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Posttranscriptional modification of the uridine located at
the wobble position (U34) of tRNAs is crucial for optimization of
translation. Defects in the U34 modification of mitochondrial-
tRNAs are associated with a group of rare diseases collectively
characterized by the impairment of the oxidative
phosphorylation system. Retrograde signaling pathways from
mitochondria to nucleus are involved in the pathophysiology
of these diseases. These pathways may be triggered by not
only the disturbance of the mitochondrial (mt) translation
caused by hypomodification of tRNAs, but also as a result of
nonconventional roles of mt-tRNAs and mt-tRNA-modifying
enzymes. The evolutionary conservation of these enzymes
supports their importance for cell and organismal functions.
Interestingly, bacterial and eukaryotic cells respond to stress by
altering the expression or activity of these tRNA-modifying
enzymes, which leads to changes in the modification status of
tRNAs. This review summarizes recent findings about these
enzymes and sets them within the previous data context.

General Information

Opver the last decade, accumulating data have shown the asso-
ciation of several rare human diseases with defects in the post-
transcriptional modification of mitochondrial (mt) tRNAs.©
However, the underlying pathophysiological mechanisms remain
unclear.>*”? In some of these diseases, lack of the modifications
that are normally present in the uridine located at the wobble
position (U34) of the anticodon is an indirect consequence of
mutations in tRNA genes encoded by me-DNA.? In other cases,
disease is caused directly by defects in nuclear-encoded proteins
responsible for U34 modifications of mt-tRNAs.>* These pro-
teins are evolutionary conserved from bacteria to humans,'’"?
but important aspects concerning their regulation and biochemi-
cal activities are not well-known. By exploring the precise cellular
functions of the mt-tRNA modification enzymes and their
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regulatory mechanisms, it may be possible to uncover new aspects
of the pathophysiology of the aforementioned diseases, and to
design specific therapeutic approaches.

tRNAs are by far the most extensively and diversely modified of
all cellular RNAs with about 10% of modified nucleotides per
molecule.'* Modifications are introduced posttranscriptionally by
enzymes that are often highly specific for tRNA substrates and
position, with some exceptions within pseudouridine synthases
and dihydrouridine synthases.'”"” A few methyltransferases have
also been shown to act at several positions on an RNA molecule or
different RNA types. Thus, Bacillus subtilis methyltransferase
RImCD acts at 2 positions of 23 S rRNA,'® and Escherichia coli
methyltransferase RImN has dual specificity and recognizes both
rRNA and tRNA as substrates,'” whereas in eukaryotes, Trm4 is a
multisite methyltansferase and methylthiotransferase CDK5RAP1
(with homology to the bacterial MiaB protein) acts on tRNAs and
nuclear polyadenylated RNAs.**?!

Modifications do not generally appear essential for cell viabil-
ity, yet their importance may be revealed under stress or other
specific conditions. Some play a critical role in the fine tuning of
the function of tRNAs in translation or in other processes like
cell signaling.***’

Modifications cluster in 2 main regions of the tRNA molecule:
the structural core and the anticodon stem loop. Modifications in
the structural core are relatively simple (e.g., methylations, pseu-
douridylations and dihydrouridylations) and often contribute to
stabilize the L-shaped structure,®™’" although thiolation of the
uridine at position 8 (s*U) of E. coli tRNASs can serve as a cellular
sensor.”” Modifications within the anticodon stem loop include
methylations and pseudouridylations together with more complex
additions, which collectively optimize the efficiency of tRNAs in
the mRNA decoding process, specially modifications at positions
34 (the wobble position) and purine 37, 3 -adjacent to the antico-
don.?*?*%2 Positions 34 and 37 in the anticodon loop present the
widest variety of modifications found among all RNAs, which
reinforces the idea that the modified nucleosides at both positions
play crucial roles in tRNA functions.*>**2¢

In this review, we highlight the modifications that occur at
the wobble uridine of the tRNAs reading NNA/NNG codons in

2-codon boxes.
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Function of Modifications at the Wobble Uridine

Modifications at wobble uridines are classified into 2 groups
according to their chemical structures: 5-hydroxyuridine deriva-
tives (xo’U), with an oxygen atom bonded directly to the C5
atom of the uracil base; 5-methyluridine derivatives (xm°U),
with a methylene carbon bonded directly to the C5 atom. xo0”U-
type modifications (where x symbolizes any of several different
groups and o’ stands for the oxygen bonded to uracil) are present
in tRNAs reading family codon boxes and expand recognition to
3 or 4 synonymous codons.*>** xm”U-type modifications, where
m’ stands for methylene carbon, are usually found in tRNAs that
decode 2-family box codons ending in A or G. These nucleosides
can also carry an additional 2-thio (xm’s*U) or a 2’-O-methyl
group (xm°Um). It has been proposed that modified nucleosides
of xm’s*U-type restrict the wobble capacity of uridine, thereby
strengthening recognition of purine-ending codons and prevent-
ing misrecognition of the near-cognate codons ending in pyrimi-
dines.*®> However, genetic and structural data suggest that the
inability to pair with pyrimidine-ending codons might not be
due to such modifications.>*®® Instead both s* and xm’ seem to
be important for modulating geometry of the codon:anticodon
pairs at the wobble position and thus the relative efficiency of
anticodons in reading cognate codons.***!' Lack of s* and xm’
causes translational frameshifting, reduces the read through at
nonsense codons and the efficiency of suppressor tRNAs, and
produces a pleitropic phenotype in both bacteria and
cukaryotes.**3%42

The Escherichia coli Modification Pathways
of the Wobble Uridine

In E coli, the wobble uridine (U34) of (RNA™ .. souuus
tRI\IAGlumnisZUUC’ tlkl\IAGln(c)mnisZUUG: tRI\IALeucmnmSUmAA:
and (RNAME ey s hypermodified through the action of the
MnmEG pathway at position 5, the MnmA pathway at position
2, and SPOUT methyltransferase TrmL (previously named YibK),
the the
2’-hydroxyl group of the ribose. MnmEG is the only pathway that
on all 5 tRNAs, MnmA functions on
tIU\LALysmnmSSZUUU’ tRNAGlumnmSSZUUC and t}:{I\UXGIn(c:)mnmisZUUG»
and TrmL works only on RNAM sUmAA (Fig. 1). It is note-
worthy that TrmL also modifies tRNA""¢4, but this (RNA is
not a substrate in the MnmEG and MnmA pathways.*®

TrmL requires a correct anticodon loop sequence and modifi-

which is  responsible ~ for methylation  of

can act whereas

cation pattern. By using a chimera version of tRNA""c4, it has
been shown that TrmL specifically recognizes a pyrimidine nucle-
oside at position 34, clearly prefers adenosine at position 35, and
fails to methylate without prior addition of the ms*i®A modifica-
tion at position 37.*> This finding suggests that methylation by
TrmL occurs as a late step in tRNA maturation. Iz vitro, TrmL
catalyzes the 2'-O-methylation of the tRNA"" x5 chimera with-
out the help of other proteins, which indicates that it functions
independently despite being one of the smallest SPOUT
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enzymes. These enzymes exhibit an unusual a/f fold with a deep
topological knot in the C-terminal half, and most harbor C-ter-
minal or N-terminal extensions, which serve to bind the (RNA
substrate. However, TrmL belongs to the group of minimalist
SPOUT enzymes, which contain only the catalytic SPOUT
domain and lack extensions.* A recent report has demonstrated
that TrmL can efficiently methylate native t(RNA™" isoaccep-
tors.*> In the same work, the crystal structures of TrmL in the
apo form and in complex with S-adenosyl-homocysteine (the by-
product of the methyl transfer reaction) were solved, revealing
the cofactor binding site and a possible active site. Finally, a
mutational analysis suggested that TrmL functions as a homo-
dimer by using the C-terminal half of the SPOUT domain for
catalysis and residues of the less-conserved N-terminal half of the
other subunit for tRNA recognition.”” It is important to note
that loss of TrmL methylation reduces the efficiency of
codon—wobble base interaction, which has a biological cost as a
yibK-null mutant is out-competed by the wild-type strain in mul-
tiple-round growth experiments.*?

In the MnmA pathway (Fig. 1), cysteine desulfurase IscS trans-
fers the persulfide moiety to MnmA through the sulfur relay chain
formed by TusA/TusBCD/TusD.* IscS also provides other modi-
fication pathways with sulfur, which leads to the formation of
s*U8, s’°C32, and ms*i®A37.7® The ability of IscS to interact
with several different acceptor proteins is due to the conforma-
tional plasticity of a long loop where the catalytic Cys is located.”’
IscA and MnmA are evolutionary conserved,”**® but sulfur trans-
fer mediators are not,”’ and the intermediate sulfur carriers in
eukaryotic mitochondria remain to be identified. MnmA is a
member of the ATP-pyrophosphatase family which exhibits a PP-
loop as a signature modf. This enzyme recognizes nucleotides U34
and U35, which present in the
RNA", o soouu, RNA, L souue and (RNATY G, nmsouuc:
and it uses a 2-step mechanism to sulfurate U34 through an adeny-
lated U34 intermediate.”® Further information on the bacterial TscS-

MnmA pathway and similar eukaryotic pathways can be obtained
24,32,50

are anticodon  of

from recent reviews.

It should be pointed out that the isolation of E. co/i mutants
containing mnm’ or s* suggests that these modifications occur
independently of each other.”®>* In fact, both reactions have
been performed in vitro using in vitro transcribed tRNA; i.e. an
unmodified tRNA.*>>> Notwithstanding, the possibility that the
presence of the s> group may facilitate the modification of posi-
tion 5 by modulating the electron distribution in the uridine ring
has not been studied.

The MnmEG pathway initiates the modification of U34 at
position 5 with the action of the MnmEG complex, formed by
multidomain proteins MnmE and MnmG. MnmE (formerly
TrmE) is a GTP- and tetrahydrofolate- (THF-) binding protein,
whereas MnmG (formerly GidA) is a FAD- and NADH-binding

protein (Fig. 1) 32

MnmE is a dimeric protein with each mono-
mer (50 kDa) consisting of 3 domains: an N-terminal domain
responsible for constitutive dimerization and the binding of
THF; a middle helical domain; a G-domain located far away

from the THF-domain. MnmG is also a dimeric protein with
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Figure 1. Synthesis of xm>(s?)U(m)-type nucleosides in E. coli. The MnmEG complex acts on position 5 of U34 in tRNA™®  nmssauuus tRNASY e ouue
tRNA™ G mnmss2uue: tRNAYC - sumaa and tRNAAY oy, MNmE binds GTP and MTHF, while MnmG is a FAD- and NADH-binding protein. In vitro, the
MnmEG complex uses glycine and ammonium to respectively incorporate cmnm or nm at position 5 of U34 in the tRNA substrates. Thiolation at position
2 of U34 is catalyzed by MnmA on tRNA™®. - scouuu, tRNASM L seouue, tRNAS o nmssauue, Whereas the SAM-dependent TrmL enzyme methylates the
2’-OH group of the U-ribose in tRNA™Y msumaa. MNMEG- and MnmA-catalyzed modifications occur independently of each other; thus thiolation may
precede or follow the synthesis of the side chain at position 5. The FAD-dependent activity MnmC(o) of the bifunctional enzyme MnmC transforms
cmnm?’(s)U into nm>(s®)U, whereas the MnmC(m) activity of MnmC transforms nm>(s%)U into mnm?®s?U using SAM as the methyl donor.

each monomer (69 kDa) composed of a FAD-binding domain,
an insertion domain and a helical C-terminal domain required
for the interaction with MnmE. MnmE and MnmG form an
a2B2 complex in which both proteins appear to function inter-
dependently.®>>° The complex catalyzes in vitro the addition of
the aminomethyl (nm) and carboxymethylaminomethyl (cmnm)
groups at position 5 of U34 using ammonium and glycine,
respectively.”® Both reactions require GTP, FAD, and a tetrahy-
drofolate (THF) derivative, likely methylene-THF, which serves
as the donor of the methylene carbon bonded directly to the C5
atom. Since the reactions function in the absence of any THF-
derivative, we thought that the recombinant MnmE protein cop-
urifies with the one-carbon unit donor. To avoid this problem
and identify the donor, MnmE and MnmG were purified from a
folE::cat mutant, in which GTP cyclohydrolase I, the first enzyme
of the de novo THF pathway, is lacking. Therefore, only some
folate-related salvage pathways may be active. In this way, it was
possible to observe a more efficient modification reaction when
methylene-THF (MTHF) was used as the one-carbon unit
donor. This finding, together with genetic data, has led to the
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proposal that MTHF, and not the more reactive formyl-THF, is
the substrate for the modification reaction.>”

The MnmEG reaction also requires NADH if the FAD con-
centration is low (~2 wM), which suggests that FAD undergoes
an oxidation-reduction cycle during the modification reaction.”
In the model proposed by our group, FAD would receive elec-
trons from methylene-THF and would subsequently donate
them to some reaction intermediate.’>”> A high concentration of
FAD (>50 uM) would guarantee the NADH-independent prog-
ress of the reaction, whereas a low FAD concentration (~2 uM,
a value close to the K, for FAD binding to MnmG) would facili-
tate the FADH) release from the enzyme, which could be reoxi-
dized under the aerobic conditions used in the iz vitro reaction.
Oxidized FAD could once again occupy the binding site on
MnmG, and would thus require the participation of NADH to
be reduced and used in a later reaction step. The model, still
awaiting experimental confirmation, requires the THEF-binding
site of MnmE and the FAD-binding site of MnmG being close
enough in the complex so that FAD can receive electrons from

MTHE.
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The MnmE GTPase Cycle as a Regulator of the tRNA
Modifying Function of the MnmEG Enzyme

GTP hydrolysis by MnmE is essential for tRNA modifica-
tion,”” " yet the precise role of GTP hydrolysis remains
unsolved. MnmE does not follow the prototypical Ras—GTPase
cycle because its biochemical properties and activation mecha-
nism render the participation of GTPase-activating proteins
(GAPs) and guanine nucleotide-exchange factors (GEFs) unnec-
essary, at least under the iz vitro assay conditions.®** MnmE
GTPase activity is stimulated by a ¢ys, nucleotide- and potas-
sium-dependent dimerization of its G-domains.®® This dimeriza-
tion leads to a reciprocal complementation of the G-domains at
their active sites, which allows the GTPase machinery to achieve
the catalytically competent conformation. Recently, the kinetics
of the MnmE GTPase cycle has been studied under single-turn-
over conditions with stopped- and quench-flow techniques.®’
The data obtained indicate that the MnmE GTPase cycle is a
sequential process consisting in GTP binding, G-domain dimer-
ization, GTP hydrolysis, G-domain dissociation and the release
of reaction products GDP and P;, with G-domain dissociation
being the rate-limiting step of the GTPase reaction (Fig. 2A).
The releases of GDP and P; might occur instantaneously when
the dimer is undone after GTP hydrolysis, although the confor-
mational rearrangements leading to dimer dissociation appear
relatively slow.

Mutational analyses have gradually revealed that GTP bind-
ing, GTP hydrolysis and, finally, post-hydrolysis G-domain dis-
MnmE to be
GTPase-switch paradigm, in which a
GTPase switches between an active GTP-bound state and an
inactive GDP-bound state, has been used to interpret the regula-
tory mechanism of Ras-like GTPases. Strikingly, the MnmE
GTPase cycle differs extensively from the Ras model as not only

sociation are required for functionally

active.””>800:63 The

GTP hydrolysis, but also appropriate conformational changes
during the G-domain dissociation, are required for MnmE to
achieve the functionally active state. Therefore, we proposed that
G-domain dissociation is directly responsible for the "ON" state
of MnmE and, accordingly, that MnmE provides a new para-
digm of how the ON/OFF cycling of GTPases can regulate a cel-
lular process (Fig. 2B). However, if we consider that molecular
rearrangements occur in MnmE during the GTPase cycle
(Fig. 2A), the possibility of rearrangements associated with each
cycle stage being control points to drive the complex modifica-
tion reaction (multimodal switch model) cannot be ruled out. A
mechanism based on multiple conformational switches, instead
of the classical bimodal ON/OFF mechanism of Ras, has been
previously proposed to control the functioning of the GTPase
pair formed by the signal recognition particle (SRP) and the SRP
receptor.

Interestingly, the MnmE GTPase cycle is controlled nega-
tively by the hydrolysis products GDP and P;, as it is inhibited at
GDP and P; physiological concentrations (Fig. 2B).%° This feed-
back mechanism may prevent useless GTP hydrolysis 7 vivo, but
then, a conformational change might be required to remove
product inhibition and to initiate a new GTPase/tRNA-
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modification cycle. This change could be mediated by the bind-
ing of a new unmodified tRNA molecule, but other options can-
not be ruled out.

Recently, Versées and col. used small-angle X-ray scattering
(SAXS) to characterize the nucleotide-induced conformational
changes of MnmE and the mode of interaction among MnmE,
MnmG and tRNA.®> Models of the MnmEG complex were gen-
erated by docking MnmG to MnmE, and then validated and
ranked using SAXS. The selected model was further supported
by the molecular weight obtained by size exclusion chromatogra-
phy (SEC) coupled to multiangle light scattering (SEC-MALS)
measurements. In this model, one MnmE dimer was bound via
the N-terminal domain and the helical domain of one subunit to
the C-terminal domain of one subunit of the MnmG dimer in a
nonsymmetric manner, leaving one protein-binding site vacant
both on MnmE and MnmG, which could be used for further
oligomerization. Notably, in the proposed MnmE-MnmG inter-
face, the THF-binding site of the MnmE subunit and the FAD-
binding site of the MnmG subunit are oriented toward each
other, which may facilitate collaboration between both active
sites, as required in the current model for the modification
reaction.”’

Versées and col. also found that the binding of GDP and alu-
minum fluoride (GDP—AIFx), a transition-state mimic, by
MnmE induces the formation of an MnmEG complex that con-
tains 2 dimers of MnmE and one dimer of MnmG (0L4[3>2).6S A
model was then built by placing a second MnmE dimer at the
vacant binding site of MnmG in the a232 model, thus generat-
ing an “a2B2a2” form, which was supported by the coincidence
of the theoretical and experimental scattering curves. Moreover
by using an MnmE variant (E282A) with slow-hydrolase activity,
a correlation between a4p2-complex disassembly and GTP
hydrolysis was observed. Thus, the authors proposed a model in
which GTP binding to MnmE in the 0232 complex induced
allosteric changes on MnmG, leading to the binding of a second
MnmE dimer on the opposite side of MnmG, which resulted in
an a2B2a2 (i.e., a4P2) complex, which would dissociate again
to an o232 form after GTP hydrolysis. Given that SAXS experi-
ments have also suggested that only one subunit of MnmG is
bound to a tRNA molecule, Versees and col proposed that each
MnmG monomer in the a4p2 complex could bind one tRNA,
which would be modified prior to or during GTP hydrolysis,
and would be released during the dissociation of the large com-
plex.®® Further research is still needed to solve both the role of
the GTPase cycle in the modification reaction and the biological
meaning of the oligomerization states of the MnmEG complex.

The MnmEG-MnmC Pathway. Reprogramming
the Modification at Position 5 of U34.

The wobble uridine of the tRNA species modified by
MnmEG may be further modified by the 2-domain, bifunctional
enzyme MnmC, which transforms MnmEG products (nhm’U
and cmnm’U) into mnm’U (Fig. 1). The C-terminal domain of
MnmC, named MnmC(o), is a FAD-dependent oxidoreductase
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Figure 2. The GTPase cycle
of MnmE. (A) Sequential pro- A
cess of MnmE conformational
changes during the GTPase
cycle. MnmE is a dimeric pro-
tein with each monomer con-
sisting of 3 domains: an N-
terminal domain responsible
for constitutive dimerization
and the binding of THF
(smaller circle); a middle heli-
cal domain (oval); a G-domain
(bigger circle) located far
away from the THF domain.
On the left of the schematic, a ()
dimeric MnmE protein is rep- P; release ®
resented with its G-domains *ks= 12.9 min*!

in the apo monomeric state.
Transition state and GTP-
hydrolysis are rapidly reached
by conformational reorganiza-
tion after GTP binding. Disso-
ciation of G-domains s
the rate-limiting step of the

GTP-
binding
k;= 3528 min™'

Apo monomeric
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G domain
dissociation

K= 12.4 min-

‘ON’ state

GTPase cycle and likely the B
driving force for the functional
activation (ON’ state) of
MnmeE. The releases of P; and
GDP may occur instan-
taneously during the G-
domain dissociation. (B) The
‘ON’ and 'OFF" state of the
MnmEG complex. A tetrameric
MnmEG complex is repre-
sented, with the dimeric
MnmE protein in the upper
part of the complex and the
MnmG dimeric protein in the
lower part. The FAD-binding
and insertion domains of each
MnmG monomer are repre-
sented by a bigger oval, while
the helical domain required
for the interaction with MnmE
is represented by a smaller
oval. G-domain dissociation is
directly responsible for the
"ON" state of MnmE, in con-
trast to other GTPases like Ras-
type proteins. At GDP and P;

GTP-binding

)
‘HF nﬁ‘
oo

- ..
roa |

G domain
dimerization

A
hydrolysis

GDP-P, sta

physiological concentrations,

the MnmE GTPase cycle is
inhibited.  This  feedback
mechanism may prevent use-
less GTP hydrolysis in vivo.

that catalyzes the deacetylation of
emnm’U  to  produce nm’U,
whereas the N-terminal domain of MnmC, designated MnmC
(m), is a SAM-dependent methylase that transforms nm’U into
mnm’U. In bulk tRNA purified from null 727mC mutants, the
products of MnmEG ¢cmnm’U and nm’U were also observed,
indicating that the so-called glycine and ammonium pathways of
MnmEG are functional i vivo.””> However, cmnm’U had been
previously identified as the final modification in tRNAs decoding
Gln and Leu, suggesting that the ammonium pathway does not

www.landesbioscience.com
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function on both tRNAs. In a recent study, we found that a small
fraction of tRNA decoding Gln contains nm’U (when purified
from a null m7mC mutant).®® These results led us to propose
that the nomenclature of this tRNA should be changed to
tRNAGl“(C)mnm532UUG. Strikingly, we were unable to observe
activity of the ammonium pathway on tRNAMY s Umaa 772
vivo despite the MnmEG complex modifying this tRNA sub-
strate 77 vitro via the ammonium pathway.®®

The use of strains carrying the AmnmC or AmnmC(o) muta-
tion allowed us to study the ability of MnmEG to use the glycine
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or the ammonium pathway under different growth conditions
and, in this way, to detect the reprogramming of the U34 base
modification in both bulk and specific tRNAs.®® An analysis of
total tRNA revealed that when strains were grown in the rela-
tively rich medium LBT (LB with thymine), the glycine pathway
prevailed over the ammonium pathway in the exponential phase
as cmnm’s”U was the most abundant nucleoside, whereas the
ammonium pathway appeared to be preferably used during entry
into the stationary phase (Fig. 3A).

The (RNA species also determines the final output of the
MnmEG palthways.G6 Thus, whereas (RNA™* . <ouuu follows
the pattern of the bulk tRNA and accumulates nm’s*U in station-
ary cultures, the less abundant tRNAGI"(C)mnmSQUUG maintains the
cmnm’U levels along the growth curve (Fig. 3B and C). Notably,
the ammonium pathway appears modify
RNAMY  Umaa in any growth phase (Fig. 3D). The molecular
bases of this behavior remain unknown. A preference by MnmEG

ineffective  to

for the ammonium or glycine pathway may depend on the avail-
ability of these substrates which, in turn, may depend on growth
medium and cell metabolism. In fact, when cells are grown in
minimal medium, the glycine pathway is used mostly in any
growth phase, as observed in bulk tRNA, RNAD o uuus and
tRNAGl"(C)mnmssZUU(;.GG We cannot, however, rule out that the
use of glycine or ammonium by MnmEG might be regulated by
interactions of this complex with its tRNA substrates and other
Alternatively, tRNAGl"(C)mnmssZUUG and
RNAMY L Uman might be poor substrates for the ammonium
pathway, and are thus out-competed by other tRNA species 77
vivo, or are unstable when carrying nm’(s)U or mnm’(s*)U. Fur-

factors in  wvive.

ther research is required to investigate these hypotheses and to
unravel the mechanisms underlying the selection of glycine and
ammonium pathways by MnmEG.

The crystal structure of MnmC consists in 2 globular domains,
MnmC(o) and MnmC(m), which interact through a rather hydro-
philic interface.”®® The catalytic centers of MnmC(o) and
MnmC(m) face opposite sides of the protein, thus favoring a
model in which the 2 domains can function in a relatively inde-
pendent manner. However, given the nature of their interface, the
possibility that conformational changes within the entire MnmC
protein may occur 77 vivo and facilitate the functional cooperation
of the domains could not be excluded. The recent cloning and sep-
arate expression of both domains has facilitated the study of their
biochemical activities and tRNA substrate specificity.® MnmC(o)
and MnmC(m) can operate independently of each other (with a
catalytic efficiency similar to that of the full protein) and differ in
terms of their specificity for tRNAs. MnmC(o) cannot modify
tRNAGln(C)mnmSSZUUG and tRNALcucmnmsUmAA, whereas MnmC
(m) modifies both tRNAs 77z vitre, and also % vive in the case of
tRNAGl"(C)mnn,552UUG. Putative orthologs of the E. coli bifunctional
MnmC protein are conserved only in y-proteobacteria, but poten-
tial orthologs of a single domain have been identified in several
genomes.*””® The phylogenetic analysis did not clear up whether
the independent orthologs represent the ancestral or derived ver-
sions of the bifunctional MnmC enzyme. Nevertheless, the ability
of the E. coli MnmC domains to function independently and to
recognize different substrates suggests that the origin of the full
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MnmC protein present in y-proteobacteria likely happened by

domain fusion.*®

Phenotypes of E. coli Associated with U34
Modification Defects

Lack of modifications at U34 due to mnmE or mnmG muta-
tions leads to impaired growth, high sensitivity to acidic pH and
defects in translational fidelity, whereas MnmC impairment is
less detrimental since it neither reduces the growth rate nor
affects resistance to acidic pH.>>>*%®”! Nevertheless, mnmC
mutations have been shown to diminish not only the ability of
cells to compete, but also the efficiency of a suppressor tRNA to
6672 S0 it follows that adaptation of MnmEG
to use ammonium and glycine, as well as the incorporation of
MnmC activities, confers E. coli significant advantages to synthe-

read stop codons.

size mnm’U and to survive under different conditions.

We constructed a double null mutant mnmE/mnmA by plac-
ing an additional chromosomal copy of mnmE under the control
of the AraC-Ppap system (AaraC-Ppyp::mnmE). We used this
approach because it was not possible to obtain the double mutant
by Pl-transduction without having this extra copy of mnmE.
These findings suggest that the combination of null mnmA and
mnmE mutations produces synthetic lethality. Strikingly, the
double mutant mnmE/mnmA (haraC-Pgap::mnmE) was able to
grow in minimal medium without the arabinose inducer, be it
very slowly. This feature allowed us to grow the strain overnight
in minimal medium (so all tRNA substrates of MnmEG and
MnmA were finally unmodified) and, then, to study its growth
rate in both LBT and minimal medium in the presence or
absence of arabinose. No significant growth of strain mnmE/
mnmA (MaraC-Pgyp::mnmE) was observed in LBT without arab-
inose whereas induction of the MnmE synthesis from the extra
copy of mnmE allow the double mutant to grow (Fig. 4A). Alto-
gether these results suggest that at least one of the 2 modifications
at the U34 nucleobase, s> or (c)mnm’, should be present for E.
coli viability in rich medium. Notably, mutations mnmA and
mnmE separately confer extreme sensitivity to acidic pH
(Fig. 4B), suggesting that, in this case, both genes are required
for survival. The modification defect at both position 2 and 5 has
been shown to promote translational frameshifting,73 75 and this
could affect growth. Considering that the level of affectation
appears to be dependent on the growth conditions, it is tempting
to speculate that translation of certain proteins required for
growth under specific conditions is especially sensitive to the
absence of s” and/or (c)mnm® modifications.

Mitochondrial-tRNA Modification Pathways

Mitochondria are pivotal organelles that play a critical role in
ATP production via the oxidative phosphorylation (OXPHOS)
system, but also in the generation of intermediary metabolites,
biosynthesis, apoptotic cell death and intracellular signaling. The
human mitochondrial genome encodes 13 key OXPHOS
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Figure 3. Synthesis of cnnm®s?U and nm’s?U is depending on the growth medium, growth phase and tRNA species. HPLC analysis of total tRNA

was carried out as described.®® The strains were grown in LBT. In (A), the percentage of nucleosides along the growth curve represents the distribution

, purified from a strain carrying a AmnmC (A-C) or a null trmL mutation (D),

of the 2 nucleosides. In (B), (C) and (D), the specific tRNAs were purified at

proteins and the 22 tRNAs and 2 rRNAs used for intra-mito-
chondrial protein synthesis. However, the vast majority of the
OXPHOS components and proteins required for the synthesis,
expression and regulation of mitochondrial DNA are encoded by
the cell nucleus, including mitochondrial (mt) ribosomal pro-
aminoacyl-tRNA and (RNA-modifying
enzymes.”®

Integration of mitochondrial functions within the cell
depends on anterograde and retrograde signaling pathways.””>”®
Anterograde regulation arranges signals from external and inter-

teins, synthetases

nal stimuli at the nucleus to activate genetic programs in order to
adjust the mitochondrial function accordingly. Retrograde regu-
lation includes diverse, poorly known communication pathways
from mitochondria to the nucleus that influence cellular activities
in response to changes in the functional state of mitochondria.
Several human diseases have been related to defects in mt-
tRNA modification.®**”%#" Mitochondrial encephalomyopathy
with lactic acidosis and stroke-like episodes (MELAS) and myoc-
lonus epilepsy associated with ragged-red fibers (MERRF)
are mostly due to mutations in genes mt-tRNA""VYR) 43pd

www.landesbioscience.com RNA Bi

mt-tRNA", respectively, with A3243G in mt-tRNAMVUR),
and A8343G in mt-tRNA", being the most frequent.®' Patient
cells exhibit mitochondrial translation defects, oxidative stress,
and diminished respiratory enzyme activity and oxygen con-
sumption.®*™

mt-tRNAs carrying MERRF and MELAS mutations lack the
U34 modifications that are normally present in nonmutated
tRNAs.* These mutations appear to act as negative identity
determinants which prevent tRNA recognition by the modifying
enzymes. TRMU (also named MTUI and MTO?2) is homolo-
gous to bacterial MnmA and is thus responsible for the synthesis
of s°U at U34 of mt-tRNAs decoding for Lys, Glu and Gln,
whereas GTPBP3 and MTO1 are homologous to MnmE and
MnmG, respectively. Notably, the human mt-tRNAs decoding
for Lys, Glu, Gln, Leu(UUR), and Trp contain the taurino-
methyl (tm) group at position 5 of U34.5%% So it is assumed
that GTPBP3 and MTO1 use taurine instead of glycine to mod-
ify mt-tRNAs through a similar reaction to that occurring in E.
coli;”>™ however, no direct evidence in support of this proposal
has been provided so far.
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Figure 4. Phenotypic traits caused by mnmE and mnmA null mutations in E. coli. (A) Combi-
nation of mnmE and mnmA mutations confers synthetic lethality in LBT medium. The mutants
were recovered in a DEV16 background through P1 procedures.®® Overnight cultures were grown
in YM9 buffer supplemented with 0.05% casamino acids and 0.4% glycerol; stationary-phase cul-
tures were washed twice with YM9 and then were diluted 1:20 into LBT medium with or without
0.2% L-Arabinose. Cultures were incubated with shaking at 37 °C. Growth was monitored by mea-
suring the optical density at 600 nm. Mutants mnmE, mnmA and mnmA/mnmE (haraC-Pgap:
mnmE) are represented by triangles (blue lines), squares (red lines), and circles (green lines),
respectively. Growth in the presence or absence of arabinose is represented by dashed and solid
lines, respectively. (B) mnmE and mnmA mutations confer extreme sensitivity to acidic pH. Assays
were carried out as described.”’ Briefly, cells were grown in LBT containing 0.4% glucose; station-
ary-phase cultures were diluted 1:1000 into EG pH 2 medium (minimal E medium containing
0.4% glucose) with or without 0.7 mM glutamate. Cultures were spotted on LBT plates at 0, 1, 2, 3
and 4 hours post acid challenge. Plates were incubated at 37°C during 16 hours.

HEK-293 with siRNAs diminished the
incorporation of [?H]leucine into mtDNA-
encoded proteins by about 20%."? If some
compensatory mechanism(s) lower(s) this
level of affectation, then the nondetection of
a significant alteration at the overall mito-
chondrial translation rate might be possible.
Compensatory mechanisms of translational
defects can include the presence of mutant
tRNAs and the overexpression of either spe-
cific tRNAs or tRNA synthetases.”>%94
Notably, acute infantile liver failure associ-
ated with 7RMU mutations is reversible in
some patients through a yet unknown
mechanism.»” Even though a compensa-
tory mechanism of the translation defect
may exist, the OXPHOS system function
may be impaired, as observed in patient cells
carrying MTO1 and TRMU mutations, and
in 7RMU-knocked-down cells.*®?® This
suggests that other mechanisms, in addition
to altered translation, might contribute to
mitochondrial dysfunction. In fact, it has
been reported that MELAS mutation
A3243G induces a retrograde signaling
pathway involving ROS, kinase JNK, reti-
noid X receptor o and transcriptional coac-
tivator PGCla.”” This pathway contributes
to diminish the mRNA abundances of
nuclear-encoded OXPHOS enzymes via
transcriptional regulation, thereby aggravat-
ing the mitochondrial dysfunction (Fig. 5).
Moreover, we recently found that ROS also
induces the expression of microRNA 9/9*
in MELAS cells, which reduces the abun-
dance of proteins TRMU, GTPBP3 and
MTO!1 via mRNA destabilization given
that TRMU, GTPBP3 and MTOI1 mRNAs
the microRNA
(Fig. 5).” As far as we know, these results
reveal for the first time that an mtDNA dis-
order directly affects miRNA expression and
that cells may respond to stress by lowering
the abundance of tRNA modification
enzymes. Considering that the microRNA-

are direct targets for

Lack of Tm’U in tRNA-Leu carrying a MELAS mutation or
tm’s’U in tRNA-Lys bearing a MERRF mutation has been pos-
tulated to produce a decoding defect, thus playing a crucial role
in molecular pathogenesis.** Nevertheless, lack of the U34 modi-
fications produced by mutations in genes M701 and TRMU,
which are respectively associated with hypertrophic cardiomyopa-
thy and acute infantile liver failure, does not appear to consis-
tently affect mitochondrial protein synthesis in patient cells.>*®
This is a surprising result if we consider the role of U34 modifica-
tions in protein translation optimization.42 In fact, we previously

reported that the transient knocking-down of G7PBP3 in
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9/9* overexpression has similar effects to knocking-down the
TRMU, GTPBP3 and MTO1 expressions with siRNAs, both
leading to mitochondrial dysfunction, we propose that the ROS-
dependent induction of microRNA-9/9* in MELAS cells also
contributes to the pathological mechanism by down-regulating
mt-tRNA modification enzymes.

Interestingly, we have observed that microRNA-9/9* overex-
pression causes a slight, but significant, drop in the thiolation
level of mt-tRNA™ and (RNASM, likely as a result of the
reduced amount of TRMU.? Future work should investigate
whether the mitochondrial dysfunction associated with the
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induction of microRNA-9/9* and down-
regulation of mt-tRNA-modifying enzymes
is due to hypomodification of mt-tRNAs
and/or to nonconventional functions of mt-
tRNA-modifying enzymes.

In yeast, the TRMU homolog (named
MTUIL, MTO2 or SLM3) is also responsi-
ble for the 2-thiolation of tRNA substrates
at U34, while MTO1 and MSS1 (the
homologous protein of bacterial MnmE
and human GTPBP3) promote the incor-
poration of the cmnm group at position
5. Therefore, yeast proteins MTO1 and
MSS1, like their bacterial homologs
MnmG and MnmE, use glycine as a sub-
strate in the modification reaction. Cur-
rently, it is not known whether the
ammonium pathway can be used by the
eukaryotic MnmG and MnmE homologs.

Interestingly, deletion of the 7RMU and
MTOI homologs in yeast leads to a marked
reduction in mitochondrial translation,
whereas deletion of MSS1 results in a normal
pattern of mitochondrial translation prod-
ucts.'>?*1% Some data suggest that the regu-
lation of mitochondrial translation in yeast
involves other strategies than in humans.”®!'!
Moreover in yeast, unlike humans, some mt-
DNA genes (those for 21 S rRNA, CYTB and
COXI1) contain introns that are removed by

mRNAs of OXPHOS
components

INK NFkB

TRMU, GTPBP3, MTO1 mRNAs

RXRA

miR-9/9*

PGCla recruitment

-

NUCLEUS i

Figure 5. New retrograde and anterograde pathways between mitochondria and nucleus in
MELAS cells. A MELAS mutation in mt-DNA affecting tRNA"*“Y""® prevents modification of U34
in tRNALUUUR molecules, which impairs mitochondrial translation (step 1) and, consequently,
leads to dysfunction of the OXPHOS system and production of ROS. Increased ROS levels have
been proposed to activate kinase JNK and reduce the abundance of retinoid X receptor a (RXRA),
which would decrease the formation of the transcriptional complex RXRA-coactivator PGCla
(step 2) and reduce the expression of nuclear-encoded OXPHOS genes, thus aggravating mito-
chondrial dysfunction.”” We have recently found a new retrograde pathway based on the micro-
RNA 9/9* induction by ROS in a NF-kB-dependent manner (step 3).2 Increased levels of microRNA
9/9* reduce the abundance of the mt-tRNA modifying proteins TRMU, GTPBP3 and MTO1 by
destabilizing the corresponding mRNAs (step 4), which also contributes to aggravate the mito-
chondrial dysfunction.

intron-encoded maturases with the collabora-

tion of a number of nuclear-encoded splicing factors.'*"'** Proteins
TRMU, MTO1 and MSS1 are required for splicing, likely because
they are needed for the translation of maturases.””'%1%%1%% Serik-
ingly, effects of MTO! inactivation are more severe than those of
MSS1 inactivation on splicing and accumulation of certain mt-
tRNAs,'® which might explain why mitochondrial translation is
affected more in M7O1I than in MSSI mutants. These observations
suggest that MTO1 and MSS1, apart from their shared role in mt-
tRNA modification, may play independent roles in other cellular
functions.

The possibility of human proteins TRMU, GTPBP3 and
MTOL1 performing additional roles to mt-tRNA modification
cannot be ruled out. Accumulating evidence indicates that other
mt-tRNA-modifying proteins are involved in different cellular
functions. Thus human TRIT1 protein, which is homologous to
bacterial MiaA and yeast Mod5, is responsible for the synthesis
of N-isopentenyladenosine (i°A) at position 37 of cytoplasmic
and mitochondrial tRNAs, but is also involved in the tRNA
gene-mediated silencing of RNA polymerase II promoters and in
tumor suppression.’” %1% Protein  CDK5RAP1, which is
homologous to bacterial MiaB and responsible for the conversion
of i°A into 2-methylthio-N’-isopentenyladenosine (ms*i°A37) in
both cytoplasmic and mitochondrial tRNAs, has been initially
identified as a repressor of the cyclin-dependent protein kinase
5.2187107 Moreover, the methyltransferase for m'A9 or m'G9 in

www.landesbioscience.com
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human mt-tRNAs (Trm10) is a component of mitochondrial
RNase P,'%® whereas protein Pusl, which modifies uridine to
pseudouridine in several RNA types, including cytoplasmic and
mitochondrial tRNAs, cooperates with the retinoic acid receptor
to enhance transcription at target promoters.””'*” In line with
this, TRMU, which carries the sulfur moiety that is finally trans-
ferred to mt-tRNAs, has been suggested to be involved in the
assembly of enzyme complexes containing iron-sulfur clusters,
since an intermediate of the OXPHOS Complex II accumulates
in TRMU-depleted cells.**> However, this hypothesis does not
explain why the accumulation of subunits of complex IV, which
does not contain an iron-sulfur center, is also affected in the
depleted cells.”” Hence further work is required to clarify the
hypothetical role of TRMU in sulfur trafficking.

Lack of U34 modifications can also affect cellular functions if
hypomodified mt-tRNAs perform a signaling function. Loss of
conserved wobble uridine modification in yeast cytosolic tRNAs
has been recently reported to affect gene expression by perturbing
cell signaling in a translation-independent manner.* In fact, the
obtained data indicate that improperly modified tRNA elicits a
noncanonical stress response by an unknown mechanism. This
finding suggests a nonconventional role for tRNA modifications
in regulating gene expression, which is in line with emerging evi-
dence of signaling pathways involving tRNA and cleavage frag-

110-112
ments.
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Finally, special attention should be paid to synergic effects
when studying the role(s) of tRNA modifications and tRNA-
modifying enzymes. For instance, clinical outcome has been
observed to be highly variable in patients harboring an identical
homozygous MTO1 mutation, which suggests that genetic, epi-
genetic and environmental factors may play a crucial role in mod-
ulating the phenotype.”® Interestingly, the simultaneous
inactivation of MTOI, or MSS1 (the GTPBP3 homolog), and
the TRMU homolog (named MTUI or MTO?2) in yeast has a
dramatic synergic effect on respiratory activity as a double
mutant MTOI/MTUI or MSS1/MTUI is unable to grow on
nonfermentable medium.'>'® Notably, translation of the
COX1 subunit of complex IV, but not of other mtDNA-encoded
proteins, was decreased by the combination of an MS57 mutation
with the paromomycin-resistance mitochondrial 155 rRNA
C1409G mutation in a yeast strain devoid of mitochondrial
introns.”” This result suggests that the MSS1-dependent modifi-
cation of U34 is required for translation of specific mRNAs by
ribosomes with an altered decoding center. Moreover, knocking-
down of TRMU in human cells carrying a homoplasmic mt-
tRNAS" mutation (m.14674T>C/G) associated with reversible
infantile respiratory chain deficiency (RISCD) impairs mito-
chondrial translation despite translation is normal in both
RISCD and 7TRMU patient cells.”” Furthermore, the simulta-
neous inactivation in Caenorbabditis elegans of the homologs to
the human 7RMU and MTO1 genes causes severe developmental
dysfunctions (our own unpublished results). All these synergic
effects produced by combination of TRMU (MTUI), MTOI,
and GTPBP3 (MSSI) mutations among themselves or with
mutations affecting other translation players are reminiscent of

those observed in E. coli (Fig. 4) and highlight the importance of

protein familiess TRMU/MTU1/MnmA, GTPBP3/MSS1/
MnmE and MTO1/MnmG for bacterial and eukaryotic cells.

Conclusions and Future Prospects

Evolutionary conservation of proteins acting on the wobble
uridine of tRNAs supports their crucial role for cell and organis-
mal functions. Inactivation of these proteins often leads to
impaired growth in microorganisms and diseases in humans.
These effects are likely due to the role played by modifications in
protein translation, but the possibility of tRNA-modifying
enzymes and/or unmodified tRNAs performing functions that
are unrelated with translation should be explored in future
research. Accumulating evidence indicates that tRNA modifica-
tions are dynamic and that cells respond to stress by modulating
the activity and/or levels of tRNA modification enzymes. How-
ever, a great deal of work needs to be done to unravel the under-
lying regulatory mechanisms. Major goals for future research also
include determining the role of the GTPase cycle of MnmE and
its homologous proteins in tRNA modification, as well as the
structure, conformational and oligomeric dynamics, and the
functioning of the MnmE-MnmG complex.
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