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Abstract

TrmD is an S-adenosyl methionine (AdoMet)-dependent methyl transferase that synthesizes the
methylated m1G37 in tRNA. TrmD is specific to and essential for bacterial growth, and it is
fundamentally distinct from its eukaryotic and archaeal counterpart Trm5. TrmD is unusual by
using a topological protein knot to bind AdoMet. Despite its restricted mobility, the TrmD knot
has complex dynamics necessary to transmit the signal of AdoMet binding to promote tRNA
binding and methyl transfer. Mutations in the TrmD knot block this intramolecular signaling and
decrease the synthesis of m1G37-tRNA, prompting ribosomes to +1-frameshifts and premature
termination of protein synthesis. TrmD is unique among AdoMet-dependent methyl transferases in
that it requires Mg2* in the catalytic mechanism. This Mg2* dependence is important for
regulating Mg2* transport to Sa/monella for survival of the pathogen in the host cell. The strict
conservation of TrmD among bacterial species suggests that a better characterization of its
enzymology and biology will have a broad impact on our understanding of bacterial pathogenesis.

1. INTRODUCTION

All natural transfer RNA (tRNA) molecules contain posttranscriptional modifications to
achieve their biological functions. More than 100 such posttranscriptional modifications
have been identified to date. Those localized to the elbow region of the L-shaped tRNA
tertiary structure generally stabilize the folding of the nucleic acid, while those localized at
or near the anticodon ensure translational accuracy during protein synthesis on the ribosome.
Each of these posttranscriptional modifications is synthesized in a pathway involving one or
multiple enzymes. While the greatest majority of these enzymes are nonessential for life,
acting for example as a chaperone to modulate tRNA activity [1], a very small number of
these enzymes are absolutely required for cell growth and survival. TrmD is an example of
one of these essential enzymes [2-8], responsible for methyl transfer from AdoMet to the N1
position of the G37 base to synthesize m1G37 on tRNA [9] (Fig. 1). The methylated m1G37
is on the 3’-side of the anticodon, and it is necessary for suppressing tRNA frameshifting
during protein synthesis on the ribosome [10-12]. Unlike missense errors, frameshifting
errors are almost always lethal, because they change the translational reading frame and
introduce premature termination codons. TrmD is broadly conserved in sequence and
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structure among bacterial species, in both Gram (+) and Gram (=), but it is absent from the
eukaryotic and archaeal domains [13,14]. Instead, eukaryotes such as humans and archaeal
organisms use Trm5 to synthesize m1G37-tRNA. Intriguingly, while catalyzing the same
chemical reaction, TrmD and Trm5 are fundamentally distinct from each other in nearly all
aspects of the methyl transfer reaction, including the global architecture of the enzyme [15-
19], the binding of AdoMet [20], the interaction with tRNA [21], the discrimination of the
G37 base [22], the control of the rate-limiting step [23], and the catalytic mechanism [24—
27]. TrmD and Trmb are therefore considered as an analogous pair of enzymes that share no
structural homology [28], but use the same chemical substrates and produce the same
chemical products. As such, TrmD is ranked as a high-priority antimicrobial target [29],
providing the attractive potential to isolate TrmD-specific drugs that would have no
interaction with Trm5, thus limiting potential side effects. To fully explore this potential, a
better understanding of TrmD structure and function and its biological roles in bacterial
pathogenesis is necessary. Here, we highlight the most salient features of TrmD and provide
an example illustrating how it regulates bacterial pathogenesis.

2. GLOBAL STRUCTURE OF TrmD

TrmD is an obligated homodimer that places each active site at the dimer interface (Fig. 1A)
[15,16]. This global structure is different from the structure of Trm5, which is active as a
monomer [14]. TrmD is strongly conserved in sequence among evolutionarily diverse
bacterial species. High-resolution crystal structures of TrmD in a binary complex with
AdoMet [15], or with the unreactive analog sinefungin [15], or with the reaction product
AdoHcy (S-adenosyl homocysteine) [16] were known for more than 10 years before a
ternary complex with sinefungin and a bound tRNA [17] became available. Most of these
structures are based on Haemophilus influenzae TrmD (HiTrmD), which shares high
sequence identify (>83%) and similarity (>93%) with Escherichia coli TrmD (EcTrmD), the
best-characterized member of the TrmD family [20,23,30,31]. The close sequence
conservation between these two enzymes permits exploration of the enzyme’s structure—
function relationship in depth.

In all of the available structures of the TrmD dimer (e.g., Ref. [17]), each monomeric chain
is made up of three distinct domains: an N-terminal domain (residues 1-160 in A/TrmD and
EcTrmD) for binding AdoMet, a C-terminal domain for binding tRNA (residues 169-246),
and a flexible linker in between (residues 161-168) (Fig. 2A). However, while both
monomeric chains A and B are capable of binding AdoMet at the same time, only chain B is
capable of binding tRNA by positioning the G37 base within its flexible linker [17]. This
positioning organizes the otherwise disordered flexible linker into a helical structure. The
resulting stoichiometry of one TrmD dimer binding with two AdoMet molecules but only
one tRNA molecule is consistent between biochemical and structural studies (Fig. 2B) [23].
In this stoichiometry, the N-terminal domain of chain A is paired with the C-terminal
domain of chain B to assemble the active site (Fig. 2C). Implicit in this stoichiometry is an
asymmetry, in which only the AdoMet in chain A is active for methyl transfer, whereas the
AdoMet in chain B is inactive. This half-of-the-sites asymmetry, which can alternate the
active AdoMet between the two chains, provides one extreme example of negative
cooperativity [32]. In contrast to positive cooperativity, where ligand binding to chain A
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activates ligand binding to chain B, negative cooperativity entails that the ligand bound to
chain A prevents another ligand from binding to chain B. Model studies show that negative
cooperativity can regulate ligand binding or enzyme activity between the two chains,
depending on the substrate concentration [33]. When substrates are saturating, negative
cooperativity modulates the two chains slowly, so that the inactivation of chain B by chain A
is slow and gradual. Conversely, when substrates are limiting, the modulation becomes
ultrasensitive, so that the inactivation of chain B by chain A is rapid and highly responsive to
small fluctuations of substrate concentrations [33]. How TrmD responds to changes in
substrate levels remains an important open question.

3. THE TREFOIL KNOT OF TrmD AND MUTATIONS IN THE KNOT

In both monomeric chains of TrmD, AdoMet is bound in the N-terminal domain to the deep
cleft of a trefoil knot fold [17], which is a topological knot that involves three crossings of
the protein backbone through a loop (Fig. 3A). Proteins with a knotted fold are rare (~1.5%
in the Protein Data Bank), but they occur across a wide range of families, containing either a
trefoil (34), figure-of-eight (44), Gordian (5,), or stevedore (61) knot in their structure [34].
While protein knots are generally proposed to enhance protein stability [35], the trefoil knot
in TrmD was shown to be required for methyl transfer [31].

The TrmD trefoil knot consists of three p-strands at the central g-sheet (Fig. 3A). This knot
starts with B3, which is followed by a loop that turns at the back of p3 and emerges into 4.
The end of B4 is followed by another loop that turns into 85, which makes a circular
insertion into the knot by crossing over 3 and coming out of the knot with a loop that binds
the adenine ring of the methyl donor. In each TrmD trefoil knot, AdoMet is bound in an
unusual bent shape [17], which constrains the adenosine and methionine moiety of the
methyl donor to face each other (Fig. 3B). In contrast, the majority of methyl transferases
(e.g., Trm5) bind AdoMet in the open space of a dinucleotide fold [18,19], which allows the
two moieties to extend apart from each other (Fig. 3C). However, although both trefoil knots
in TrmD adopt AdoMet in the bent shape in crystal structures, molecular simulation analysis
indicates that the two knots have different dynamics and mobility [31]. The active knot is
more constrained and binds AdoMet rigidly in the bent shape (Fig. 3D), whereas the inactive
knot is more dynamic and binds AdoMet in a range of shapes from the bent to the extended
open conformation (Fig. 3E). The different dynamics of the two knots reflects the
asymmetry of their relationship.

Additional molecular simulation analysis shows that the trefoil knot is required for AdoMet
to adopt the bent shape and that the bent shape is required for TrmD to catalyze methyl
transfer [31]. Without the knot, as found in the crystal structure of Aquifex aeolicus TrmD
[36], AdoMet cannot bend and can only exist in the open shape. Without being in the bent
shape, AdoMet would be positioned in a spatial geometry incompatible with the position of
the G37 base and unfavorable for methyl transfer. The importance of the trefoil knot is
further manifested in its ability to transmit the signal of AdoMet binding in the bent shape,
via intramolecular motions, to the tRNA site to stabilize the nucleic acid substrate binding.
tRNA stabilization in the binding site then activates a signal transmitted to the active site to
promote methyl transfer [31]. These intramolecular motions are not random, but are
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dedicated to harnessing the AdoMet binding energies to promote tRNA binding and to
activate methyl transfer. Indeed, mutations that disrupt AdoMet binding also destabilize
tRNA binding and decrease methy! transfer, while mutations that destabilize tRNA binding
have little effect on AdoMet binding but directly affect methyl transfer [31]. Thus, the
interaction of the trefoil knot with AdoMet in the bent shape promotes the initial step of the
methyl transfer reaction. It is this interaction that determines the positioning of G37-tRNA
on the enzyme and the assembly of the active site to catalyze methyl transfer.

Additional simulation analysis shows that the TrmD trefoil knot is important for asymmetric
catalysis, because it mediates AdoMet signaling across the dimer interface [31]. This
intermolecular signaling confers the asymmetry between the two active sites, such that one
is catalytically active while the other is inactive. A mutation that disrupts the stability of the
trefoil knot eliminates this asymmetry and equalizes the two active sites, making both
AdoMet molecules mobile and both monomeric chains capable of binding one tRNA [31].
Intriguingly, despite enabling the two chains to methylate tRNA simultaneously, the mutant
is compromised in both the affinity of tRNA binding and the rate of methyl transfer relative
to the native and asymmetric enzyme (by 40- and 30-fold, respectively), resulting in a severe
loss of catalytic efficiency (by 1200-fold) [31]. Thus, the asymmetry mediated by the trefoil
knot at the dimer interface is important for producing the maximum efficiency of methyl
transfer by TrmD.

The structural and molecular simulation analyses to date emphasize the notion that the
trefoil knot of TrmD is required for the catalytic mechanism in three ways. It is the structure
that enables AdoMet to achieve the bent shape necessary for methyl transfer. It is an
organized protein fold within the enzyme that captures the free energy of AdoMet binding to
stabilize and orient tRNA binding and to facilitate methyl transfer at the active site. It is also
the mechanism for cross-chain communication between the two monomers of TrmD to
coordinate with each other for the highest efficiency of methyl transfer. In addition, a
mutation within the trefoil knot, which was isolated from a genetic analysis [37], renders the
enzyme temperature sensitive and catalytically compromised [38]. This mutation, S88L,
occurs at the beginning of the central B3 strand, which leads the way into the trefoil knot.
The S88L mutation affects a position highly conserved among Gram (=), but not Gram (+),
TrmD enzymes [38]. The temperature sensitivity induced by the mutation supports the
general notion that a knot structure confers thermal stability to protein enzymes [35].

4. SYNTHESIS OF m1G37-tRNA BY TrmD

The synthesis of m1G37-tRNA by TrmD is a posttranscriptional event. The efficient
methylation by the enzyme on transcripts of tRNA [23], lacking any posttranscriptional
modifications, supports the notion that the enzyme catalyzes a primary reaction on tRNA
without the requirement for any prior modifications. This is unlike secondary modification
reactions on tRNA, where a prior modification is necessary. The synthesis of a complex
modified base, such as cmo®U (5-carboxymethoxy uridine) or mecmo® (5-methoxy-carbonyl
methoxy uridine) at the tRNA wobble position, is initiated with the primary reaction,
followed by a series of secondary reactions [39,40]. To understand the structural basis of
how TrmD recognizes its tRNA substrate, a comprehensive analysis of individual domains
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of the nucleic acid was performed [21]. This analysis revealed that TrmD requires only a
stem-loop structure, in contrast to the requirement for the complete tRNA structure by Trm5
[21]. Specifically, TrmD recognizes the anticodon stem—loop (ASL) of tRNA, which
consists of 5bp of the stem and 7 nucleotides in the anticodon loop. However, this simple
ASL is not sufficient, but an extension of the stem to 9bp is necessary [21]. The extended
structure recapitulates the composite structure of the D stem (typically 4bp) coaxially
stacking on the ASL in the native tRNA L-shape structure, which is the core structure of the
vertical arm of the L-shape. This notion is intriguing, suggesting that TrmD recognizes the
D-ASL vertical arm of the L in a model consistent with the ternary crystal structure of TrmD
in complex with tRNA [17]. Indeed, TrmD makes contact only with the vertical arm of the L
in the crystal structure, and the contact is mediated by interactions with the phosphodiester
backbone of the nucleic acid in a mechanism known as “indirect readout” [41]. It is in
contrast to a “direct readout” mechanism, where enzyme makes contact with nucleobases of
the nucleic acid substrate.

Given that TrmD only requires the D-ASL structure for recognition of the tRNA substrate,
the possibility exists that the m1G37 methylation may occur before the complete
transcription of a tRNA. No data are available to date to address this possibility. The only
available information is that the m1G37 methylation by TrmD does not need any other prior
modification, aminoacylation, or even CCA addition to tRNA [21]. We do not yet know if
the methylation can occur cotranscriptionally, or before tRNA processing at the 5'- or 3'-
end. More research is necessary to understand the TrmD reaction relative to the biogenesis
of tRNA processing and maturation.

TrmD synthesizes the methylated m1G37 on bacterial tRNAs that contain both G37 and a
preceding G36, the 3"-nucleotide of the anticodon [22]. Analysis of the TrmD—tRNA
complex reveals that, after G37 is flipped out from the anticodon loop and is recognized by
the flexible linker of chain B, the open space left between positions 35 and 38 is occupied by
G36 in a stacked position stabilized by a pocket near the trefoil knot in chain A [17] (Fig.
4A). Thus, while G37 is the substrate for methylation, G36 provides additional interactions
with the enzyme to induce further conformational changes that strengthen the positioning of
G37. Importantly, the resulting mG37 has the ability to remodel the structure of the tRNA
anticodon loop relative to the unmethylated G37. In X-ray crystal structures of the ASL
domain of tRNAPY/CGG (CGG: anticodon) in complex with a 7hermus thermophilus
ribosome [42], the unmethylated G37 prevents the ASL from establishing the typical
hydrogen-bond interaction between the O2 atom of U32 and the N6 atom of A38, thus
rendering the nucleotides from 30 to 32 on the 5’-side of the ASL disordered and invisible
(Fig. 4B). In contrast, the methylated m1G37 is able to remodel the ASL structure and
restore the U32—A38 interaction to the conformation consistent with a cognate codon—
anticodon pair (Fig. 4B). The lack of structural ordering of the ASL as induced by the
unmethylated G37 is striking and is also observed in a mutant structure of ASL containing
an extra G37.5 nucleotide (the mutant denoted as [ASL+G37.5] = ASL with an insertion of
G between G37 and A38) (Fig. 4B). This mutant [ASL+G37.5] structure is prone to +1-
frameshifting [42], most likely because the G37.5 nucleotide forms an aberrant base pair
with U32 by displacing A38 away from the normal position (Fig. 4B). Comparison of all
three examples indicates that a signature for tRNA to shift to the +1-frame is the loss of the
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U32-A38 base pair in the ALS. By restoring this base pair, m}G37 provides a mechanism to
suppress +1-frameshift.

5. RIBOSOME FRAMESHIFTING IN THE ABSENCE OF TrmD

The TrmD product m1G37-tRNA is an integral component of translational reading frame
accuracy in bacteria [10-12]. In normal conditions, each bacterial ribosome decodes three
mRNA nucleotides into a single amino acid at a rapid rate of ~20 residues per second,
moving the associated tRNA from the A-site (the aminoacyl-tRNA site), to the P-site (the
peptidyl-tRNA site), and through the E-site (the exit site). However, despite these complex
and dynamic movements, an £. coli ribosome makes infrequent frameshifts in either the 5’
or 3’ direction. The shift by one nucleotide in the 5" direction results in the ribosome
moving backward with a —1 frameshift, while the shift by one nucleotide in the 3" direction
results in the ribosome moving forward with a +1 frameshift. Notably, bacteria do use
frameshifts as a “programmed” mechanism to regulate gene expression. Examples include
the programmed +1 frameshift for expression of the pr7B gene (for expression of release
factor RF2) [43,44] and the —1 frameshift for expression of the adnaX gene (for expression of
DNA polymerase I11) [45,46]. However, nonprogrammed frameshifts are considered
translational errors, usually arising from shifting of a tRNA-ribosome complex on slippery
mMRNA sequences. Unlike missense errors, which replace one amino acid with another but
still permit continued synthesis to the full-length protein, a frameshift error is deleterious,
changing the reading frame and introducing premature termination codons. The frequency of
nonprogrammed frameshifts is typically low, estimated to be less than one per 30,000 amino
acids (or less than 0.003%) over all sequence contexts [47]. The methylated m1G37-tRNA is
a key suppressor of +1 frameshift errors.

One of the most frameshift-prone mMRNA sequences is CC[C/U]-[C/U], which codes for
proline (Pro). In £. coli and throughout bacterial organisms, all three isoacceptors of
tRNAPT contain m1G37 in the natural form (Fig. 5). The others that naturally contain
mlG37 are the GAG and CAG isoacceptors of tRNALU and the CCG isoacceptor of
tRNAATY, The consistent association of m1G37 with tRNAP™ emphasizes the importance of
the methylation for translation of Pro codons. Of the three isoacceptors of tRNAP™, the
UGG isoacceptor reads all four Pro codons (5"-CCN) through the use of cmo®U34 at the
wobble position. This isoacceptor is essential for growth [48], and without m1G37, it is the
most shift-prone among the three [11]. For example, in the absence of m1G37, the UGG
isoacceptor can read the mMRNA sequence CC[C/U]-N either in the 0-frame or the +1-frame
with a similar free energy of stabilization, indicating a minimum energetic penalty for the
tRNA to shift to the +1-frame. The next most shift-prone tRNA is the GGG isoacceptor [10],
which can read the mRNA sequence CC[C/U]-[C/U] with identical stability in the 0- and
+1-frame. Among the total sense codons in protein-coding genes, CC[C/U]-N occurs 17,000
times in the K12 genome of £. co/iand 20,000 times in the LT2 genome of Salmonella
enterica serovar Typhimurium (hereafter referred to as Salmonella). These high frequencies
of occurrence pose a major challenge for translating ribosomes to suppress +1-frameshifting.
Even the less frequent codon sequence CC[C/U]-[C/U] occurs 2300 times in the £. coli
genome. In each natural occurrence, the CC[C/U]-N or CC[C/U]-[C/U] sequence can be
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directly next to the start codon AUG at the second position, or within a short distance from
the start codon, or further downstream from the start codon.

Using the CC[C/U]-[C/U] sequence as an example, a cell-based reporter assay has examined
its propensity of inducing ribosomal frameshifting at various positions throughout a reporter
gene [10]. The results show that the sequence has the highest propensity of inducing
frameshifts at the second codon position, when cells are lacking m1G37-tRNAP™ [10]. At
this position, the frequency of +1-frameshifting is ~1% when cells synthesize mG37-tRNA,
but the frequency is raised by almost 10-fold when cells lose the methylation. At any of the
downstream positions, the effect of m1G37-tRNA is smaller (three- to four-fold). Thus,
while m1G37-tRNA is important for suppressing +1-frameshifting throughout all sequence
contexts, it has the strongest effect at the second codon. In a broader perspective, the
CC[C/U]-N sequence is also slippery, and it is read by the UGG isoacceptor in the absence
of m1G37. A genome-wide analysis of £. coli K12 bacteria identifies 48 protein-coding
genes with the CC[C/U]-N sequence at the second codon, representing a frequency of 1.1%
(out of 4289 genes). Some of these genes are essential themselves (e.g., /0/B, a conserved
outer membrane protein in Gram-negative bacteria). Maintenance of reading frame accuracy
of these genes during translation on the ribosome is expected to depend on the presence of
m1G37-tRNAP™ (Fig. 6).

The second codon in bacterial mMRNAS is unique. Its translation requires stable positioning
of the initiator tRNA at the ribosomal P-site. This stabilization is enforced by EF-P, the
translation factor that stimulates the first peptide bond formation [49]. Indeed, the cell-based
reporter assay shows that EF-P also suppresses +1-frameshifting and that it is most effective
at the second codon [10]. Notably, the suppression of +1-frameshifts by EF-P is an action on
one Pro codon within the context of a slippery sequence and it is distinct from the other
function of the factor, which is to release ribosome stalling when encountering poly-Pro
codons [50,51].

The importance of m1G37 and EF-P for suppressing +1-frameshifts at the second codon
position is further demonstrated in kinetic assays, which used purified ribosomes and protein
factors to reconstitute an E. colitranslational apparatus programmed by an mRNA [10,11].
These assays show that both m1G37 and EF-P execute suppression of +1-frameshifts most
effectively at the second codon position relative to other positions. Among all natural
posttranscriptional modifications in tRNAP m1G37 is the single determinant that
suppresses +1-frameshifts [10]. However, while m1G37 alone is sufficient to completely
arrest +1-frameshifts of the UGG isoacceptor, it is insufficient for the GGG isoacceptor and
requires the assistance of EF-P [10]. The kinetic assays also reveal that +1-frameshifts can
occur in one of two mechanisms. The slow mechanism is during tRNAPT® sitting at the P-site
next to an empty A-site (Fig. 6). This slow shift occurs on a timescale 103-fold slower
relative to peptide bond formation [10], indicating that it is relevant only when cells are
starved of nutrients and cannot synthesize sufficient amounts of Pro-tRNAF™ to load up the
A-site. In contrast, the fast mechanism is during tRNAPT translocation from the A-site to the
P-site and it occurs on a timescale comparable to that of peptide bond formation [10],
indicating that it has the potential to shift the reading frame even in normal cellular
condition.

Enzymes. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hou et al.

Page 8

Both cell-based and kinetic assays have highlighted the propensity of the second codon
position to promote +1-frameshifts. This codon position is associated with the first
translocation after the first peptide bond is made, and the translating ribosome is ready to
move through the second codon to position it at the P-site and open up the A-site for the
third codon. The first translocation has a higher probability of shifting on the registry of the
MRNA relative to later translocation events for several reasons. The first translocation lacks
an E-site tRNA, which helps to maintain the reading frame [52,53], it retains residual
interaction with the Shine—Dalgarno sequence [54], and it involves the structurally and
dynamically unfavorable movements of transitioning the initiator tRNA from the P-site to
the E-site [55]. The first translocation is also the defining moment for the translating
ribosome to enter the elongation phase, and it is important for positioning the ribosome on
the correct reading frame for downstream synthesis of full-length protein. Both TrmD and
EF-P are strictly conserved in bacteria: while TrmD is essential for cell growth [10], EF-P is
required for robust cell viability for most bacteria [56]. The dedicated action of TrmD and
EF-P at the first translocation indicates an evolutionarily conserved process to take action as
early as possible to safeguard the reading frame accuracy of protein synthesis.

6. Mg2* DEPENDENCE FOR METHYL TRANSFER

Methyl transfer by TrmD requires Mg?* in the catalytic mechanism [26]. This is highly
unusual, because the methyl group of AdoMet is already positively charged and can be
easily transferred without the need for metal ions. Indeed, the majority of AdoMet-
dependent methyl transferases (e.g., Trm5) require no metal ion [26]. Some exceptions do
exist, for instance, for methyl transferases that use Mg?* to catalyze O-methyl transfer to
catechols and flavonoids [57-59], and AB-methyl transfer to adenine in DNA [60,61]. In
these exceptions, metal ions are used to modulate the selection and binding of the target
substrates but not catalysis. The Mg2* dependence of TrmD is also distinct from many
nucleic acid metabolic enzymes (e.g., DNA and RNA polymerase, restriction enzymes, and
catalytic ribozymes) [62,63]. While the latter enzymes use Mg2* in their reaction, they use
the metal ion to both stabilize the nucleic acid or nucleotide substrate and promote catalysis.
Instead, TrmD uses Mg2* exclusively to promote catalysis in the transition state of methyl
transfer [26]. The chemical novelty of this transition state is that Mg?* is a direct ligand to
the nucleobase G37 in the tRNA, whereas DNA and RNA polymerases and related enzymes
coordinate the metal ion with the phosphodiester backbone of the nucleic acid substrate.

In addition to Mg?*, TrmD can also use Ca?* and Mn?* as an active ion, but not Ni2* or
Co?* [26]. Using EcTrmD as an example, analysis of the enzyme activity as a function of
metal ion concentration shows that the Mg2*-dependent activity is maximal at the
intracellular concentration of the metal ion in £, coli (2-3mM), but that the CaZ*- and Mn2*-
dependent activity is below 1% (for Ca2*) or around 20% (for Mn?*) of the maximum at the
intracellular concentration of the respective metal ion (0.1 and 80uM) [64,65]. Thus, Mg2* is
the only physiologically relevant metal ion, given that TrmD is essential for cell growth and
a reduction of its activity to below 20% is sufficient to cause cell death [38]. Interestingly,
the binding stoichiometry of Mg2* to TrmD, as measured by the enzyme activity as a
function of the metal ion, shows that it is one metal ion required for the activity of one dimer
[26]. This is consistent with the stoichiometry of one methyl transfer per dimer [23].
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Direct fluorescence-based binding assays with AdoMet or tRNA show that the single Mg2*
required for methyl transfer is not necessary for substrate binding [26]. Even inactive metal
ions such as Co?* or NiZ*, or even the metal-chelating EDTA, promote the same binding
affinity. Instead, the single Mg2* required for methyl transfer is involved in the abstraction
of the N proton from G37-tRNA, which is likely the rate-limiting step of the TrmD-
catalyzed methyl transfer [26]. The Mg2* reaction has a solvent deuterium kinetic isotope
effect (KIE) of 5-6, the Mn2* reaction has a KIE of 1.8, and the Ca2* reaction has a KIE of
3-4 [26]. The different magnitudes of KIE with the three metal ions reflect differences in
their ability to stabilize a common species in the deprotonation of G37. The largest KIE for
the Mg2* reaction indicates that the reaction is most sensitive to perturbation of the proton
abstraction, whereas the smaller KIEs for the Mn2* and Ca2* reactions suggest that other
steps (e.g., rearrangement of catalytic residues) may have become partially rate limiting.

Metal rescue experiments show that Mg2* stabilizes the developing negative charge on the
06 of G37 during proton abstraction [26]. The principle of metal rescue is that hard metal
ions (e.g., Mg2*) prefer coordination with oxygen, whereas soft metal ions (e.g., Co2*)
prefer coordination with sulfur [63]. Indeed, substitution of O8 of G37-tRNA with S6
reduces the rate of the Mg?* reaction. In contrast, while Co?* is inactive with O° of G37-
tRNA, it is fully active with S8 of G37-tRNA [63]. These results demonstrate a direct role of
the metal ion in the coordination with the atom at the 6th position of G37. Further, in the
fully active pair of CoZ*-TrmD with the s8G37-tRNA substrate, the formation of a metal—
thiolate bond is indicated by a unique UV-visible absorption spectral change for the charge
transfer from the sulfur to the transition metal ion with d-shell electrons [63]. Further
analysis shows that the R154A and D169A substitutions each abolish the charge transfer,
indicating that the native residue of each is involved in catalysis [63]. This is supported by
the tRNA-bound crystal structure of the enzyme [17], where the strictly conserved R154
provides a positive charge to stabilize the O of G37, whereas the negative charged D169 (or
E169 in some bacterial species) provides the general base that abstracts the NI proton from
G37.

The catalytic role of Mg2* to TrmD is transient, with a K3 (Mg2*) of 0.68+0.03mM for the
E. colienzyme [26] and a Ky (Mg2*) of 0.42+0.02mM for the Salmonella enzyme. None of
the available crystal structures of TrmD contain a metal ion even though some complexes
were soaked with 0.2M Ca2* [20]. The transient nature of Mg2* is consistent with the
proposed catalytic mechanism involving G37-tRNA [26]. In this mechanism (Fig. 7), D169
is the general base to abstract the N proton from G37, while the deprotonation is
accompanied by developing electron density on the O of G37. The developing negative
charge on 06 of G37 is stabilized through coordination with Mg2* and by hydrogen-bond
interaction with the side chain of R154. The charge stabilization of OB in turn facilitates
Mg?2* to coordinate with the general base D169 and to help it to align more properly for
proton abstraction. The activated N* nucleophile is then poised for nucleophilic attack on the
sulfonium center of AdoMet, resulting in synthesis of m1G37-tRNA and release of AdoHcy.
The rate-limiting step is assigned to the action of D169, rather than to the protonation of the
leaving group, due to the importance of D169 and the increase of activity as the proton
concentration is lowered. The geometry of this catalytic step involves an eight-membered
ring that may be nonplanar, such that Mg2* can be the last member to join the transition
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state, providing a control for methyl transfer only when both G37-tRNA and AdoMet are
appropriately bound.

7. REGULATION OF Mg?* TRANSPORT IN SALMONELLA

The biological function of the Mg?* dependence of TrmD has been implicated in regulating
metal ion transport in Sa/monella[66]. This pathogen is the etiologic agent of human
gastroenteritis, causing 1.2 million illnesses, 23,000 cases of hospitalization, and 450 deaths
in the United States each year. MgZ* transport is important for Sa/monella survival,
infection, and virulence in host cells. The host compartment for Sa/monellais low in pH,
low in Mg2*, and contains host antimicrobial peptides. This environment activates the
PhoPQ two-component system to activate transcription of virulence genes, as well as
transcription of the Mg2* transporter mgtA gene and the mgtCBR virulence operon [67-71].
Transcription of mgtA and mgtCBR is then further regulated by translation of the 5’ -leader
of each mRNA in a mechanism that determines transcription attenuation of the downstream
gene [72-77] (Fig. 8A). In this mechanism, the 5’-leader of mgtA is mgtL, coding for a
small peptide (Fig. 8A). Rapid translation of the 5’-leader mgtL would expose a Rho-
termination (rut: Rho-utilization) site, which terminates transcription ahead of the structural
gene mgtA, whereas slow or stalled translation of mgtL would induce a conformational
change of the 5”-leader mMRNA and preclude the rut site, allowing transcription to continue
through mgtA [76,78]. This translation-coupled transcription attenuation mechanism is
reminiscent of the regulatory function of the short open reading frame in the #p, A/s, and
other amino acid biosynthetic operons [79], in which the efficiency of translation of the
leader peptide determines whether transcription is terminated at the rut site ahead of the
structural gene or allowed to read-through the rut site and into the structural gene.
Understanding how both transcription and translation regulate the expression of mgtA, the
major Mg2* transporter gene [80], is necessary to improve our management of Sa/monella
infection.

For mgtA expression, the 5’-leader mgtL contains multiple codons that require the TrmD
product mG37-tRNA for efficient and accurate translation (Fig. 8B). These include codons
for Pro, Leu, and Arg [72]. The dominance of Pro codons in the short MgtL peptide (4 out of
17 residues) is striking. Indeed, the reduction of the level of Pro stalls translation of mgtL
and activates transcription of mgtA [72]. However, the physiological connection between the
abundance of Pro and the availability of Mg2* is not obvious. Instead, recent data show that
it is the efficiency of translation of the Pro codons in mgtL that is subject to Mg2* regulation
[66]. The efficiency of translation involves not just the level of Pro, but also the quality of
translation when Pro-tRNAP™ is reading a codon on the ribosome. In fact, the data suggest
that the quality of translation of Pro-tRNAP™ is worthy of more consideration. For example,
different types of mutations in mgtL have the ability to influence the expression of mgtA
[66]. A mutation in mgtL resulting in the sequence of three Pro codons in a row, which is a
strong signal to stall the translating ribosome [50,51], activates transcription of mgtA. In
contrast, substitution of three of the four natural Pro codons in mgtL reduces transcription of
mgtA. Deletion of EF-P, which would promote +1-frameshifts and ribosome stalling,
induces the expression of mgtA. This result of EF-P, which is related to the quality of
translation of Pro codons, argues against the level of Pro in determining the response to
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Mg?2*. Additionally, lesions in 7omA and rpmE, encoding ribosomal proteins L27 and L37,
respectively, activate transcription of mgtA, possibly by reducing ribosomal protein
synthesis. Most importantly, the frmD-S88L mutation, which reduces the synthesis of
mlG37-tRNA [38], activates the transcription of /mgtA to a constitutively high level.

Of all of the mutations that were examined recently [66], only the mutation in TrmD is
associated with an Mg2*-dependent activity, suggesting a role for TrmD in Mg2* sensing for
regulation of the metal ion transport in Sa/monella. This role is consistent with the
observation that, while the substitution of Pro codons in mgtL abolishes the response to Pro,
it does not abolish the response to Mg2*, but simply reduce the response [72]. The reduction
of the response can be explained by the presence of the remaining Leu and Arg codons in
mgtL that are still subject to the regulation by the Mg2*-dependent activity of TrmD. The
data suggest that TrmD can be an intracellular sensor for Mg?* (Fig. 8B). In high Mg2*,
TrmD would be active and translation of the 5’-leader mgtL would be fast, leading to
transcription termination ahead of the structural gene. In limiting Mg?*, however, TrmD
would be inactivated and the deficiency in m1G37-tRNA would halt the translation of the 5’-
leader mgtL, favoring transcription read-through into the mgtA gene.

The key advantage for the proposed mechanism is the ability of Sa/monellato directly sense
changes in the intracellular demand for Mg2*. Notably, when cell growth is rapid,
intracellular Mg2* is depleted by cell divisions, even though the metal ion is abundant
outside. The coordination of TrmD sensing of intracellular Mg?* with the PhoPQ sensing of
the extracellular Mg?* constitutes a dual-sensing model. The regulation of bacteria K*
homeostasis is an example of a dual-sensing model, where one single enzyme (KdpD) with
two separate domains for sensing extra- and intracellular K* is used to regulate the
transcription of the main K* transporter gene [81]. The potential synergy between TrmD
sensing and PhoPQ sensing should confer the bacteria with robust homeostasis of Mg2* for
fitness in host cells. If this model is supported, it will have wide-reaching impact on bacterial
pathogenesis, because the PhoPQ system [82,83], the 5’-leader of mgtA, and the TrmD
enzyme are all broadly conserved among pathogenic species of Enterobacteriaceae.

8. CONCLUSION

TrmD is an important and critical enzyme for bacteria. It is ranked as a high-priority
antimicrobial drug target [29], due to its essentiality for bacterial growth, strict conservation
across a wide range of bacterial species, different structure and mechanism from its human
counterpart Trm5, and the possession of an AdoMet binding site, where drug-like small
molecules can bind to. However, while the pharmaceutical industry has attempted to target
TrmD, progress has stalled [84], due to the lack of a TrmD-specific strategy. Insights into
such a strategy are now beginning to emerge based on data from the extensive enzymology
and cell-based studies as summarized here. The new focus should be to understand how
TrmD differs from Trmb5 and to determine the genes whose translation is most sensitive to
targeting of TrmD. The unique trefoil knot of TrmD is a major difference from the active site
of Trm5, and it is also distinct from the trefoil knot of other methyl transferases [26]. The
trefoil knot of TrmD binds AdoMet in the unusual bent shape, and this binding is the basis to
initiate substrate signaling to catalyze methyl transfer. The bent shape offers structural
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novelty and diversity from the conventional AdoMet analogs, and it should be explored for
drug design. The Mg2*-dependent catalysis of TrmD is unique among known AdoMet-
dependent methyl transferases. This Mg2* dependence appears to have a role in regulating
the transport and homeostasis of the metal ion when Salmonella infects its host. Given that
successful drug targeting of HIV integrase has been achieved by disrupting the divalent ion
interaction at the active site [85-87], drug targeting of the metal ion-binding site in TrmD
would provide an attractive antimicrobial strategy. More efforts should be made to
understand the Mg2* dependence of TrmD and its biology in bacteria. The TrmD product
mlG37-tRNA is the major suppressor of +1-frameshifts at Pro codons, but not all Pro
codons share the same propensity of inducing frameshifting. Identifying Pro codons in
bacterial genes that are most dependent on TrmD for translation would be a major step
forward to develop a TrmD-specific strategy that will improve human health in the global
population.
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Fig. 1.
TrmD structure and activity. (A) The obligated dimer structure of TrmD (PDB: IUAK),

showing chain A in greenand chain B in b/ue and the two AdoMet molecules in pink at each
dimer interface. (B) TrmD catalyzes methylation to the N1 position of G37 in tRNA, using
AdoMet as the methyl donor and producing mG37 on the 3”-side of the tRNA anticodon.
The position of G37 and synthesis of mG37 on the L-shaped tRNA tertiary structure is
circled.
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Fig. 2.

ngain structure of TrmD. (A) Each chain of the TrmD dimer has three distinct domains:
an N-terminal domain (residues 1-160) for binding AdoMet, a flexible linker (residues 161—
168) for binding G37 of tRNA, and a C-terminal domain (residues 169-246). In the dimer of
TrmD, one active site is formed by the N-terminal domain of chain A (Na, dark blue with a
black outline) and the C-terminal of chain B (Cg, dark pink with a black outline). The other
active site, which is not operational, is formed by the N-terminal domain of chain B (Ng,
light pink without an outline) with the C-terminal domain of chain A (Ca, /ight blue without
an outline). The sequence and length of each domain is highly conserved among TrmD
enzymes across diverse organisms of the bacterial domain. (B) Each TrmD dimer (chain A
in blue and chain B in pink) binds one tRNA molecule in the crystal structure of the ternary
complex (PDB: 4YVI). The G37 base of the tRNA is inserted to the active site formed by
the N domain and the Cg domain. (C) A cartoon diagram of the TrmD dimer, showing that
one active site is assembled between the Na (in dark blue) and the Cg (in dark pink), while
the anticodon region of tRNA (in purple) is bound to the flexible linker of chain B. The
aarker colorwith a black outline indicates the active unit of the dimer structure.
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Fig. 3.

Tr?e trefoil knot structure of TrmD. (A) The trefoil knot is formed starting with the central
B3 strand, which turns into p4 through a loop. The p4 makes a turn into B5, which makes a
circular insertion through the loop to come out with another loop that binds the adenine base
of AdoMet (PDB: 4YVI). The three B stands B3, p4, and B5, together with g1 and 2 (not
labeled), form the central p sheet in the N-terminal domain of each monomeric chain in
TrmD. (B) The bent conformation of AdoMet in the catalytically active monomer. (C) The
open and extended conformation of AdoMet in the catalytically inactive monomer, which is
similar to the structure observed in Trm5. (D) The bent conformation of AdoMet has rigid
constraints and maintains the bent shape. (E) The open conformation of AdoMet has high
flexibility and can extend from the bent shape to the open shape.
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Fig. 4.

G3?7 in TrmD and in the tRNA anticodon stem-loop structure. (A) G37 binding to TrmD
organizes the flexible linker of chain B (magenta) and projects G36 to the trefoil knot of
chain A (cyan) to stabilize the entire tRNA molecule bound to the enzyme (PDB: 4YVI). (B)
The unmethylated G37 in the anticodon stem-loop (ASL) structure of tRNAPTO/CGG (G37-
ASL) prevents the interaction between U32 and A38 and renders the 5”-side of the ASL
disordered and invisible (/eft, PDB: 4P70). The methylated m1G37 remodels the ASL
structure (M1G37-ASL) to allow U32-A38 base pairing as in a canonical structure (midale,
PDB: 4LT8). The insertion of G37.5 to the ASL, resulting in the structure of m*G37-[ASL +
G37.5], disrupts U32—-A38 pairing to form the aberrant U32-G37.5 pairing in a disordered
structure (right, PDB: 4L47) similar to that in the G37—-ASL structure.
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Sequence and cloverleaf structure of £. colitRNA species that are substrates for TrmD,
including the Leu/UAG isoacceptor that is most likely a substrate as well. The G37 base to

be methylated to m1G37 is marked with a red circle. The numbering is based on the

structure of yeast tRNAPe [88].
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Fig. 6.

Sugppression of ribosomal +1-frameshifting by m1G37-tRNA. On a slippery mMRNA
sequence AUG-CCC-C, the methylated m1G37-tRNAP™ maintains the correct reading frame
(0-frame), whereas the unmethylated G37-tRNAP™ has a high propensity to shift to the +1-
frame, which most frequently occurs during the tRNA sitting at the P-site next to an empty
A-site. The tRNA is shown in the L-shape with the anticodon and G37 or m1G37
highlighted.
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Mg?*-dependent N'-methyl transfer to G37-tRNA

Fig. 7.
The proposed Mg?* in the catalytic mechanism of TrmD, involving an eight-membered ring

that consists of the N1, C6, and O of the guanine ring, the hydrogen bond to the imino
group of N1, the two coordination bonds of Mg2*, and the three atoms of the carboxylate of
the general base D169. Atomic numbering is indicated for guanine.
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Fig. 8.
A proposed mechanism of Mg?* sensing of Salmonella. (A) Regulation of mgtA

transcription in response to Mg?* level is mediated by the translation speed of the 5'-leader
mRNA mgtL sequence, which codes for a short peptide. At low Mg2*, ribosomal translation
of mgtL is slow, sequestering the rut sequence in a stem-loop structure and excluding the
Rho-dependent transcription termination to permit transcription of mgtA in the “on” state.
At high Mg2*, ribosomal translation of mgtL is fast, exposing the rut sequence and resulting
in the Rho-dependent transcription termination of mgtA. (B) The two-component system
PhoPQ provides a sensor for extracellular Mg?*. At low extracellular Mg2*, the activated
PhoQ phosphorylates PhoP to turn on transcription of the Mg2* transporter gene mgtA as
well as the virulence operon mgtCBR, where mgtB is another MgZ* transporter gene.
Transcription of mgtA is then regulated by translation of the 5’-leader sequence mgtL,
which encodes a small peptide. Rapid translation of mgtL exposes the Rho-utilization (rut)
sequence and terminates transcription ahead of mgtA. In contrast, slow and incomplete
translation of mgtL sequesters the rut sequence and allows transcription into the structural
gene. The Mg2*-dependent methyl transferase activity of TrmD can act as an intracellular
sensor that regulates the speed of translation of mgiL.
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