to make this chemistry
favorable under physiological conditions by concentrating L-threonine and CO: in the active site
and creating an environment that promotes deprotonation of the threonine amino group.

Once N-carboxy-L-threonine is formed, the active site appears preorganized for reaction
with ATP. In the TmTsaC2/CT-ATP structure, one carbamate oxygen is stabilized by Argl196,
while the ATP a-phosphate is stabilized by multiple electrostatic and hydrogen-bonding
interactions with Arg59, Ser144, and the magnesium ion. These interactions likely increase the
electrophilicity of the a-phosphorus and position ATP for attack by the carbamate oxygen of N-

carboxy-L-threonine. The observed distance between the carbamate oxygen and the a-phosphorus
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is consistent with a catalytically competent arrangement. Thus, formation of N-carboxy-L-
threonine places the reactive carbamate oxygen in position to attack ATP, ultimately, resulting in

formation of TC-AMP and pyrophosphate.

2.4.2. Role of the linker and SUAS domain in TsaC2 catalysis

The data presented here, together with previously published studies, show that alanine
substitution of His236, Tyr237, or the PGM motif compromises t°A activity (82). Our structures
provide a structural explanation for these effects. His236 directly engages ATP or
pyrophosphate, while Tyr237 contributes indirectly by stabilizing a water molecule that bridges
the ligand and the surrounding active-site environment. In the absence of ATP, the linker can
become ordered, allowing the conserved P230-G231-M232 motif to insert into the active site and
enabling the backbone nitrogen of Gly231 to interact with pyrophosphate. Thus, at least part of
the linker appears to contribute directly to ligand binding and stabilization.

The linker may also have broader roles in regulating active-site dynamics. Because the
linker changes conformation depending on the ligand state, it could help control substrate access,
product release, or stabilization of specific catalytic states. However, the data presented here do
not directly establish such regulatory functions. Therefore, this possibility remains speculative
and will require additional experiments to test whether linker movement affects ligand exchange
or product release during catalysis.

The role of the SUAS domain is less direct but appears to be essential for organizing the
catalytically competent state of TsaC2. Unlike the catalytic N-terminal domain, the SUAS
domain contains few conserved residues. The most conserved residue is Arg325, which forms an
interdomain salt bridge with Glu181. Mutation of either residue abolishes catalytic activity, even

though neither Glul81 nor Arg325 directly contacts the substrates. A second interdomain salt
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bridge, formed between Arg298 and Asp162, may also help stabilize the protein, as alanine
mutation of the corresponding arginine significantly reduced t°A activity in PaSua5 (82).
Together, these observations suggest that interdomain contacts, rather than direct substrate
interactions, are critical for SUAS5-dependent catalysis.

Our SEC-SAXS data provide a possible explanation for this requirement. In the absence
of substrates, TmTsaC2 samples open conformations in which the SUAS domain is positioned
away from the catalytic domain. In the presence of reaction substrates, however, the enzyme
predominantly adopts a closed conformation similar to that observed in the crystal structures.
This closed conformation is likely stabilized, at least in part, by the Glu181-Arg325 and
Aspl62-Arg298 salt bridges. The key question is why this closed conformation is favored during
catalysis. One possibility is that this closed conformation positions the flexible linker near the
active site, allowing His236, Tyr237, and the PGM motif to participate in ligand binding and
stabilization. Thus, the essential role of the SUAS5 domain may be to organize the architecture of
TsaC2 during the reaction. By stabilizing the closed state, the SUAS domain may help position
the linker and maintain an active-site environment competent for TC-AMP formation. This
hypothesis provides an explanation for why mutations in interdomain salt bridges abolish activity

despite the absence of direct ligand contacts by the SUAS domain.

2.4.3. Possible differences between TsaC and TsaC2

The structures presented here can also help interpret previously observed biochemical
differences between TsaC and TsaC2 enzymes. Lauhon showed that E. coli TsaC and B. subtilis
TsaC2 behave differently when supplied with L-threonine, bicarbonate, and ATP. Under these
conditions, TsaC continuously synthesizes TC-AMP, whereas TsaC2 initially produces TC-AMP

but releases a larger amount of AMP in the absence of inorganic pyrophosphatase. Addition of
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pyrophosphatase restores TC-AMP production by TsaC2, making its behavior more similar to
that of E. coli TsaC.

Our structures support the idea that AMP formation is unlikely to be a required step in the
TsaC2-catalyzed reaction. Therefore, the excess AMP observed in TsaC2 reactions is more likely
to arise from subsequent TC-AMP degradation or hydrolysis rather than from the main catalytic
pathway. This interpretation is consistent with the 7mTsaC2/CT-PP1 structure, which contains N-
carboxy-L-threonine and pyrophosphate after the longest crystal soak. One possible explanation
is that TC-AMP formed in the active site degraded during the extended soak, releasing AMP into
solution while N-carboxy-L-threonine and PPi remained bound. In this state, the linker becomes
ordered and inserts into the active site, with Pro230 occupying the ribose-binding position and
Gly231 interacting with pyrophosphate. This arrangement may stabilize the CT/PPi-bound state
after AMP release.

The question then becomes why this behavior is more pronounced for TsaC2 than for
TsaC. The TmTsaC2 structures show that ATP, PPi, and the associated magnesium ion are
surrounded by a water network stabilized by TsaC2-specific residues, including Glul81, Ser152,
and Tyr237 (Supplementary Fig. 2-3). These residues likely help organize water molecules
around ATP/PPi and magnesium. Because ligand-bound structures of TsaC are not available, |
generated an AlphaFold3 model of E. coli TsaC bound to ATP to account for ligand-induced
conformational changes. This model suggests that TsaC lacks several of the interactions
observed in TsaC2: Tyr237 is absent, and Glul81 and Ser152 are replaced by proline residues,
which cannot stabilize the water network in the same way.

These differences may explain why TsaC2 is more sensitive to PPi accumulation. In the

absence of pyrophosphatase, elevated PPi levels may favor retention of PPi and magnesium in
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the TsaC2 active site. Retained magnesium and associated water molecules could facilitate TC-
AMP hydrolysis, producing AMP and N-carboxy-L-threonine. This is consistent with the
observation that increased magnesium concentration promotes TC-AMP degradation in solution
(35). After AMP release, the linker may adopt the ordered conformation observed in the
TmTsaC2/TC-PP1i structure. When pyrophosphatase is present, PPi would be depleted from
solution, reducing stabilization of this state and allowing TsaC2 to behave more like TsaC.
Thus, the apparent difference between TsaC and TsaC2 may not reflect a fundamentally
different chemical route to TC-AMP formation. Instead, both enzymes may form TC-AMP
through N-carboxy-L-threonine, while TsaC2-specific linker and SUAS5-associated interactions
alter the fate of TC-AMP after it is formed. In particular, TsaC2 may be more prone to trapping
PPi- and magnesium-bound states that promote TC-AMP degradation and AMP release under in
vitro conditions. However, it remains unclear whether this behavior has biological relevance or

instead reflects nonphysiological accumulation of PPi during in vitro reactions.

37



2.5. Supplementary figures
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Supplementary figure 2-1: Structure-based multisequence alignment of characterized
TsaC2/Sua$ enzymes.

Conserved residues are highlighted in red. The linker region is shaded in green. The KxR/SxN
tetrad is marked with asterisks. Secondary structure elements derived from the crystal structures
of TmTsaC2 and PaSua5 are shown above and below the sequences, respectively. Tm,
Thermotoga maritima; St, Sulfolobus tokodaii; Pa, Pyrococcus abyssi.
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Supplementary figure 2-2: A) Comparison of ATP (in color) and AMPPNP (in gray)
conformations in 7mTsaC2 and StSua5 active sites, respectively (PDB ID: 3AJE). B) Interaction
with AMPPNP in StSua5 structure. C) Interactions with ATP in 7mTsaC2 structure. D) Electron
density for AMPPNP in StSua$ structure.
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Supplementary figure 2-3: Water network around ATP and magnesium in 7mTsaC2 (left) and
corresponding residues in E.coli TsaC (AlphaFold3 model of E.coli TsaC bound to ATP).
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Chapter 3: Anticodon loop remodeling and D-stem shape drive the specific recognition of
ANN-decoding tRNAs for t°A modification

3.1. Introduction

As described in Chapter 1, N®-threonylcarbamoyladenosine (t°A) is installed at position
37 of ANN-decoding tRNAs and is essential for accurate and efficient translation. The
modification is formed in two steps: synthesis of the TC-AMP intermediate by TsaC/TsaC2
enzymes, followed by transfer of the threonylcarbamoyl (TC) moiety onto A37 of substrate
tRNAs. In bacteria, the second step is catalyzed by the threonylcarbamoyl transfer complex,
composed of TsaB, TsaD, and TsaE (2, 41, 42). In Thermotoga maritima, TsaB and TsaD form a
TsaB:D- complex that binds one tRNA molecule at a time and catalyzes one round of t°A
formation, while TsaE and its ATPase activity are required for multiple reaction cycles.

Although the enzymes responsible for t°A biosynthesis have been identified and
characterized biochemically, the molecular basis of substrate tRNA recognition has remained
unclear. Previous in vivo and in vitro studies showed that only full-length tRNAs are competent
substrates and that the presence of other tRNA modifications is not strictly required for t°A37
formation (30, 41, 96, 97). The most important and universal determinant is the anticodon-loop
sequence 36-UAA-38, which defines ANN-decoding tRNAs with A at position 38 as substrates
for t°A modification (28, 30, 96, 98-100). Additional determinants have also been identified at
positions 32 and 33, although their importance varies among organisms (30, 99). Outside the
anticodon loop, specific D-stem base pairs contribute to recognition by archaeal and eukaryotic
KEOPS (30, 101, 102). The requirement for the 3’ CCA end differs among systems; it is
essential for M. jannaschii and human KEOPS but dispensable for yeast, Drosophila and A.

thaliana KEOPS (30, 98, 103).
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Despite these biochemical data, how the t°A biosynthesis machinery recognizes the 36-
UAA-38 motif has remained unknown. Recent cryo-EM structures of tRNA-bound KEOPS
provided important insight into tRNA engagement by archaeal and eukaryotic systems, but either
lacked well-resolved density for the anticodon loop or captured tRNA outside the active site.
Therefore, the structural basis for the strict specificity of t°A modification toward ANN-decoding
tRNAs remained unresolved.

In this chapter, I report cryo-EM structures of 7. maritima TsaB.D- bound to unmodified
substrate tRNA and to t°A-modified tRNA. These structures reveal how the TmTsaB2D2 complex
productively engages substrate tRNAs, remodels the anticodon loop, positions A37 in the active
site, and recognizes the universal U36 and A38 determinants. Together, the structures provide a
molecular explanation for how bacterial t°A biosynthesis selectively targets substrate tRNAs.
3.2. Materials and Methods

3.2.1. Preparation of 7mTsaB2D2 for cryo-EM

Recombinant wild-type 7. maritima TsaB and TsaD proteins (7mTsaB and TmTsaD,
respectively) were overexpressed in E. coli Overexpress™ C41 (DE3) cells and purified by Ni-
NTA chromatography, followed by size exclusion chromatography (SEC), as described
previously (53). Protein purity was verified by Sodium Dodecyl Sulfate—Polyacrylamide Gel
Electrophoresis (SDS-PAGE) analysis (Supplementary fig. 3-1A). The TmTsaB2D2 complex was
prepared by mixing 26 mM each TmTsaB and TmTsaD in buffer containing 50 mM Tris-HCl
(pH 7.5), 50 mM KCI, 1 mM dithiothreitol (DTT), followed by SEC purification of the complex
on an XK 16/70 column packed with 130 mL of Superdex 200 prep-grade resin (Cytiva) and
equilibrated in the same buffer. The complex eluted as a single, symmetric peak and SDS-PAGE

analysis of peak fractions showed the expected relative amounts of 7mTsaB and TmTsaD

42



(Supplementary Fig. 3-1B). The final complex was concentrated to 3.5 mg/mL using a

centrifugal filtration device, flash-cooled in liquid nitrogen and stored at -80 °C until use.

3.2.2. Preparation of tRNA for cryo-EM

E. coli tRNA™ Gy, cloned in pEXT20 plasmid, was expressed in E. coli MRE600 cells
as described previously (104). Cells from a 1.0 L culture were harvested and suspended in 40 mL
lysis buffer (0.5 M sodium acetate, pH 5.2, 10 mM EDTA), followed by extraction with an equal
volume of acid phenol-chloroform (pH 4.5) on a rocker for 2 h at room temperature. The mixture
was centrifuged at 33,000 x g for 30 min, and the aqueous phase was extracted twice more with
phenol-chloroform (15 min each), followed by a final wash with chloroform and centrifugation.
The tRNA-containing aqueous layer was collected and subjected to anion exchange
chromatography as described by Spears et al. (105). Briefly, the aqueous layer was pH-adjusted
by adding MOPS (pH 7.0) to a final concentration of 0.1 M and applied to a Qiagen-tip 2500
anion-exchange column pre-equilibrated with 50 mM MOPS (pH 7.0), 15% isopropanol and 1%
Triton X-100. The column was washed with buffer containing 50 mM MOPS (pH 7.0) and 0.2 M
NaCl, and the RNA was eluted with 30 mL of 50 mM MOPS (pH 7.0), 0.75 M NaCl and 15%
ethanol. The pooled RNA was further purified by reversed-phase chromatography using an
XBridge Protein BEH C4 column (300 A, 5 um, 10 x 250 mm) connected to a Bio-Rad NGC
Quest 10 Plus system. RNA was resuspended in buffer A (20 mM sodium acetate, 20 mM
ammonium acetate, 380 mM NaCl, 10 mM MgClz, pH 5.2) to a final concentration of 40
mg/mL, and incubated at 75 °C for 10 min. A 25 pl aliquot was injected onto the column and
eluted at 2 mL/min using the linear gradient: 0-5 min, 0% buffer B; 5-66 min, 0-11% buffer B;

66-86 min, 100% buffer B (buffer B: buffer A supplemented with 50% methanol). The two
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fractions comprising the major tRNA peak were checked on a 10% denaturing polyacrylamide
gel (Supplementary fig. 3-1C), then pooled and precipitated with 70% ethanol at -20 °C, and air
dried. The purified tRNA was folded by suspending in 7 mM MgCl: and 1x RNAsecureTM
(Thermo Fisher Scientific), heating to 75 °C for 10 min in a thermocycler, and gradually cooling
to 12 °C over 75 min. Final tRNA quality was assessed by microfluidic capillary electrophoresis
using an Agilent 2100 Bioanalyzer (Small RNA Kit), which revealed a single sharp peak within
the expected tRNA size range (60—80 nt) and no detectable smaller or larger RNA species,
indicating high sample integrity (Supplementary fig. 3-1D).

Synthetic RNA carrying the sequence of T. maritima tRNA"scuu (Supplementary fig. 3-
1E) was purchased from IDT, dissolved in water, precipitated in 70% ethanol, resuspended in 1x
RNAsecureTM and folded as described for EctRNA™ cgu. Binding of these tRNAs to
TmTsaB2D2 was assessed by electrophoretic mobility shift assays (EMSA) and the apparent
affinities are Ka = 0.2 uM and 0.16 pM for in vivo-produced EctRNA™ cu and synthetic
TmtRNAMScuu, respectively (Supplementary fig. 3-1F and G). Surprisingly, in t°A synthesis
assays the in vivo-produced EctRNA™"cGu exhibited ~30% of the activity observed with the
EctRNA™ Gy in vitro transcript (prepared as described below), consistent with the presence of a

fraction of unmodified species (Supplementary fig. 3-1H).

3.2.3. Validation of tRNA identity and modification status of purified E. coli tRNA™ ccu by
chromatography-coupled mass spectrometry

To confirm the identity of the in vivo expressed E. coli tRNA™ cgy and map its
modifications, liquid-chromatography tandem mass spectrometry LC-MS/MS was performed.
The RNA (200 ng) was digested in a 10 pL reaction containing 10 mM ammonium formate (pH
7), 1 mM EDTA, and 200 U RNase T1 (a G-specific RNase), and incubated at 37 °C for 10 min,

followed by 50 °C for 2 min, and then 37 °C for 5 min. The sample was dried under SpeedVac,
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reconstituted in 1 uLL butylamine-acetic acid buffer (pH 8.0), and analyzed by reversed-phase
ion-pair liquid chromatography on an Agilent 1200 Nanoflow LC system. Separation was
performed on a homemade 0.15 mm x 150 mm C18 column using 10 mM butylamine-acetic acid
buffer in water (pH 8) as eluent A, and methanol as eluent B, with a 15-40% B gradient at a flow
rate of 1 uL/min. Data-dependent MS/MS (ddMS?) characterization was performed on an
Agilent 6550 Q-TOF system equipped with an Agilent nano spray source and operated in
negative ion mode. MS! spectra were collected over m/z 250-2000 at a scan rate of 2 spectra/s.
The three most intense species in the first quadrupole were selected for fragmentation using a
formulated collision engine (slope 1.4, offset 14). MS? spectra were acquired at 2 spectra/s with
active exclusion after three spectra from the same MS!. MS! signals in the 250-400 m/z range
were excluded from MS? analysis. Data were processed using ProteoWizard msConvert (106),
and analyzed with NucleicAcidSearchEngine (NASE) within OpenMS (106-108) against E. coli
K-12 MG1655 mature tRNA sequences downloaded from GtRNAdb (109) (https://gtrnadb.org)
as the reference library. The full list of fragment ion types (a-B, a, b, ¢, d, w, X, y, z) was
considered for peak matching. Precursor and fragment mass tolerance were both set to 10 ppm.
Apart from common fragments such as the 3'-terminal “CACCA”, which are shared by
tRNAT™cGu and many other tRNAs, several fragments matched to sequences shared by
tRNAT"cgy 1-1 and tRNA™ gy 2-1 (GtRNAdb nomenclature), and one fragment matched to a
region shared by tRNA™cgu 1-1 and tRNA™ GGy 1-1. No detected fragments mapped uniquely
to tRNAs other than tRNA™ gy 1-1. Six distinct modifications were assigned to six positions on
this tRNA: s*U at position 8, D at positions 16 and 17, t°A/ct°A at position 37, m’G at position
46, and m°U at position 54 (Supplementary fig. 3-2A). Dihydrouridine at position 20, which is

known to occur in this tRNA (60), was not detected. Since pseudouridine cannot be
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differentiated from uridine by mass spectrometry, the presence of pseudouridine at positions 39
and 55 (¥39 and ¥55) was not confirmed. The annotated MS? spectra of “U[t°A]JAUG” and
“U[ct’AJAUG,” together with the annotated peak of the free t°A and ct®A bases, confirm the
presence of both modifications at position 37 (Supplementary fig. 3-2B and C). Altogether, these
data confirm the identity of the enriched species as E. coli tRNA™ ¢y 1-1, with t°A and ct®A
detected at position 37. Other tRNA species, if present, are below the detection limit of this
assay.
3.2.4. Complex assembly and cryo-EM grid preparation

Complexes of TmTsaB2D2 with TmtRNAMScuu or with EctRNA™cGu were prepared
following the same protocol. Folded tRNA was mixed with pre-formed and SEC-purified
TmTsaB2D2 in equimolar amounts to a final complex concentration of 2 uM (~10-fold above the
apparent K4, as measured by EMSA, Supplementary fig. 3-1D and E) in buffer containing 50
mM Tris (pH 7.5), 50 mM KCI, 5 mM MgClz and 1 mM DTT, and incubated on ice for 1 hr.
Cryo-EM grids were prepared using a Leica EM GP2 automated plunge freezer. A 3-ul aliquot
of the complex was applied to a glow-discharged 300-mesh gold flat grid (Electron Microscopy
Sciences Au-flat 1.2 pm/1.3 pm) treated at 15 mA for 45 s. Sample application and blotting were
performed in a chamber maintained at 21 °C at 99% relative humidity. Grids were blotted for 5 s
and immediately plunged into liquid ethane.

3.2.5. Cryo-EM data collection and processing

For each structure, cryo-EM data were collected from a single grid on a 300 kV Titan
Krios transmission electron microscope equipped with a Gatan K3 direct electron detector.
Images were acquired at 105,000X nominal magnification in super-resolution mode, a physical

pixel size of 0.8266 A (super resolution pixel size is 0.4133 A), and defocus range -0.8 to -2.2
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um. Movies were collected at a 37° stage tilt using SerialEM v4.1.2, at a dose rate of 18 e
/pixel/s, with a total electron dose of 50 e/A? applied over 50 frames. Data processing was
performed using cryoSPARC v4.5.3 (110). Raw movies were motion corrected using Patch
Motion Correction and binned-2-fold to the physical pixel size 0.8266 A for all subsequent
processing. Following Patch CTF Estimation and junk detection, micrographs were curated

manually.

3.2.5.1 Processing of the TmTsaB2D2/EctRNA™ gy dataset.

Particles were initially picked on a subset of 1200 micrographs using the automated Blob
Picker with a Gaussian template (35-160 A diameter). 2D classification, ab initio 3D
reconstruction, and heterogeneous refinement into four 3D classes identified one class (73 K
particles) with clear features of the ribonucleoprotein complex. This subset was subjected to
homogeneous refinement and non-uniform refinement, yielding an initial consensus map at 4.4 A
resolution. 2D templates generated from this map were used for template-based particle picking
across the full dataset. The resulting particles were classified by two rounds of 2D classification,
and selected particles generated five ab initio volumes, which served as references for
heterogeneous refinement. Particles corresponding to classes representing the ribonucleoprotein
complex were pooled and further curated by 3D classification to improve compositional and
conformational homogeneity. Per-particle defocus and global aberrations (beam tilt, trefoil and
anisotropic magnification) were refined, followed by reference-based motion correction.
Particles were then refined by non-uniform refinement and masked local refinement using a
mask encompassing TsaB2/TsaD/tRNA. The final 3D reconstruction reached a resolution of 3.2
A (gold-standard FSC 0.143), with a 3D-FSC sphericity of 0.947, indicating near-isotropic

resolution.
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3.2.5.2 Processing of the TmTsaB2D2/TmtRNAYScuy dataset.

Particles were initially picked with the automated Blob Picker with a Gaussian template
(35-175 A) and were directly used for ab initio 3D reconstruction into six 3D volumes, followed
by heterogeneous refinement. One 3D volume (~535 K particles) exhibited features of the
ribonucleoprotein complex. Particles contributing to this volume were further curated by 2D
classification, iterated with ab initio reconstruction and heterogeneous refinement into 3-5
classes, resulting in one good class (62 K particles) for subsequent homogeneous and non-
uniform refinement to generate a 4.3 A consensus map. 2D templates generated from this map
were used for template-based picking. Following the same cleanup procedure described above,
~51 K template-picked particle images were curated. Particles from blob picking and template
picking were combined and duplicates removed. The particle stack was further cleaned by 3D
classification to remove low-quality images. Following local and global CTF refinement, and
reference-based motion correction, particles were refined by non-uniform refinement, then
masked local refinement using a mask encompassing TsaB2/TsaD/tRNA. The final 3D
reconstruction reached a resolution of 3.2 A (gold-standard FSC 0.143) with a 3D-FSC
sphericity of 0.95, indicating near isotropic resolution. Local resolution maps were calculated
using CryoSPARC’s Local Resolution Estimation tool, and 3D-FSC was calculated using the
3dfsc.salk.edu server (111). All data collection and processing details are included in
Supplementary Table 3-1. The final reconstructions were uploaded to the Electron Microscopy

Data Bank (EMDB).
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3.2.6. Atomic model building and refinement

The maps were locally sharpened using DeepEMhancer (112) prior to model building.
The starting model for EctRNA™ cu was extracted from its published crystal structure bound to
threonyl-tRNA synthetase (PDB ID 1qf6) (113). The starting model for TmtRNAYScuu was
generated in AlphaFold 3 (114). The previously reported crystal structure of 7. maritima
TsaB2D2E2 (PDB ID 6n9a) (2) served as a starting model for the protein, with the TsaE subunits
removed. For each structure, the initial models were rigid-body docked into the cryo-EM map
using phenix.dock in_map (115) and manually adjusted in Coot (86). In addition to global
adjustments, the tRNA anticodon loop, the lever arm of TsaD, and the C-terminal tail of TsaB
were remodeled to fit the experimental density. For the modified EctRNA™ cgu, since the final
map does not provide unambiguous density for most base modifications, the tRNA was modeled
using canonical nucleotides except at position A37 where additional density extending from the
adenine N° atom consistent with a threonylcarbamoyl substituent was visible, hence t°A37 was
modeled in the conformation most compatible with the density. Likewise, the CCA end and D-
loop nucleotides D16 and D17 lacked density and were not modeled. The final models were
refined using phenix.real space refine (116) with secondary-structure restraints applied, and

validated using PHENIX validation tools and the wwPDB online validation server (117).

3.2.7. Preparation of mutant proteins

Point mutagenesis was carried out on 7mTsaB and 7mTsaD using the Q5® Site-Directed
Mutagenesis Kit (NEW ENGLAND Biolabs Inc.) and the primers listed in Supplementary Table

3-2. All mutations were verified by sequencing. The mutant proteins were overexpressed in E.
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coli and purified as described for the wild-type protein, and their purity verified by SDS-PAGE

analysis (Supplementary fig. 3-1A).

3.2.8. Preparation of E. coli tRNA™ cgu in vitro transcript for t°A assays
DNA templates for in vitro transcription of the WT and mutant sequences of

EctRNA™ gy were produced as described previously (118). Transcription reactions were
incubated at 37 °C for 5 hr in 100 mM HEPES (pH 7.5), 2.0 mM spermidine, 25 mM MgClz, 40
mM DTT, 0.01% Triton X-100, 5.0 mM NTPs, 0.15 pM DNA template, 0.5 U/mL inorganic
pyrophosphatase, and 80 pg/mL of the A(172-173) variant of the T7 RNA polymerase (119).
After transcription, a phenol-chloroform extraction was performed. The tRNA transcripts were
then precipitated by the addition of 1/15 volume of 7.5 M ammonium acetate and 2.5 volumes of
100% ethanol, and cooling at -20 °C for 2 hr or overnight. RNA was collected by centrifugation
at 16,000 g for 30 min at 4 °C and resuspended in 1X TE buffer (pH 7.5). The solution was
mixed 1:1 with formamide and heated at 95 °C for 5 min. The RNA was purified via gel
electrophoresis on a 12% polyacrylamide gel containing 7 M urea. RNA was visualized via UV-
shadow and extracted from the gel by crush and soak. The eluate was precipitated as described
above and resuspended in 1 mM citrate buffer (pH 6.4), and folded by addition of 7 mM MgClo,

heating to 75 °C for 10 min, and gradual cooling to 12 °C over 75 min.

3.2.9. Determination of 7mTsaC2 concentration for initial velocity assays

Assays to test the 7TmTsaC2 concentration at which TC-transfer kinetics dominate in the
production of t’A-modified tRNA were performed in reaction volumes of 35 pL. Each assay
contained 50 mM Tris-HCI at pH 8.00, 100 mM KCI, 5 mM DTT, 5 mM NaHCO3, 10 mM
MgClz, 2 mM ATP, 250 uM L-[U-'%C]-threonine (30 pCi/pmol), 10 uM EctRNA™ gy

transcript, 0.2 uM TmTsaB, 0.2 uM TmTsaD, 0.2 uM TmTsaE, and 0.0313, 0.0625, 0.125, 0.25,
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0.5, 1,2, or 4 uyM TmTsaC2. Reactions were incubated at 60 °C, and quenched after 2 minutes in
350 uL of cold 10% TCA. The tRNA was allowed to precipitate on ice for at least 15 minutes,
and then was transferred to Whatman GF/C filters, and the reaction tubes were washed three
times with cold 10% TCA. The filters were then washed with cold 10% TCA followed by cold
95% ethanol. After the filters were dried, they were submerged in 5 mL of Econo-safe™ liquid
scintillation counting cocktail, and radioactivity was measured with liquid scintillation counting
using a Beckman LS 6500 multi-purpose scintillation counter. All assays were carried out in

duplicate, and the results represent at least three independent trials.

3.2.10. t°A activity assays

tA activity assays were performed under initial velocity conditions in 100 pL reactions
containing 50 mM Tris-HCl at pH 8.00, 100 mM KCI, 5 mM DTT, 5 mM NaHCOs3, 10 mM
MgClz, 2 mM ATP, 250 uM L-[U-'%C]-threonine (30 pCi/pmol), 10 uM EctRNA™ gy
transcript (WT and mutants), 0.2 pM TmTsaBWTMuant 0 2 M TmTsaDWVTMutant (2 nM
TmTsaEVT, and 1 uM TmTsaC2VT. Reactions were incubated at 60 °C, and 30 pL aliquots were
taken at 1, 2, and 3 minutes after reaction initiation with ATP and L-threonine. Each aliquot was
quenched in 350 pL of cold 10% TCA, and tRNA was allowed to precipitate on ice for at least
15 minutes. tRNA was then transferred to Whatman GF/C filters, and the reaction tubes were
washed three times with cold 10% TCA. The filters were then washed with cold 10% TCA
followed by cold 95% ethanol. After the filters were dried, they were submerged in 5 mL of
Econo-safeTM liquid scintillation counting cocktail, and radioactivity was measured with liquid
scintillation counting using a Beckman LS 6500 multi-purpose scintillation counter. All assays

were carried out in duplicate, and the results represent at least three independent trials.
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3.2.11. Sequence alignments

Structure-based multi-sequence alignments of bacterial TsaB and TsaD proteins were
conducted in PROMALS3D (120) using all published crystal structures of these proteins and
AlphaFold models of select orthologs and 540 TsaD or 550 TsaB non-redundant sequences
obtained from UniProt (https://www.uniprot.org/), and the alignments were used to generate
sequence logos. For tRNA, 3631 sequences for bacterial tRNAAccu, tRNAACycy, tRNAAGuy,
tRNA"GAu, tRNAYScuu, tRNADSyuu, tRNAMetcay, tRNASGeu, tRNA™ AGu, tRNAT GGy,
tRNAT™cgu and tRNA™ycu were obtained from the GtRNAdb website
(https://gtrnadb.ucsc.edu/) (109) and aligned in ClustalW. Logos were generated using the
WebLogo v.3.7.9 online tool (https://weblogo.berkeley.edu/logo.cgi). The sequence logo for
non t®A-accepting bacterial tRNAs was likewise generated using sequences for tRNAPGaa,
tRNAAGGe, tRNAARyGe, tRNAMecay, tRNAAPGuc, tRNAuc, tRNASMyuG, tRNAcug,
tRNAYcce, tRNAYGee, tRNAYyce, tRNATSGuG, tRNAA® o6, tRNAS3GGa, tRNAVA264c,
tRNATY Gua, tRNATPcca, tRNACYSGea, tRNAUcAG, tRNAMUGaA, tRNALUyAG, tRNAMYGAG,

tRNALMUyaA, tRNAPuGG, tRNAP GGG and tRNAP™ cGe.

3.3. Results

We determined cryo-EM structures of the 7. maritima t°A synthase bound to a modified
E. coli tRNA™ cgu produced in vivo, and to an unmodified T. maritima tRNAY"Scuu synthetic
transcript. The two structures are highly similar, indicating that the mode of binding and
recognition is not dependent on the tRNA modification state. The two tRNAs share 66% overall
sequence identity, with complete sequence conservation in the D-stem. We have previously

characterized the EctRNA™ cgu transcript as a competent substrate for the 7. maritima TsaBDE
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system (2, 104), and a high-resolution crystal structure is available (PDB ID 1qf6 (113)) to aid
model building in the cryo-EM map. LC-MS/MS analysis of the purified EctRNA™ cgu
identified both t°A37 and ct®A37 (Supplementary fig. 3-2A-C), indicating that the sample
contains a mixture of modified species. Residual activity of this preparation in enzymatic assays
further suggests the presence of a fraction of unmodified tRNA (Supplementary fig. 3-1H). The
cryo-EM map shows density extending from the N° position of A37, with the shape and extent
consistent with a threonylcarbamoyl moiety. At the achieved resolution of the cryo-EM
reconstruction (3.2 A), distinct modification states at A37 could not be resolved by focused 3D
classification or 3D variability analysis, and among the possible modified species only t°A can
be modeled in the density without steric clashes. The observed density therefore likely reflects a
tRNA population enriched in t°A, as ct®A is readily hydrolyzed to t°A under the mildly alkaline
conditions used for reconstitution of the protein-RNA complex (60). Accordingly, the
EctRNA™ cgu-bound structure is interpreted as representing a product-like state, whereas the

TmtRNAMScuu-bound structure represents a substrate-bound state.

3.3.1. Overall structure

Cryo-EM analysis of TmTsaB2D2 bound to E. coli tRNA™ gy or T. maritima
tRNAYScuu yielded 2D and 3D class averages exhibiting the expected butterfly shape of the
multi-subunit protein, with one tRNA molecule bound to one protomer at the interface between
the TsaD and TsaB subunits (see Supplementary fig. 3-3 and Supplementary fig. 3-4 for example
2D classes and data processing workflows). For both structures, the final reconstruction revealed
interpretable density for the full-length tRNA, both TsaB subunits and one TsaD subunit. The
TsaD' subunit (in the unbound protomer) exhibited very weak density in its N-terminal domain

and no density (denatured) for the C-terminal domain. Focused local refinement using a soft
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mask that excluded TsaD' improved the overall map quality and nominal resolution to 3.2 A
(Fig. 3-1A, Supplementary fig. 3-5A). Hence, the final maps and atomic models represent the
TmTsaB2D/tRNA complex. A local resolution map indicates a resolution range of 3.0-3.4 A in
the active site and the tRNA anticodon stem-loop and D-stem regions (Fig. 3-1B), and 3.3-3.6 A
for the TmtRNAYScuu-bound structure (Supplementary fig. 3-5B). The two structures are highly
similar and superpose with r.m.s.d. 0.5 A over 724 Ca atoms and 1.5 A over 71 tRNA
phosphates (Supplementary fig. 3-5C). The tRNA binds to a positively charged surface at the
TsaD/TsaB interface (Fig. 3-1C), occupying much of the TsaE binding site observed in the
crystal structure of the TmTsaB2D2E> complex (2, 121), consistent with previous biochemical
data indicating a shared binding site (53). The majority of the tRNA binding surface is
contributed by the TsaD subunit, with the tRNA/TsaD and tRNA/TsaB interfaces burying 1064.7

A? and 573.3 A2, respectively.
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Active site

Figure 3-1: Overall structure of T. maritima TsaB2D in complex with E. coli tRNA™ cgu.
A) Unsharpened cryo-EM density map (overall resolution 3.2 A) and fitted model. ASL:
Anticodon stem-loop. B) Local resolution map, calculated at FSC 0.5 (1), showing highest
resolution around the active site and anticodon loop regions. The individual subunits and
tRNA are encircled with dashed lines. C) Electrostatic surface of the tRNA-bound
protomer showing accommodation of the tRNA on the positively charged surface at the
interface between the TsaB and TsaD subunits.
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3.3.2. Mode of tRNA binding and conformational changes relative to the TsaE-bound state.

The enzyme recognizes the tRNA substrate via contact with the D-stem and the
anticodon loop (Fig. 3-2), while no contact is made with the acceptor stem or T arm. The D-stem
is contacted primarily by helix a7 of the TsaD subunit (residues Ala210-Glu223 in TmTsaD
numbers, Supplementary fig. 3-6), which lies along the major groove. The anticodon loop is
anchored at the TsaD/B interface by the a.1-a2 helical hairpin of TsaD and the C-terminal helix
of TsaB (Fig. 3-2A). Deletion of the TsaB C-terminal helix (residues 1195—R205) was previously
shown to eliminate tRNA binding (2), consistent with its role in stabilizing the anticodon loop at
this interface. The TsaD helical hairpin, comprising residues Ser31-His50 and previously
referred to as the “lever arm,” was shown to undergo partial unfolding and a dramatic hinged
displacement away from the TsaD active site upon binding of TsaE to TsaBD (2). In the tRNA-
bound structure, the hairpin is fully ordered and adopts a conformation hinged 87° toward the
active site relative to its position in the TsaE-bound state (Fig. 3-2B), resembling its orientation
in the absence of TsaE, as observed in the crystal structures of E. coli, A. aeolicus and S.
typhimurium TsaBD (PDB IDs 6z81 (122), 8ifx (54) and 3zeu (52), respectively; Supplementary
fig. 3-7A). The C-terminal helix of TsaB also swings by ~34° toward the active site relative to its
position in the TsaE-bound structure. Lastly, the C-terminal helical domain of TsaD rotates
toward the N-terminal domain by 28°. These movements essentially compact the enzyme and
result in closing on the tRNA, trapping the anticodon loop and insertion of A37 in the active site

(Fig. 3-2C and D).
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Figure 3-2: Recognition of the tRNA D-stem and anticodon loop by 7mTsaB2D.

A) Front view of the tRNA-bound protomer of the TmTsaB2D/EctRNA™ cgu complex showing
recognition of the D-stem via helix a7 in the C-terminal domain of TsaD, and trapping and
bending of the anticodon loop by the al- a2 helical hairpin (teal color) of TsaD and the C-
terminal helix of TsaB (brown color). t*A37 lodged in the active site of TsaD is shown in red. B)
Superposition of the 7TmTsaBD protomer in the tRNA-bound state (colored) onto the same
protomer in the TsaE-bound state (extracted from the crystal structure of 7mTsaB2D2E2, PDB ID
6n9a, gray). The comparison highlights the rotational shift in the C-terminal helical domain of
TsaD, and hinge movements of the TsaD helical hairpin and the C-terminal helix of TsaB toward
the active site in the tRNA-bound state. C, D) Back view and surface representation of the
protomer in the tRNA-bound state (C) versus the TsaE-bound state (PDB ID 6n9a) (D)
highlighting closure on the tRNA anticodon loop.
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3.3.3. 36-UAA-38 is a t°A determinant sequence across phyla.

In addition to A37, the defining sequence features of t°A substrate tRNAs include the
flanking bases in the anticodon loop, namely U36 at the third anticodon position and A38. 36-
UAA-38 has been shown to be a strict determinant for t°A modification in the cytosols and
mitochondria of eukaryotes (28, 96, 98, 100). Although this specificity has not been
experimentally investigated in bacteria, it has been inferred from the conservation of 36-UAA-38
in bacterial t°A tRNAs. Indeed, we conducted a large-scale sequence alignment of bacterial
tRNAs which clearly reveals strict conservation of the 36-UAA-38 motif in ANN-decoding
tRNAs (t°A substrates), and its absence in non-ANN-decoding tRNAs (non-substrates, Fig. 3-
3A), consistent with this motif serving as a determinant across phyla. The following observations

in the structure of tRNA-bound TmTsaB2D explain this ancient and universal specificity.

3.3.4. Remodeling of the anticodon loop and structural basis for recognition of the 36-UAA-
38 motif.

The anticodon loop, approached by the enzyme from the minor groove side, is sharply
bent toward the major groove of the anticodon stem, and remodeled to accomplish positioning of
A37 in the active site of TsaD (Fig. 3-4, Supplementary fig. 3-8). The tRNA backbone is kinked
at nucleotides 32, 34, 36 and 38 such that the bases 32 to 38 adopt a zigzag pattern, alternating in
orientation relative to the loop path (Fig. 3-3B, Supplementary fig. 3-8A). The kinks at 36 and 38
result in extrusion of the A37 base from the loop and into the active site, and this backbone
conformation is further stabilized by an apparent hydrogen bond between O2' of U36 and a non-
bridging oxygen atom of phosphate 38. The first two anticodon bases C34 and G35 (U35 in
TmtRNADYScyu) sit in shallow surface pockets that do not impose base-specific contacts (Fig. 3-
3C), explaining the indifference of t°A biosynthesis to the base identities at these positions. U36

is flipped into the loop space, breaking the weak U32:A38 non-Watson-Crick interaction
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normally found in the canonical U-turn conformation of the anticodon loop (Fig. 3-3D). This
positions the Watson-Crick edge of U36 within distance to make 2 hydrogen bonds with the
Hoogsteen edge of A38, with the pair in Cis glycosidic-bond orientation and a characteristic
constricted C1'-C1’ distance of ~7.9 A. The U32 base docks into the major groove side of the
U36eA38 base pair within hydrogen bonding distance from both bases, thus forming a planar
U32-U36eA38 base triple with all pairs in the triple in Cis glycosidic-bond orientation (Fig. 3-
3C). The apparent hydrogen bonding network within the triple is as follows: N3 and O4 of U36
hydrogen bond with N6 and N7 of A38, respectively. N3 of U32 hydrogen bonds with O4 of
U36, and O4 of U32 with N6 of A38. According to the Leontis-Westhof classification system
(123), the base triple would be classified as cWH-cWH (or cHW-cHW), considering U36 as the
central base. A search in the RNA Base Triples Database (123) returned no similar triples, so to
our knowledge this is the first observation of a UUA base triple in this class. Likewise, the
overall conformation of the anticodon loop is not observed in any tRNA structure in the PDB,

whether in free form or bound to a protein (see example comparisons in Supplementary fig. 3-

7B).

The U32-U36eA38 triple is accommodated by a markedly hydrophobic trough on the
protein surface, approximately 23 A long and 8 A deep. The trough is formed by the interhelical
loop of the a1-a2 helical hairpin of TsaD and the C-terminal helix of TsaB (Fig. 3-3C, left). On
the opposite side, the U32-U36eA38 triple is further stabilized by base stacking interactions
with the adjacent A31:U39 Watson-Crick base pair at the proximal end of the anticodon stem.

Specifically, U39 stacks on the U36eA38 pair, and A31 stacks on U32 (Fig. 3-3C, right).
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Figure 3-3: Remodeling of the anticodon loop and flipping of A37 into the active site.

A) Sequence logo for the anticodon loop of bacterial t’A substrate tRNAs versus non t°A-
accepting tRNAs, derived from ~3630 aligned sequences, showing complete conservation of the
36-UAA-38 sequence in substrate tRNAs. B) Unsharpened cryo-EM map and fitted model of the
anticodon loop. The local map resolution is 3.08-3.36 A at nucleotides 32-38. Left: view of the
anticodon loop from the major groove side showing the zigzag pattern of bases. Right: view
illustrating bending of the anticodon loop toward the major groove of the anticodon stem. C)
Protein surface representation showing the binding trough for the U32—-U36eA38 base triple,
formed by the tip of the TsaD helical hairpin (teal) and the TsaB C-terminal helix (brown).
Modified A37 is lodged in the TsaD active site, and C34 and G35 are accommodated in shallow
surface pockets. Red dashed lines (distances < 3. 2 A) highlight the hydrogen bond network
within the base triple and the additional hydrogen bond between O2' of U36 and the phosphate of
A38. Right: side view showing stacking of U39 on the U36eA38 Hoogsteen pair and stacking of
A31 on U32. Protein surface color code is as in Fig. 3-3. For clarity, A31 and U39 are not shown
in the left panel, and A37 is not shown in the right panel. D) Schematic illustration of the
remodeled anticodon loop and binding pockets on the enzyme for the protruding bases C34, G35
and A37. Hydrogen bonds within the base triple are represented by dashed red lines.
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The residues lining the hydrophobic trough for the base triple are Phe39, Val43, Pro44
and Leu82 from TsaD; and Ile195, Alal96 and Trp200 from TsaB, all of which are invariant or
highly conserved residues in the respective protein family (Fig. 3-4A, Supplementary Fig. 3-8B,
Supplementary Fig. 3-6 and Supplementary Fig. 3-9). A38 makes the most extensive stacking
contacts with this trough, engaging side chains from both protein subunits, whereas U32 and U36
contact only TsaB and TsaD, respectively. U32 stacks directly against TsaB-Ile195. The U36
base and ribose rings stack against TsaD-Pro44 and TsaD-Leu82, respectively. The adenine ring
of A38 stacks face-to-face against TsaD-Phe39, and edge-to-face against TsaB-Trp200, and is
anchored by TsaD-Val43 and TsaB-Alal96 at the center of the trough, while its ribose O2’
makes a hydrogen bond with the backbone carbonyl oxygen of TsaD-Phe39.

The backbone phosphates of the anticodon loop receive numerous stabilizing salt-bridge
interactions with basic side chains: the phosphate of U32 with TsaB-Argl14, and the A38 and
U39 phosphates with Arg169 and Lys166, respectively, from helix a5 in the C-terminal domain
of TsaD (Fig. 3-4A, Supplementary Fig. 3-8B). TsaD-Arg169 side chain also hydrogen bonds
with the backbone carbonyl oxygen atom of TsaD-Gly40, which is part of the conserved

39GGVVPE4s motif (Q is an aromatic residue) comprising the inter-helix loop of the al-a.2
helical hairpin of TsaD (Supplementary Fig. 3-6). Thus, Argl69 bridges the tip of the helical
hairpin of TsaD to the phospho-ribose backbone of the anticodon loop. The functional
importance of this conserved helical hairpin is further supported by prior observations that
disrupting the al helix in Aquifex aeolicus TsaD nearly abolished activity (54).

Notably, the enzyme-induced sharp bend in the anticodon loop brings the phosphate of
A38 into close proximity to the phosphate of A26 at the D-stem/anticodon-stem junction (Fig. 3-

4B, Supplementary Fig. 3-8C). The resulting ~2.7 A (~3.5 A in TmTsaB2D/TmtRNAYscuy
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structure) separation between their non-bridging oxygen atoms is too constricted to
accommodate a Mg?" ion, but is consistent with hydrogen bonding. The conserved TsaD-Lys166
in contact with phosphate 38 may serve to protonate it (Fig. 3-4A and B, Supplementary Fig. 3-
8C), and the cryo-EM map, reflecting the Coulomb potential, reveals intervening density
consistent with a positive charge bridging these two phosphates, an observation plausible at the
local resolution of 3.1 A (124). In addition, the EctRNA™ cGu-bound structure shows density
consistent with a Mg?* ion bridging phosphates 25 and 26, which would help neutralize local
charge and stabilize this compact backbone arrangement, although comparable density is not
observed at this position in the TmtRNA™scuu-bound structure. Overall, the remodeling of the
anticodon loop backbone and associated phosphate compaction, potential protonation and
stabilization by conserved basic residues and possibly Mg?" define a configuration with A37
positioned in the active site.

To validate the structure and probe the importance of these interactions in catalysis, we
introduced amino acid substitutions at selected interacting residues and tested the activities of the
resulting mutant proteins in the t°A synthesis reaction (Fig. 3-4C). As the structure shows that
the modified nucleosides in the tRNA body do not contact the enzyme or functional sites, their
absence is not expected to affect binding or catalysis; accordingly, activity assays were
performed using an in vitro transcribed EctRNA™ cGu as a substrate. This substrate has been
used extensively in our prior work and provides a robust readout of t°A synthesis
(Supplementary Fig. 3-1G). Activity assays were carried out under initial velocity conditions
with a molar stoichiometry of TsaC2:TsaBDE of 5:1 (10:1 TsaC2 to TsaB2D2) to ensure that
TsaD catalyzed threonylcarbamoy] transferase kinetics dominated the observed rate of t°A

formation (Supplementary Fig. 3-10A and B). All mutants expressed well in E. coli, yielded
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soluble proteins, and were purified to homogeneity (Supplementary Fig. 3-1A). The TsaDPro#4Ala,
TsaDPro#6ly and TsaDPhe3%Ala mytants — targeting residues involved in base triple stabilization —
exhibited dramatically reduced t°A synthesis activities (to 6%, 4% and 10% of wild-type levels,
respectively). TsaBAe! 14412 gnd TsaDA™ 16948 which disrupt anticodon loop backbone
interactions, showed a reduction to 11% and 20% of wild-type activity, respectively. In addition
to its putative role in stabilizing the anticodon loop, TsaD-Lys166 plays a previously established
role in tA synthesis by coordinating the y-phosphate of ATP at the TsaD/TsaE interface (2),
essential for the ATPase activity of TsaBDE that drives multi-turnover t°A synthesis. We have
previously shown that TmTsaB2D2s166A12 exhibits significantly reduced tRNA binding affinity,
and that t°A synthesis activity is reduced to below single-turnover levels (2), indicating a block at
a step preceding ATP hydrolysis in the catalytic cycle, specifically the TC transfer step. This
defect is consistent with the observed role of TsaD-Lys166 in stabilizing the anticodon loop on
the enzyme.

In all tRNAs, bases at positions 32 and 38 form a universal, non-Watson-Crick pair that
is essential for the formation of the canonical hairpin structure of the anticodon loop (125). They
also provide loop flexibility for recognition by enzymes and for correct shaping and positioning
of the anticodon triplet in the ribosome decoding center (126, 127). In the base triple observed
here, this pairing pattern is reorganized such that the strictly conserved U36 and A38 form a two-
hydrogen-bond pair, while the less conserved U32 contributes one interaction with each base in
the pair. In bacterial t°A tRNAs, position 32 displays a nearly equal proportion of U or C, and in
rare cases an A (Fig. 3-4A). To probe the limits of tolerance at this position, we introduced the
least conservative substitution, U32G, as G32 does not occur in t°A tRNAs. The U32G tRNA

mutant remains a competent substrate, exhibiting an initial velocity ~40% that of the wild-type
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tRNA (Fig. 3-4D), indicating that base identity at position 32 is not a strict determinant of
recognition. Modeling C32, A32 and even G32 in the structure suggests that they can all be
accommodated within the base triple geometry (Supplementary Fig. 3-11), albeit with one fewer
hydrogen bond relative to the observed U32—U36°A38 triple.

In contrast, substitution of U36 with C yields a tRNA mutant that fails to serve as an
efficient substrate, exhibiting an initial velocity ~2% that of the wild-type tRNA (Fig. 3-4D),
indicating that even a pyrimidine substitution at this position is not tolerated. This is consistent
with the observed cWH geometry, as a C36°A38 pair would not satisfy the required hydrogen
bonding pattern without protonation of C36, which is disfavored at physiological pH.

In summary, substrate recognition appears to be dictated by the shape and dimensions of
the binding trough, together with the restrained geometry imposed on the RNA backbone by
tertiary interactions with conserved basic residues of the TsaD/TsaB interface (TsaD-Lys166,
TsaD-Argl69 and TsaB-Argl14), which restrict the conformational space available to the
anticodon loop, confining it to a binding mode in which a structurally compatible base triple is
formed. Within this framework, U36 and A38 appear to define a core pairing geometry of cWH,
whereas the base at position 32 can vary while remaining compatible with that geometry and
contributing to its stabilization. We propose that this structural constraint underlies the strict
requirement for U36 and A38 in t°A tRNAs and their role in defining tRNA identity for
modification.

3.3.5. Shallow surface pockets for the anticodon wobble and central bases explain their
“neutrality” for t°A modification.

The tRNA wobble nucleotide C34 adopts a flipped-out conformation, rotated ~180° away

from the adjacent bases U33 and G35 (Fig. 3-4E, Supplementary Fig. 3-8D). This allows U33

and G35 to stack against each other, a configuration enabled by a sharp kink in the intervening
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sugar-phosphate backbone. C34 binds to a surface pocket on TsaB, with its ribose and phosphate
moieties within hydrogen bonding distance from the side chains of TsaB-Thr68 and TsaB-
Arg71, respectively (Fig. 3-4F, Supplementary Fig. 3-8E). Thr68 is a conserved Thr/Ser in TsaB
proteins, and TsaB-Arg71 is invariant (Supplementary Fig. 3-9). The C34 nucleobase is held in a
largely hydrophobic shallow pocket lined with TsaB-Leu67, TsaB-1le195, TsaB-Alal13, TsaB-
Tyr119 and the aliphatic part of TsaB-Argl14 side chain (Fig. 3-4F, Supplementary Fig. 3-8E),
all of which are conserved in TsaB proteins (Supplementary Fig. 3-9). TsaB-Tyr119 is oriented
for a potential, possibly water-mediated, hydrogen bond with the base (the side chain OH of
Tyr119 is ~3.6 A from the pyrimidine N4 of C34), but due to the modest map resolution in this
region this interaction is not certain. We probed several of these interactions with mutagenesis.
The TsaBThr68Ala mutant, targeting a backbone interaction with C34, reduced t6A synthesis to
50% of wild-type levels (Fig. 3-4C). The TsaBTyr119Ala and TsaBlle195Ala mutants, targeting
the nucleobase binding pocket, reduced t6A synthesis to 70% and 58% of wild-type levels,
respectively. These results are consistent with a minor contribution of the C34 pocket to
anticodon loop recognition and productive binding.

In bacterial ANN-decoding tRNAs, position 34 can be U/C/G (Fig. 3-4A, Supplementary
Fig. 3-12) and is often modified. An A at that position is rare because ANN codons ending with
U are either rare or decoded by GNU anticodons via wobble pairing or by CNU anticodons
wherein C is modified to lysidine (Supplementary Fig. 3-13). To better understand why t°A
modification is indifferent to the wobble base, we modeled U and G in place of C34 in the
structure (Supplementary Fig. 3-14). The models suggest that, despite its conservation, the C34
binding pocket is large enough to accommodate a purine and can accommodate U/G with the

same contacts observed for C.
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The G35 nucleobase is bound in a shallow surface pocket defined primarily by TsaD-
I1e83, a conserved hydrophobic residue in TsaD orthologs (Fig. 3-4G, Supplementary Fig. 3-8F,
Supplementary Fig. 3-9). G35 stacks against TsaD-11e83 on one face and against U33 on the
other. The nucleobase functional groups of U33 and G35 are exposed to the solvent and neither
base forms hydrogen bonds with the enzyme. The aliphatic side chain of nearby TsaB-Lys32 (a
non-conserved residue) may provide an additional hydrophobic interaction with the C-H edge of
U33. The lack of base-specific interactions in this pocket and its shallowness allows it to
accommodate any canonical base, explaining the tolerance of t°A modification to base identity at
position 35 in substrate tRNAs. Notably, U33 is conserved in bacterial tRNAs and is unrelated to
t°A modification (Fig. 3-4A), reflecting instead its critical role in enforcing the U-turn
conformation of the anticodon loop required for ribosome binding (128). Alanine substitution of
TsaD-I1e83 reduced t°A synthesis activity to 62% of wild-type levels (Fig. 3-4C), again

indicating a minimal role of this binding pocket in recognition of the anticodon loop.
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Figure 3-4: Recognition of the anticodon loop nucleotides.

Close-up views of the unsharpened cryo-EM map and fitted model in the individual binding
pockets for anticodon-loop nucleotides. In all panels: the enzyme subunit contributing each
residue is indicated in parentheses in the residue label. Color code for protein: Magenta, TsaD;
teal, TsaD al-a2 helical hairpin; blue, TsaB; brown, TsaB C-terminal helix. All distances
consistent with hydrogen bonding interactions with the tRNA are < 3.3 A (black dashed lines).
A) Residues of the hydrophobic trough accommodating the U32-U36eA38 base triple and basic
residues interacting with the triple’s phospho-ribose backbone. The cryo-EM map illustrating
fitness of the model is shown separately in the right panel. For clarity, only nucleotides of the
base triple are displayed (transparent stick model), and the intervening RNA backbone as a
ribbon. The local resolution range of the cryo-EM map in this region is 3.11-3.13 A for TsaB
residues, and 3.08-3.16 A for TsaD residues. Red dashed lines highlight the geometry of the
hydrogen bonding network within the base triple. B) The RNA backbone around A37 and the
compacted phosphates of A38 and A26, stabilized by Mg?"and the conserved TsaD basic
residues Lys166 and Argl69. C25 is at the base of the D-stem. Dashed lines highlight potential
interactions with distances < 3.4 A. Mg?" density in green mesh. C) t°A biosynthesis activities
of TsaB or TsaD mutant proteins harboring mutations in select residues interacting with the
anticodon-loop, compared with wild-type activity. Assays contained mutant TsaD or mutant
TsaB, all other wild-type Tsa proteins and EctRNA™ ccu in vitro transcript as substrate. Data
represent duplicate measurements from at least three independent reactions. D) t°A activity
assay with tRNA mutants U36C and U32G. E) Flipped-out conformation of C34 and base
stacking of U33 and G35. F) Residues lining the shallow hydrophobic binding pocket for the
tRNA wobble base C34. Interactions consistent with hydrogen bonding are shown as dashed
line. All pocket residues are from TsaB. Local resolution range in this region is 3.03-3.13 A. G)
The shallow surface pocket for G35, and its stacking with U33. The local resolution range in
this region is 3.11-3.36 A.
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3.3.6. Accommodation of A37 and t°A37 in the active site

The two structures, capturing A37 in the unmodified and t®-modified forms, reveal the
same configuration of the A37 binding pocket in the substrate- and product-bound states. In both
structures, the adenine base is similarly lodged in a deep pocket in the active site of TsaD, lined
on one side with the hydrophobic side chains TsaD-Cys10, TsaD-Leu82 and TsaD-Val42, and
the glycine-rich beta-turn S134GGHi37 on the other side, with the adenine ring directly stacking
between Cys10 and Gly135-Gly136 (Fig. 3-5A and B). TsaD-Val42 in the inter-helical loop of
the a1-a2 helical hairpin, and TsaD-Leu82 are conserved hydrophobic residues (Supplementary
Fig. 3-6). TsaD-Cys10 is part of the conserved E7-S/T-SCD11 sequence motif. Alanine
substitutions of these residues resulted in significantly compromised t°A biosynthesis activity:
8% and 26% of wild-type activity for TsaD-Cys10 or TsaD-Leu82, respectively (Fig. 3-5C). We
also interrogated Glul62 with mutagenesis, due to its conservation and location in a well-defined
helix in the vicinity of the ribose of A37, where it is potentially poised for interaction with the
ribose 2'OH. Indeed, the TsaD-Glul62Ala mutant exhibits severely impaired t°A activity (Fig. 3-
50).

In the EctRNA™ cgu-bound structure, clear density is observed in the cryo-EM map for
the threonylcarbamoyl (TC) moiety of t°A37, which forms a network of interactions with active-
site residues in the E7-S/T-SCD11 and S134GGH137 motifs. Contacts in these motifs include the
threonine moiety with the side chain of Ser9, and the carbonyl O with the side chain of Ser134
and the backbone amide of Gly135. We have previously shown a role for Ser134 in TC transfer,
as its Ala substitution yields a mutant that supports ATP hydrolysis in the presence of TsaE but
exhibits severely reduced t°A synthesis activity to below single-turnover level, indicating a

disruption specifically in the TC transfer step of the catalytic cycle (2).
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TsaD proteins harbor a bound Zn?* or Fe?* ion in their active sites (2, 51, 54, 121, 122)
that coordinates the carboxylate and phosphate moieties of TC-AMP (122) in addition to serving
as a structural metal (2). Surprisingly, in both tRNA-bound structures, no metal density is
observed in the cryo-EM map, although the coordination sphere residues His109, His113 and
Asp296 are well defined (Fig. 3-5A and B). Instead, His109 and Asp296 side chains are within
contact distance to coordinate the carboxylate group and the carbamoyl NH of the TC moiety of
t°A37, respectively (Fig. 3-5B). His137, located in an inter-strand loop in the TsaD C-terminal
domain, is an additional Zn?* ligand in TmTsaB2D2E2 (2), but is displaced from the zinc site in
the tRNA-bound structures, as part of the global tRNA-induced closure of the C-terminal
domain. The loss of metal is not explained simply by this rearrangement of the metal site, as
other bacterial TsaBD structures with a similar coordination geometry retain bound metal (51,

54, 122). It is possible that the absence of metal density is due to radiation damage (129).
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Figure 3-5: A37 binding pocket in the active site of TsaD.

A, B) Cryo-EM map, sharpened with DeepEMhancer, and fitted model shown for protein
residues surrounding A37 in TmTsaB2D bound to unmodified 7TmtRNAMScuu (A) versus
modified EctRNA™ cgu carrying the t°A37 modification (B). Maps show clear density for the
zinc coordination residues but no bound metal. The red asterisk marks the would-be location of
the metal ion. The local resolution in this region is 3.1-3.14 A in panel A, and 3.5 A in panel B.
Val42 (teal color) is from the tip of the a1-a2 helical hairpin. Interactions within hydrogen bond
distances in A are indicated as dashed lines. C) t°A biosynthesis activities of TsaD mutants
harboring mutations in the A37 binding pocket, compared with the wild-type activity. Assays
contained mutant TsaD, all other wild-type Tsa proteins and EctRNA™cqu in vitro transcript as
substrate. Data represent duplicate measurements from at least three independent reactions.
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3.3.7. D-stem recognition via indirect readout

The enzyme contacts the minor groove of the D-stem via the TsaD subunit only (Fig. 3-
6A). The D-stem base pairs G10:C25, C11:G24 and U12:A23 are contacted by conserved
structural elements located in the C-terminal domain of TsaD (Fig. 3-6A, Supplementary Fig. 3-
15). These elements are 1) the first turn of TsaD helix a7 and part of the preceding loop, together
comprising the conserved sequence motif F207SFSGLK213 (Supplementary Fig. 3-6), and 2) the
loop connecting strand B8 and helix a5, carrying the conserved sequence motif hissDDsis9 (h
and s are a hydrophobic and a small residue, respectively; Supplementary Fig. 3-6). The cryo-
EM map and fitted model suggest a network of hydrogen bonding interactions between
conserved side chains in these motifs and the N3 atoms of purines in each of the three base pairs,
as well as with the ribose moicties of C25, C11 and U12. Base contacts with distances consistent
with hydrogen bonds include: a network of hydrogen bonds between TsaD-Ser208, TsaD-
Asp157 and the N3 atom of G10 in G10:C25 Fig. 3-6B, left; Supplementary Fig. 3-15, left);
TsaD-Thr214 from helix a7 with the N3 atom of G24 in C11:G24 Fig. 3-6B, middle;
Supplementary Fig. 3-15, middle); and TsaD-Tyr218 from helix o7 with N3 of A23 in U12:A23
Fig. 3-6B, right; Supplementary Fig. 3-15, right). The map and fitted model also suggest
potential interactions with the RNA backbone. These include a network of hydrogen bonds
between TsaD-Aspl158, TsaD-Lys213 and O2' of C25 Fig. 3-6B, left, Supplementary Fig. 3-15,
left); TsaD-Ser208 with the O2' of C11 Fig. 3-6B, middle; Supplementary Fig. 3-15, middle);
and the carbonyl oxygen atom of TsaD-Gly211 with O2" of U12 Fig. 3-6B, right; Supplementary
Fig. 3-15, right). That these TsaD residues are important for the t°A reaction is evidenced by the
impact of their mutation; with the exception of Thr214 and Tyr218, which are not conserved,

mutation to Ala virtually abolishes catalytic activity Fig. 3-6C). Note that Lys213 was previously
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investigated (2) and, as with Lys166, was shown to serve dual roles in tRNA binding by
TmTsaB2D2 and in coordinating the phosphates of ATP at the TsaD/TsaE interface during the
reset step of the catalytic cycle. Mutation to Ala resulted in loss of both tRNA binding
and activity (2), consistent with these roles.

Despite the conservation of the D-stem sequence across bacterial t°A substrates Fig. 3-
6D, Supplementary Fig. 3-12), and the critical role of the D-stem protein contacts discussed
above, TsaB2Dx is largely insensitive to the nucleotide sequence, as deduced by base-pair
mutations Fig. 3-6E). Mutation of G10:C25 to A10:U25 resulted in the loss of only ~20%
activity, and while flipping the base pair orientation to C10:G25 or U10:A25 resulted in a greater
loss of activity, residual activity was still ~30%-40% of the wild-type activity. Similarly,
mutation of C11:G24 to U11:A24, and U12:A23 to A12:U23, saw reductions in activity of only
~35%. Other D-stem mutants were not accessible to investigation because their sequences
possessed alternative secondary structures of comparable stability to the tRNA cloverleaf (RNA
secondary structure prediction program Mfold (130)). Together, these results indicate that
although TsaB2D makes direct contacts with D-stem bases, these interactions do not mediate
sequence-specific readout but instead suggest recognition through indirect readout of D-stem
helix geometry and shape. Our structure adds to a growing number of examples in which a-
helical elements contribute to substrate recognition through shape sensing of the tRNA D-stem.
Examples include the mitochondrial tRNA methyltransferase TRMT10C (PDB ID 8cbk (131)),
human Lysyl-tRNA synthetase (PDB ID 9dpl (77)), and the ELP3 subunit of the human

Elongator complex (PDB ID 8ptx (132)).
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Figure 3-6: Recognition of the D-stem of tRNA.

A) Overall view of TsaD (magenta) helix a7 and the B8-a5 loop interactions with minor groove
of the D-stem at base pairs G10eC25, C11eG24, U12eA23 (orange). B) Cryo-EM map and fitted
model of individual D-stem base pairs and interacting TsaD side chains. The map local
resolution in this region is 3.03-3.20 A. Dashed lines highlight hydrogen bonding networks with
distances indicated in A. C) t°A biosynthesis activity assays on ECtRNA™ gy in vitro transcript
using TsaD mutant proteins harboring mutations in D-stem-interacting residues, compared with
the wild-type activity. D) Sequence logos in the D-stem region of bacterial t°A substrate tRNAs
versus non-substrate tRNAs based on ~3630 aligned sequences. E) t°A biosynthesis activities of
TmTsaBDE on mutant tRNAs harboring mutations in the D-stem. All activity data represent
duplicate measurements from at least three independent reactions.
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3.4. Discussion

We determined 3.2 A cryo-EM structures of the 7. maritima t°A synthase TsaB2D in
complex with two different ANN-decoding tRNA species, one unmodified and one natively
modified, representing substrate- and product-bound complexes, respectively. Both structures
reveal a well-ordered anticodon loop that is remodeled by the TsaB/D interface for specific
recognition of the 36-UAA-38 motif and placement of A37 in the TsaD active site. The
structures also offer insights into conserved and divergent features of recognition in KEOPS, as

well as mechanistic insights, which we explore in the following sections.

3.4.1. Comparison with KEOPS suggests a universal mechanism for recognition of tRNA
identity by t°A biosynthesis systems.

The structures show no interaction between TmTsaB2D and the CCA end of tRNA,
consistent with previous findings that the CCA tail is dispensable for tRNA binding and t°A
biosynthesis by E. coli TsaBDE (103). This contrasts with archaeal/eukaryotic KEOPS, which
requires CCA recognition via the Cgil21 subunit (103). Recently reported cryo-EM structures of
archaeal KEOPS bound to tRNAMSyyu captured two states: one with an intact tRNA but
unbound anticodon loop and A37 far from the active site, and another with a distorted tRNA in
which the anticodon domain is unraveled and the anticodon loop unresolved (101, 102). Neither
structure reveals the direct contacts with D-stem bases observed in the 7mTsaB2D/tRNA
complex, as the tRNA in those structures is positioned differently and the D-stem is displaced
from helix a7 of TsaD (Supplementary Fig. 3-16). Nonetheless, base substitutions in the D-stem
were shown to inhibit the t*A modification activity of KEOPS (101, 102), although the
substitutions tested did not maintain the Watson-Crick pairing (e.g. G9:C25 to G9:A25, or the

double mutation C10:G24 to U10:G24 and U11:A12 to C11:A23 in M. jannaschii tRNAYyuu

76



numbers), and thus may have compromised the structural integrity of the D-stem rather than
revealing base-specific recognition.

Further, in the distorted tRNA-bound KEOPS structure, G26 is flipped-out of the tRNA
core and contacts a conserved arginine in the C-terminal tail of Bud32 (101, 102). In contrast,
our structures show a canonical tRNA core and no flipped-out nucleotides in this region. The
corresponding nucleotide in our structures is A26, whose backbone phosphate lies at the center
of a network of interactions with conserved lysines and, in the EctRNA™ cgu-bound structure, a
Mg?" ion that stabilize the local, highly constricted RNA backbone around A37. Further,
changing G26 to C/U/A either increased or had no effect on the t°A activity of KEOPS (101,
102), consistent with a role involving backbone remodeling rather than base-specific interaction.
It is possible that the G26 protrusion observed in the distorted tRNA bound to KEOPS represents
an intermediate state that occurs during loop remodeling by the enzyme.

Neither of the available KEOPS/tRNA complex structures reveals how the anticodon
loop is recognized at the Kael/Pccl interface. However, the TsaD recognition motifs observed in
TmTsaB:D are conserved in Kael (as well as in the human ortholog OSGEP and the
mitochondrial ortholog Qri7, Supplementary Fig. 3-17), suggesting a conserved mode of
recognition. These include the G4oGV VP44 motif at the tip of the ac1-a2 helical hairpin, which
forms the hydrophobic trough for the U32-A360A38 base triple (Fig. 3-4A, Supplementary Fig.
3-8B). For example, TsaD-Pro44, on which U36 stacks, corresponds to Pro41 in M. jannaschii
Kael (MjKael), and the MjKaelP*Al2 mutation was shown to abolish the t°A activity of
KEOPS (101, 102). Also conserved are TsaD-Lys166 and TsaD-Argl169, which stabilize the
anticodon loop backbone at the TsaD/TsaB interface (Fig. 3-4A and B, Supplementary Fig. 3-8B

and C), and we showed that their alanine substitutions impair activity ((2) and Fig. 3-5C). The
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equivalent MjKaelGIn160Ase and MjKael4!936 mutants were similarly shown to abolish t°A
activity of KEOPS (101-103). Likewise, the corresponding S. cerevisiae Qri747207A12 mytant
failed to rescue the kael A growth defect in yeast and is inactive in vitro (50).

The functional homology between TsaB and the KEOPS Pccl subunit with respect to
anticodon loop binding is less obvious. The contribution of TsaB to anticodon loop binding is its
C-terminal helix located in the C-terminal lobe, which is entirely missing in Pccl. Pccl exhibits
partial structural similarity to the N-terminal lobe of TsaB but lacks sequence homology. To
explore how Pccl might engage the anticodon loop, we modeled the anticodon loop from the
TmTsaB2D/EctRNA™ cgu structure (with similar results using the TmtRNAMScuu-bound
structure) onto the Kael/Pccl complex (PDB ID 5jmv (133)), by superimposing the TsaD and
Kael subunits (Fig. 3-7A). The model suggests that the N-terminal turns of Pcc1 helix a2 could
serve the role of the TsaB C-terminal helix in trapping the anticodon loop. Further, Pcc1-Arg63
(P. furiosus numbering), an invariant residue essential for the t°A activity of KEOPS (103), is
positioned near phosphate 32, potentially mimicking the anticodon loop backbone stabilization
provided by TsaB-Argl14. Notably, TsaB-Argl 14 resides in the C-terminal lobe of TsaB, a
region missing in Pccl. The use of analogous arginines in different structural contexts illustrates
a specific strategy by which these phylogenetically distinct proteins have achieved functional
convergence for anticodon loop recognition.

3.4.2. Mechanistic insights into TC transfer from TC-AMP

To gain insight into the catalytic mechanism of t°A formation we generated a docking
model of TC-AMP and Zn?" in the active site of TmtRNAMscuu-bound TsaD (the substrate-
bound complex) based on Zn?" and the TC-AMP analog BK951 in the crystal structure of

EcTsaBD (Fig. 3-7B) (122). As noted above, His137 serves as a ligand to Zn?" in the
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TmTsaB2D:E2 structure (2), but in the tRNA-bound structure it has moved out of the
coordination sphere. In the docking model it is similarly out of the way, which allows
coordination by the carboxylate and phosphate oxygens of TC-AMP (Fig. 3-7B). In this
arrangement TC-AMP is poised for TC transfer with N6 of A37 ~2.5 A from the carbamoyl
carbon of TC-AMP. Nucleophilic attack by N6 could be aided by proton transfer to Asp296, a
Zn?" ligand, which is ~4.5 A from N6. The transient tetrahedral intermediate could then be
stabilized by H-bond donation from Ser134, followed by intermediate collapse and cleavage of
the bond to the phosphate oxygen of AMP. This latter step could be facilitated by proton transfer
from Asp296 to the phosphate oxygen.

3.4.3. Overview of the catalytic cycle

Previous biochemical studies established that in the absence of TsaE/ATP, TsaBD

supports a single turnover of t°A synthesis, whereas TsaE-catalyzed ATP hydrolysis is required
for multiple turnover. This led to a working model for the bacterial t°A catalytic cycle in which
TsaBD binds tRNA and TC-AMP, catalyzes TC transfer, and releases product tRNA without the
involvement of TsaE, placing the role of TsaE after product release (Fig. 3-7C). The structures
presented here define the tRNA-bound state in this cycle. Upon tRNA binding, the enzyme
adopts a closed conformation in which the TsaD C-terminal domain encloses the tRNA and the
al—02 helical hairpin of TsaD together with the C-terminal helix of TsaB pin the anticodon
loop, positioning A37 in the TC-transfer site. Following product formation, the t*A-modified
tRNA is released, leaving the enzyme in a catalytically inactive state. TsaE-ATP binding induces
an open, pre-reset conformation in which these structural elements are displaced from the active
site, and subsequent ATP hydrolysis and TsaE release restores the closed conformation for the

next cycle. In this model, several aspects remain unclear, including the basis of complex
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inactivation, the role of TsaC/C2, if any, in delivering TC-AMP to the TC-transfer site and

whether its binding is coordinated with tRNA. These questions await further investigation.

I'mTsaB-Arg114
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Figure 3-7: Comparison with KEOPS and mechanistic insights.

A) Superposition of the tRNA-bound 7mTsaBD protomer on the crystal structure of the archaeal
Kael/Pccl complex (PDB ID 5jmv). The view is focused on the anticodon loop binding
interface, illustrating putatively similar accommodation of the zigzag conformation of the
anticodon loop by Kael/Pccl. The conserved arginine from helix a2 of MjPccl is spatially
analogous to Argl14 from the C-terminal lobe of TsaB, and positioned to make a similar contact
with the backbone phosphate of anticodon loop nucleotide 32. For clarity, the C-terminal helix of
TsaB is not shown. Mj: M. jannaschii. Pf: Pyrococcus furiosus. B) Docking model of TC-AMP
(green) and Zn?* (grey sphere) in the TC-transfer site from the 7TmtRNAMScuu-bound structure,
based on the positions of Zn*>* and the TC-AMP analog BK951 in EcTsaBD (PDB ID 6z81).
Putative contact network between N6 of A37, TC-AMP, Ser134 and zinc ligand Asp296 are
indicated as black dashed lines. C) Proposed model of the bacterial t°A biosynthesis cycle,
shown for a general bacterial system (corresponding to one protomer in the 7. maritima system),
highlighting the closed, tRNA-bound, and open TsaE-ATP-bound conformational states of
TsaBD along the cycle.
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3.5. Supplementary material

Supplementary figure 3-1: Biochemical analysis of 7. maritima Tsa proteins and tRNAs used
in cryo-EM sample preparation and mutagenesis studies.

A) Purity check of TmTsaB and TmTsaD wild-type and mutant proteins by SDS-PAGE. Five ug
protein were analyzed on 12% SDS-polyacrylamide gel at 150 V for 1 h. The gels were stained
using Coomassie blue. B) Size exclusion chromatogram of 7mTsaB2D2 complex isolated on
Superdex-200 column (left). Fractions were analyzed on 12% SDS-polyacrylamide gel (right).
Fractions 7-11 (red box) were pooled and used for preparation of cryo-EM samples. C) Purity
check of in vivo-produced EctRNA™ cgu and purified on C4 reversed-phase column. Column
fractions used for cryo-EM sample preparation were analyzed on urea-polyacrylamide gel (7.0 M
urea, 10% acrylamide, Tris-Borate-EDTA buffer, pH 8.3), electrophoresed for 1 h at 100 V and
stained with SYBR Gold. D) Representative RNA electropherogram for the purified
EctRNAT™ Gy showing a single sharp peak within the expected tRNA size range (60 — 80 nt) and
no peaks from smaller or larger RNA species, indicative of high sample integrity and minimal
RNA degradation. E) sequence of 7. maritima tRNAYScuu used in cryo-EM sample preparation.
F, G) EMSA titrations of TmTsaB2D2 binding to in vivo produced EctRNA™ cgu (F) and
synthetic TmtRNAMScuu (G) were carried out in 25 ul reactions containing 0—1.1 uM
TmTsaB2D2, 21 nM tRNA, 50 mM Tris—HCI (pH 7.5), 50 mM KCI, 5 mM MgClz, 5% glycerol,
3 mM DTT and 0.1 unit RNasin®. Complexes were run on 6% Tris-glycerol native
polyacrylamide gel in a Tris-Glycine-EDTA native buffer (pH 8.3) for 1 h at 150 V, stained with
SYBR Gold and imaged on a ChemiDoc imaging system. Band densities were quantified using
ImagelJ software, and the ratio of bound to total tRNA was calculated. The dissociation constant
was calculated by plotting the percent tRNA bound versus protein concentration and fitting to the
Hill equation using GraphPad Prism software version 11.0.0. H) t°A biosynthesis activity of
wild-type TmTsaBDE with in vitro transcribed E. coli tRNA™ ccu and in vivo-produced E. coli
tRNATcGu, Activities were measured under initial velocity conditions using the '*C-
radiochemical incorporation assay as described in Materials and Methods.
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Supplementary figure 3-2: Modification mapping of the in vivo produced and purified E. coli
tRNA™ Gy used in the cryo-EM sample for the TmTsaB2D/EctRNA™ Gy structure.

A) Schematic of E.coli tRNA™ ccu 1-1 showing the sequences identified by data-dependent LC-
MS/MS analysis (light blue). Six distinct modifications are indicated at their respective positions.
B, C) Annotated MS2 spectra of “U[t°A]JAUGp” (B) and “U[ct®A]JAUGp” (C), with ions
corresponding to the free t°A/ct°A bases highlighted.
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Supplementary figure 3-3: Cryo-EM data processing and map quality statistics for
TmTsaB2D/EctRNA™ cGu.

A) Image processing workflow chart. B) Example 2D classes for the final particle set. C) Gold-
Standard Fourier Shell Correlation (GSFSC) plot generated from independently refined half-
maps. D) Angular distribution plot showing the distribution of particle orientations contributing
to the final reconstruction. E) 3D-FSC plot for the final reconstruction, showing mild directional
resolution anisotropy (calculated using the 3dfsc.salk.edu server). The 3D-FSC was thresholded
at 0.143, while sphericity was calculated by thresholding the 3D-FSC at 0.5. An overall
sphericity of 0.947 shows that the global resolution of 3.2 A is near-isotropic in three
dimensions, with no significant anisotropy in the reconstruction.
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Supplementary figure 3-4: Cryo-EM data processing and map quality statistics for

TmTsaB2D2o/TmtRNAYScuu.

A) Image processing workflow chart. B) Example 2D classes for the final particle set. C) Gold-
Standard Fourier Shell Correlation (GSFSC) plot generated from independently refined half-
maps. D) Angular distribution plot showing the distribution of particle orientations contributing
to the final reconstruction. E) 3D-FSC plot for the final reconstruction, showing mild directional
resolution anisotropy (calculated using the 3dfsc.salk.edu server). The 3D-FSC was thresholded
at 0.143, while sphericity was calculated by thresholding the 3D-FSC at 0.5. An overall
sphericity of 0.95 shows that the global resolution of 3.2 A is near-isotropic in three dimensions,
with no significant anisotropy in the reconstruction.
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Supplementary figure 3-5: Overall structure of 7mTsaB2D/TmtRNAMScuu complex.

A) Unsharpened cryo-EM density map (overall resolution 3.2 A) and fitted model. ASL:
Anticodon stem-loop. B) Local resolution map, calculated at FSC 0.5, with the individual
subunits encircled with dashed lines. C) Comparison of the final cryo-EM structural models for
TmTsaB2D bound to EctRNA™ cgu (dark colors) versus 7TmtRNAYScuu (light colors), showing
similar overall structure and tRNA binding mode.
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Supplementary ﬁgure 3-6: Sequence logo of TsaD proteins derived from a structure-guided
alignment of 540 reviewed TsaD sequences obtained from the Uniprot database.

Position numbers correspond to residue numbers in 7. maritima TsaD. Secondary structure
elements derived from 7mTsaD in the present structure are indicated. Colored shades: green, E7-
S/T-SCD11 motif; teal, al1-02 helical hairpin; yellow, hissDDsi1so motif (h=hydrophobic, s=small
residue); purple, F207SFSGLK213 motif. Red stars: A37 pocket. Blue stars: positive residues
stabilizing backbone phosphates. Cyan stars: zinc binding. Black stars: TC-AMP binding. Letter
color code: polar: green; neutral: purple; basic: blue; acidic: red; hydrophobic: black. The overall
height of the stack indicates the sequence conservation at that position, while the height of
symbols within the stack indicates the relative frequency of each residue at that position. Error
bars indicate an approximate Bayesian 95% confidence interval.
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Supplementary figure 3-7: Comparisons.

A) Comparison of the TmTsaBD protomer in the tRNA-bound state (present structures, colored,
for clarity the tRNA is not shown) and in other apo TsaBD structures (in grey) showing the
shared closed conformation of the lever arm of TsaD (teal and black, respectively), and the
ordering of the C-terminal tail of TsaB into a 3-turn helix in the tRNA-bound state. (i) E. coli
TsaBD bound to inhibitor, (ii) 4. aeolicus TsaBD bound to ADP, (iii) S. typhimurium TsaBD
bound to ATPyS. B) Examples of comparisons of the anticodon loop conformation in E. coli
tRNA™ 6y bound to TmTsaB2D (orange) to loop conformation in other tRNA structures (grey).
The comparison is with (i) the same tRNA bound to E. coli threonyl-tRNA synthetase, (ii) E. coli
tRNA™ GGu bound to the ribosome A site (1), (iii) E. coli tRNA"*Gaubound to isoleucyl-tRNA
synthetase (2), iv) human cellular modified tRNA™S3yyu bound to human lysyl-tRNA synthetase
(3), and v) unbound yeast tRNAPrGa (4). Nucleotides 34-37 are labeled, and PDB IDs are in
parentheses.
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Supplementary figure 3-8: Remodeling of the anticodon loop in the TmTsaB2D/TmtRNAMScuu
structure and flipping of A37 into the active site.

Color code for protein: Magenta, TsaD; teal, TsaD al-a2 helical hairpin; blue, TsaB; brown,
TsaB C-terminal helix. All distances consistent with hydrogen bonding interactions with the
tRNA are < 3.3 A (black dashed lines). A) Unsharpened cryo-EM map and fitted model of the
anticodon loop. The local map resolution is 3.5-3.7 A at nucleotides 32-38. Left: view of the
anticodon loop from the major groove side showing the zigzag pattern of bases. Right: view
illustrating bending of the anticodon loop toward the major groove of the anticodon stem. B)
Residues of the hydrophobic trough, accommodating the U32-U36°A38 base triple and basic
residues interacting with the triple’s phospho-ribose backbone. The enzyme subunit contributing
each residue is indicated in parentheses in the residue label. For clarity, only nucleotides of the
base triple are displayed in stick model, and the intervening RNA backbone as a ribbon. The
local resolution of the cryo-EM map in this region is approximately 3.5-3.7A for TsaB residues,
and 3.3-3.5 A for TsaD residues. Red dashed lines highlight the geometry of the hydrogen
bonding network within the base triple. C) The RNA backbone around A37 and the compacted
phosphates of A38 and A26, stabilized by TsaD-Lys166. C25 is at the base of the D-stem.
Dashed lines highlight interactions with distances <3.2 A. D) Flipped-out conformation of C34
and base stacking of U33 and U35. E) Residues lining the shallow hydrophobic binding pocket
for the tRNA wobble base C34. Interactions consistent with hydrogen bonding are shown as
dashed line. All pocket residues are from TsaB. Local resolution range in this region is 3.28-3.53
A. F) The shallow surface pocket for U35, and its stacking with U33. The local resolution in this
region is 3.50 A. Panels B-F display a DeepEMhancer-sharpened map.
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Supplementary figure 3-9: Sequence logo of TsaB derived from a structure-guided alignment
of 550 reviewed TsaB sequences obtained from the Uniprot database.

Position numbers correspond to residue numbers in 7. maritima TsaB. Colored shades: Grey,
binding pocket for C34 base; cyan, residues interacting with C34 backbone. Letter color code:
polar: green; neutral: purple; basic: blue; acidic: red; hydrophobic: black. The overall height of
the stack indicates the sequence conservation at that position, while the height of symbols within
the stack indicates the relative frequency of each nucleotide at that position. The width of the
stack is proportional to the fraction of valid symbols in that position. Error bars indicate an
approximate Bayesian 95% confidence interval.
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Supplementary figure 3-10: A) Determination of 7mTsaC2 concentration at which 7TmTCT
kinetics dominate. Standard t°A radiochemical incorporation assays with EctRNAT"cgy
transcript and varied 7mTsaC2 concentration of 0.031, 0.063, 0.13, 0.25, 0.50, 1.0, 2.0, 4.0 uM.
B) Examples of time-course activity assays conducted under initial velocity conditions from
which initial velocities were calculated.
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Supplementary figure 3-11: Modeling of C, A and G at position 32 in the anticodon loop of
EctRNA™ gy .

A) C32 in a C32-U360A38 triple in a cWH-cWH configuration. B) A32 in a A32-U36eA38
triple in a cWH-cWH configuration. C) Even G32, which does not naturally occur in bacterial
t°A tRNASs and is very rare in tRNA in general, can be accommodated in a G32—U36eA38 triple
in a cSH-cWH configuration.
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Supplementary figure 3-12: Sequence logo for the anticodon loop and D-stem regions of t°A
tRNAs versus non t°A tRNAs from A) E. coli and B) T. maritima.
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Supplementary figure 3-13: Abundances of the different NNU anticodons in a sample of 3705
bacterial t°A substrate tRNAs (ANN-decoding tRNAs) used to generate the sequence
conservation logo in Figure 4D. N is G, C, A or U. The ANN codon, corresponding NNU
anticodon and number of sequences representing each anticodon are listed. The
underrepresented codons are either rare or decoded by a represented tRNA. Position 34 in t°A
substrate tRNAs is always U/G/C (see Figure 4D). There are almost no occurrences of A at
position 34 in sequences of bacterial t°A substrate tRNAs because ANU codons are either rare or
decoded by tRNAs carrying GNU anticodons via G34eU3 wobble base pairing, or CNU
anticodons in which C34 is modified to lysidine.
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Supplementary figure 3-14: The pocket for binding the tRNA wobble base is shallow and large
enough to accommodate the U34, C34 and G34 found in t°A substrate tRNAs.

A) van der Waals surface representation of the hydrophobic binding pocket on TsaB for C34 as
observed in the present cryo-EM structures. The two contacts with the sugar-phosphate
backbone, and potential (water-mediated) hydrogen bond of TsaB-Tyr119 with the nucleobase
are shown. B and C) Docking models of U and G in the C34 binding pocket, illustrating possible
accommodation of U34 or G34 through similar interactions. The docking was performed onto
the cryo-EM model of the TmTsaB2D/EctRNA™ gy structure.
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Thr214

Supplementary figure 3-15: D-stem recognition in 7mtRNAYscyu-bound TmTsaB:D.
Unsharpened cryo-EM map and fitted model of individual D-stem base pairs and interacting
TsaD side chains. The map local resolution in this region is 3.34-3.58 A. Dashed lines highlight

hydrogen bonding networks with distances in A.
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Supplementary figure 3-16: Comparison of the positioning of tRNA at the TsaB/TsaD interface
in the TmTsaB2D/EctRNA™cGu complex to its position at the Kael/Pccl interface in archaeal
KEOPS (PDB ID 8up5). For clarity, the Bud32 and Cgil21 subunits of KEOPS are not shown.
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Supplementary figure 3-17: Structure-based multisequence alignment of characterized TsaD,
Kael, OSGEP and Qri7 proteins.

PDB IDs of the aligned structures are indicated in the sequence names. Invariant and conserved
residues are highlighted in red background and red font, respectively. Colored highlights: green,
E7-S/T-SCD11 motif; teal, a.1-a2 helical hairpin; yellow, hissDDs1s9 motif (h=hydrophobic,
s=small residue); purple, F207SFSGLK213 motif; bracket, pre-a7 loop (Ser194-Ser204). Red stars:
A37 pocket. Blue stars: positive residues stabilizing backbone phosphates. Cyan stars: zinc
binding. Black stars: TC-AMP binding.
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Supplementary table 3-1: Cryo-EM data collection and processing, and model refinement and

validation statistics.

Structure

TmTsaB2D bound to in vivo
EctRNA™ Gy

TmTsaB:2D bound to synthetic
TmtRNAYScuy

Deposition IDs: PDB,
EMDB, EMPIAR

pdb_000013fn, EMD-77046,
EMPIAR-13544

pdb_000013fo, EMD-77048,
EMPIAR-13543

Data collection

Microscope Titan Krios Titan Krios
Detector Falcon 41 DED Falcon 41 DED
Data Collection Software SerialEM SerialEM
Magnification 105,000 105,000
Voltage (kV) 300 300

Electron exposure (e/A?) 50 50

Defocus range (um) -0.8t0 -2.2 -0.8 to -2.2
Pixel size (A) 0.8266 0.8266

Tilt angle (°) 37 37

No. of movies 9,495 8,646

Cryo-EM data processing

Data processing software

cryoSPARC v4.7.1

cryoSPARC v4.7.1

No. of micrographs 4,207 2,506

Initial particle images 401,971 535,379 (blob picker)
376,761 (template picker)

Final particle images 323,313 63,799

Symmetry imposed Cl1 Cl1

Map resolution (FSC 0.143) | 3.2 A 32A

Resolution range 3.09t0 3.76 3.13t04.17

Map sharpening B factor -142 -124

Structural refinement

Initial model used (PDB) 6N9A (protein),1QF6 (tRNA) | 6N9A (protein)

Model composition

Non-hydrogen atoms 7,142 7,173

Protein residues 724 724

Nucleotides 71 73

Metal ions 1 0

R.m.s. deviations

Bong lengths (A) 0.003 0.004

Bond angles (°) 0.677 0.643

Validation

MolProbity score 2.00 1.96

Clashscore 10.42 10.09

Rotamer outliers (%) 0 0

Ramachandran Plot

Favored (%) 92.76 93.31

Allowed (%) 7.24 6.69

Outliers (%) 0 0
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Supplementary table 3-2: Primers used for generating point mutations in 7mTsaD and TmTsaB.
The mutagenic triplets are shown in lowercase.

Mutation Primer | Sequence (5'-3')

F AGAAACGTCCgcgGATGAAACGGC
TsaD-C10A

R ATTCCAAGAACTCTCATAAC

F CCACCAGAAGgcgGGAGGGGTGG
TsaD-F39A

R ACCTCTATCTGAGAAACTG

F AGGGGTGGTGggcGAAGTGGCGG
TsaD-P44G

R CCAAACTTCTGGTGGAC

F AGGGGTGGTGgcgGAAGTGGCGG
TsaD-P44A

R CCAAACTTCTGGTGGACCTCTATCTG

F TGGACCTGGCgcgATCGGTGCCC
TsaD-L82A

R TAGGTGGCCGCAACG

F ACCTGGCCTAaacGGTGCCCTCC
TsaD-183N

R CCATAGGTGGCCGCAACG

F ACCTGGCCTAgegGGTGCCCTCC
TsaD-I83A

R CCATAGGTGGCCGCA

F TGAAACGCTCgcgGATTCGGCGG
TsaD-D157A

R CCCAGCACTTCCATGG

F AACGCTCGATgcgTCGGCGGGGG
TsaD-D158A

R TCACCCAGCACTTCCATG

F
TsaD-E162A TTCGGCGGGGgcgGCATTCGATA

R TCATCGAGCGTTTCACCCAGC

F TAAGGTGGCTgcgCTCCTCGGACTC
TsaD-R169A

R TCGAATGCCTCCCCC
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Supplementary table 3-2: Primers used for generating point mutations in 7mTsaD and 7mTsaB,
continued. The mutagenic triplets are shown in lowercase.

Mutation Primer | Sequence (5'-3")

F TTACAACTTCgcgTTTGCGGGTTTGAAG
TsaD-S208A

R CTGTCATCATCCAGC

F GGGTTTGAAGgcaTCTGTCCTCTATTTC
TsaD-T214A

R GCAAAGCTGAAGTTGTAAC

F TTCTGTCCTCgcgTTCCTCCAGAGGG
TsaD-Y218A

R GTCTTCAAACCCGCAAAG

F TGGAGGATTGgcgGGTCTCAGGG
TsaB-T68A

R GGGCCAATTCCCACTC

F TAGAAGAGCGgcgAAAGGTTACC
TsaB-R114A

R GCCACGAGTACAACAC

F AGGTTACCACgcgTGTGCGGTTTATC
TsaB-Y119A

R TTCCTCGCTCTTCTAG

F TCAGAAATCCgcgGCGGAATTGAACTG
TsaB-1195A

R AGATACAAAGGTTCGATTTC

F GGAATTGAACgcgGAAAAAAAGAAAAGGG
TsaB-W200A

R GCTATGGATTTCTGAAGATAC
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Chapter 4: Conclusions and future directions
4.1. Conclusions

The data presented here address longstanding questions concerning both steps of the t°A
biosynthesis pathway. Specifically, this work examines two outstanding mechanistic questions: 1)
does synthesis of the pathway intermediate TC-AMP by TsaC/TsaC2 proceed through the
proposed N-carboxy-L-threonine intermediate? and i1) how does the TsaD/TsaB complex
recognize and selectively modify ANN-decoding tRNAs?

Time- and pH-dependent soaking of 7TmTsaC2 crystals captured substrate-, intermediate-,
and product-bound states of the enzyme. The TmTsaC2/CT/ATP structure provides direct
evidence for N-carboxy-L-threonine as a reaction intermediate for TsaC2 enzymes, supporting a
mechanism where L-threonine first reacts with CO: to form N-carboxy-L-threonine, which then
attacks ATP to generate TC-AMP and pyrophosphate. SEC-SAXS analysis shows that the
relative orientation of the catalytic TsaC domain and the SU5 domain of TsaC2 is dynamic in
solution. Upon substrate binding, the enzyme adopts the closed, catalytically competent
conformation observed in the crystal structures. Structural and mutagenesis data further identify
an interdomain salt bridge that is critical for catalysis, likely by contributing to stabilization of
the closed conformation.

Cryo-EM structures of the 7mTsaB:D: bound to two distinct tRNA substrates reveal that
the bacterial t°A synthase recognizes substrate tRNAs mainly through an indirect readout
mechanism. These structures show that productive tRNA binding requires extensive remodeling
of the anticodon loop, largely mediated by formation of a U36-A38-U32 base triple within the
anticodon loop. Remarkably, the main t°A determinants, U36 and A38, do not engage in any
base-specific interactions with the enzyme. Additionally, although contacts with the tRNA D-

stem are essential for substrate recognition and catalysis, they too rely on indirect readout of the
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D-stem shape rather than direct readout of specific base pairs. These structures provide the first
view of the tRNA-bound t°A synthase in which the tRNA anticodon loop is fully resolved,
revealing for the first time how U36 and A38 are accommodated by the enzyme. Because U36
and A38 are universal determinants of t®A modification, and because the overall architecture of
the bacterial TsaD/TsaB complex is conserved in the Kael/Pccl core of the archaeal and
eukaryotic KEOPS complex, the mode of recognition of tRNA identity described here may be
broadly conserved. Whether the same mechanism applies to the mitochondrial t°A synthase Qri7,
which lacks a TsaB ortholog and functions as a homodimer, remains less clear.

The structures also reveal bacterial-specific features of the TsaD/TsaB interface that
contribute to productive binding of tRNA. These features may provide opportunities for selective
inhibition. Thus, the structures presented here not only clarify how bacterial t°A enzymes
recognize substrate tRNAs but also identify bacteria-specific protein-RNA interactions that may

inform future efforts to develop antimicrobial drugs targeting t°A biosynthesis.

4.2. Future directions
4.2.1. TC-AMP channeling

Because the pathway intermediate TC-AMP is unstable in solution, it has been proposed
that TC-AMP may be channeled from TsaC/TsaC2 to TsaD. To test this possibility, our
collaborators performed a two-chamber dialysis experiment in which only small molecules could
freely diffuse between chambers (prof. Dirk Iwata-Reuyl and Erik Schleen, Portland State
University). Reactions were carried out in 100 mM Tris, pH 7.5, 300 mM KCl, 5 mM DTT, 2
mM ATP, 20 mM MgClz, 20 uM TmtRNAT™CGU transcript, 10 mM NaHCOs, and 250 uM L-

['*C]-threonine (50 uCi/umol). One chamber contained 20 uM EcTsaC, while the second
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chamber contained 10 uM each TsaB, TsaD, and TsaE from either 7. maritima or E. coli (here
named the threonylcarbamoyl-transfer chamber or TC-transfer chamber).

This experiment showed that TC-AMP generated by EcTsaC in the first chamber
supported t°A formation when EcTsaBDE, but not when 7mTsaBDE, was present in the TC-
transfer chamber. These results show that EcTsaC-generated TC-AMP can diffuse between
chambers but is used productively only by the E. coli TC-transfer system. For the 7. maritima
t°A biosynthesis system, t°A formation required the presence of active, full-length 7mTsaC2 in
the same chamber as 7TmTsaBDE, whereas isolated 7mTsaC2 domains or the inactive Ser144Ala
TmTsaC2 mutant did not support t°A synthesis. These observations suggest that TC-AMP
transfer in the 7. maritima system may require a physical contact between 7mTsaC2 and
TmTsaBDE, consistent with substrate channeling.

To explore a potential channeling interface in the 7. maritima system, a docking model
was generated based on the E. coli HypF enzyme (134). HypF contains TsaC-like and TsaD-like
domains that interact face-to-face and catalyze carbamoyladenylate synthesis and carbamoyl
transfer reactions in pathways unrelated to t°A synthesis (Fig. 4.1B). Docking the catalytic
domain of 7mTsaC2 onto the TsaD subunit from the crystal structure of 7mTsaB:D:E- resulted
in severe steric clashes with the TsaD lever arm, which adopts an “up” conformation upon TsaE
binding (Fig. 4.1C, right). In contrast, the cryo-EM structure of 7mTsaB:D-2 bound to tRNA
shows the TsaD lever arm in a “down” position, which allows TsaC2 docking without clashes
(Fig. 4.1C, left). These models suggest that TsaE and TsaC2 cannot bind TsaD simultaneously,
whereas TsaC2 and tRNA could potentially interact with the TsaB.D: platform at the same time.
Such an arrangement could provide a structural understanding of TC-AMP channeling from

TmTsaC2 to TmTsaD.
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The TsaC2/TsaD docking model generated in the presence of tRNA revealed a putative
enclosed path between the TsaC2 catalytic domain and the TsaD active site. This proposed
channel is lined with highly conserved hydrophobic residues, which could protect TC-AMP from
solvent-mediated hydrolysis, as well as basic residues that could stabilize the phosphate moiety
of TC-AMP during channeling (Fig. 4.1D). Because the interaction between TsaC2 and TsaD is
transient, a stable TsaC2/TsaD complex has been difficult to isolate biochemically (53),
precluding structural studies. Instead, I tested the proposed channeling model using site-directed
mutagenesis and t°A biosynthesis assays. Residues predicted to line the putative channel, but
located away from the active sites of either enzyme, were targeted for mutagenesis. Small
hydrophobic residues were replaced with bulkier residues, such as phenylalanine or tyrosine, to
sterically obstruct the proposed channel, whereas basic residues were replaced with neutral or
acidic residues, such as glutamine or glutamate, to disrupt potential electrostatic stabilization of
TC-AMP in the channel.

However, none of these mutations, including double mutants, reduced t°A biosynthesis
activity. These results suggest that either TC-AMP is channeled through a different route, or the
proposed TsaC2/TsaD docking model does not accurately describe the channel. It is also possible
that the channeling interface is dynamic, or dependent on transient conformational states that are
not captured by the static docking model.

Future studies will be needed to identify the location and nature of the TsaC2/TsaD
interaction interface. Two-dimensional NMR could be used to map chemical shift perturbations
upon formation of a transient TsaC2/TCT complex, thereby identifying residues involved in
interactions. Additionally, cross-linking coupled to liquid chromatography—mass spectrometry

could help define the location and orientation of TsaC2 on the TCT complex during catalysis.
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However, both of these techniques can be challenging to optimize for this kind of complex

biochemical system.
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Figure 4-1: Preliminary investigations of the TC-AMP channeling hypothesis.
A) Channeling experiment performed in a dialysis cassette (unpublished data). B) Crystal

structure of E. coli HypF, with its TsaC-like and TsaD-like domains shown in dark gray and light

gray, respectively. C) Docking models of the catalytic domain of 7mTsaC2 onto the

TmTsaB2D2-tRNA cryo-EM structure (left), and onto the 7TmTsaB2D2E: crystal structure (right).

The TsaC/catalytic domain of 7mTsaC2 and the TsaD subunit in each model are positioned

based on the orientations of the homologous domains in E. coli HypF. TsaD is shown in violet,
TsaD lever arm in teal, 7mTsaC2 catalytic domain in green, tRNA in wheat, and TsaE in cyan.
For clarity, the TsaB subunit is not displayed. The SUAS5 domain of TsaC2 was not included in
the model. D) Close-up view of the putative channel in the 7mTsaB2D2-tRNA-TmTsaC2 docking

model. E) t°A biosynthesis activities of TmTsaC2 and TmTsaD mutants carrying site-directed

mutations in the putative channel.
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4.2.2. Investigating the nature of TsaB2D2 inactivation and TsaE-dependent reactivation by
cryo-EM

Although the TsaB.D>—tRNA structure reveals how substrate tRNA is recognized, it does
not address another major unresolved question in the t°A field: the nature of the inactivation of
TsaB2D:2 following TC-transfer to tRNA, and the mechanism of its reactivation by TsaE-
catalyzed ATP hydrolysis. Previous studies showed that 7mTsaB.D. becomes inactive after one
cycle of catalysis and releases the modified tRNA product in the absence of TmTsaE, while TsaE
and its ATPase activity are required for multiple turnovers of the catalytic cycle. However, the
nature of TsaB:D: inactivation and TsaE-dependent reactivation remains unclear. One possibility
is that, after a single catalytic cycle, TsaB:D2 undergoes a conformational change and becomes
trapped in an inactive state. TsaE binding and ATP hydrolysis may then restore the active
conformation, allowing the complex to enter another catalytic cycle.

If inactivation and reactivation involve large conformational changes, cryo-EM should be
well suited to investigate these states, especially since sample preparation and data collection
strategies for this complex have already been optimized. One approach would be to generate the
inactivated TsaB:D2 complex by incubating TsaB:D: with TsaC2, Mg-ATP, L-threonine,
bicarbonate, and an excess of substrate tRNA, ensuring that most TsaB2D2 complexes complete
one catalytic cycle. This mixture could be directly applied to the grid. Alternatively, the resulting
inactivated TsaB.D- could be purified by SEC, and its inactivation verified using the t°A
biosynthesis assay conducted in the absence of TsaE. Inactive TsaB2D- can then be subjected to
cryo-EM analysis either alone or in complex with substrate tRNA following verification of
tRNA binding by EMSA. To capture reactivation intermediates, the purified inactivated TsaB2D2

complex could be mixed with TsaE and ATP for a short time immediately before vitrification.
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This approach may reveal transient conformational states associated with TsaE binding, ATP

hydrolysis, and restoration of the active TsaB:D: conformation.

4.2.3. Elucidating the TC-transfer reaction
Although my cryo-EM structures and docking model of TC-AMP in the TC-transfer site
provide insight into the mechanism of TC transfer from TC-AMP onto A37 of tRNA,
experimental validation of the proposed reaction mechanism is still needed. This could be
addressed by determining a structure of 7mTsaB2D2 bound to synthetic tRNAYS and BK951, a
previously developed TC-AMP analog (122), which may help capture a substrate-bound or pre-

transfer state of the TsaB2D2/tRNA complex.
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