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Abstract

The Escherichia coli homodimeric proteins MnmE and MnmG form a functional complex, MnmEG, that modifies
tRNAs using GTP, methylene-tetrahydrofolate, FAD, and glycine or ammonium. MnmE is a tetrahydrofolate- and
GTP-binding protein, whereas MnmG is a FAD-binding protein with each protomer composed of the FAD-binding
domain, two insertion domains, and the helical C-terminal domain. The detailed mechanism of the MnmEG-
mediated reaction remains unclear partially due to incomplete structural information on the free- and substrate-
bound forms of the complex. In this study, we show that MnmGcan adopt in solution a dimer arrangement (form I)
different from that currently considered as the only biologically active (form II). Normalmode analysis indicates that
form I can oscillate in a range of open and closed conformations. Using isothermal titration calorimetry and native
red electrophoresis, we show that a form-I open conformation, which can be stabilized in vitro by the formation of
an interprotomer disulfide bond between the catalytic C277 residues, appears to be involved in the assembly of
theMnmEGcatalytic center.We also show that residuesR196, D253, R436, R554 andE585 are important for the
stabilization of form I and the tRNA modification function. We propose that the form I dynamics regulates the
alternative access of MnmEand tRNA to theMnmGFAD active site. Finally, we show that theC-terminal region of
MnmG contains a sterile alpha motif domain responsible for tRNA–protein and protein–protein interactions.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

tRNAs play a central role in protein translation and
are, therefore, required for cell survival. In addition,
tRNAs are involved in other important biological
processes such as cell signaling and adaptive trans-
lation [1–3]. Post-transcriptional modifications of
tRNAs, which are introduced by enzymes highly
specific for tRNA species and positions, optimize the
tRNA functions. In particular, wobble uridine (U34)
modifications like those mediated by the Elongator
uthor. Published by Elsevier Ltd. This
/licenses/by-nc-nd/4.0/).
complex (in cytosolic tRNAs) and the Escherichia coli
MnmE and MnmG proteins and their eukaryotic
homologs (in bacterial and mitochondrial tRNAs,
respectively) are critical for efficient translation [4–8]
and contribute to regulate global protein expression
[2,3,7,9–11].
MnmE and MnmG are homodimeric proteins and

form a complex, MnmEG, in which both proteins are
functionally interdependent [12–14].MnmEGcatalyzes
the synthesis of aminomethyl-uridine derivatives
on U34 of tRNALys

mnm5s2UUU, tRNAGlu
mnm5s2UUC,
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tRNAGln
(c)mnm5s2UUG, tRNA

Leu
cmnm5UmAA, tRNA

Arg
mnm5UCU

and tRNAGly
mnm5UCC [14,15]. Lackof thesemodifications

alters the relative efficiency of anticodons in reading
cognate codons, causes translational frameshifting
and produces a pleiotropic phenotype [4,16]. Notably,
MnmE and MnmG have been included into the
minimalist set of essential proteins required for the
biogenesis of a functional translation apparatus in
bacteria [17–19]. In humans, the MnmE and MnmG
homologs, namely, GTPBP3 and MTO1, respectively,
modify U34 in a set of mitochondrial tRNAs [20–22].
Defects in GTPBP3 and MTO1 affect mitochondrial
translation, impair mitochondrial oxidative phosphory-
lation and cause infantile hypertrophic cardiomyopathy
with lactic acidosis [20–26].
MnmE is a tetrahydrofolate- (THF-) and GTP-

binding protein with each protomer (50 kDa) consisting
of three domains: an N-terminal domain responsible
for constitutive dimerization and the binding of THF; a
central helical domain formed by residues from the
middle and the C-terminal regions; and a GTP-binding
domain (G-domain) with the canonical Ras-like fold
(Fig. 1a and b, top), which is distantly located to the
THF-binding domain [27,28].
MnmG is a FAD- and NADH-binding protein

[13,29]. The structure of MnmG from Aquifex aeolicus
(AaMnmG) was determined at 3.2 Å (form I, PDB ID:
2ZXH) and 2.3 Å (form II, PDB ID: 2ZXI) resolutions
[30,31] and was found to be similar to those of MnmG
fromE. coli (EcMnmG,PDB IDs: 3CESand 3CP2) and
Chlorobium tepidum (CtMnmG, PDB ID: 3CP8)
[29,32]. Each MnmG protomer (69 kDa) is composed
of the FAD-binding domain, the insertion domain 1
(Ins-1), the insertion domain 2 (Ins-2) and the helical
C-terminal domain [29,31,32] (Fig. 1a and b, bottom).
The AaMnmG structures, unlike those of EcMnmG
and CtMnmG, revealed the tight interaction of MnmG
with FAD, thus providing more detailed information on
the active site of MnmG. In this work, the AaMnmG
structures are used throughout and, in relation to the
residue numbering, two numbers for each residue are
provided in the text, the first referring to E. coli and the
second to A. aeolicus, unless mentioned otherwise.
The asymmetric units of the AaMnmG form II,

CtMnmG and EcMnmG crystals contain two homo-
dimers in the classical “M-shaped” form [29,31,32].
The dimerization interface in all these cases is
stabilized by well-conserved interactions between
residues from the FAD domain on one protomer and
residues from Ins-2 of the other (Fig. 1a, bottom).
The asymmetric unit of the AaMnmG form I crystal
contains two subunits connected through an alterna-
tive interface, but the classical M-shaped dimer can
also be formed by crystal symmetry operations [31].
Therefore, the most predominant M-shaped dimer
(form II) has been considered the physiologically
relevant form of MnmG and, consequently, the only
one used for the construction of theMnmEGmodels so
far [29,33–35].
The EcMnmEG complex catalyzes in vitro the
addition of the aminomethyl and carboxymethylami-
nomethyl (cmnm) groups at position 5 of U34 using
ammonium and glycine, respectively [14] (Supple-
mentary Fig. S1). Both reactions require GTP, FAD,
and methylene-THF, which serves as the donor of the
methylene carbon bonded directly to the C5 atom of
the pyrimidine ring. The GTPase cycle of MnmE does
not participate directly in the modification reaction.
Rather, it is thought to orchestrate the reaction by
inducing conformational changes relayed through
MnmE and MnmG [27,28,33–39]. In contrast, it is
assumed that theTHF-bindingdomainofMnmEshould
be located close to the FAD-active site of MnmG in
order to construct the catalytic center of the MnmEG
complex [14,29,33]. Nevertheless, the detailed chem-
istry of the reaction and the overall architecture of the
complex are currently unknown.
In this study, we show that the EcMnmG dimer

adopts in solution the dimerization interface exhibited
by the AaMnmG form I crystal structure, which,
according to normal mode analyses, oscillates be-
tween open and closed conformations. We also show
that a form-I open conformation is crucial for the
binding of the dimeric THF-binding domain ofEcMnmE
to the FAD active center of EcMnmG. We propose a
form I-basedmodel for the assembly of the EcMnmEG
complex whereby two identical and symmetrical cata-
lytic centers are simultaneously generated. Finally, we
show that the C-terminal region of EcMnmG contains
a sterile alpha motif (SAM) domain, which is able to
bind to tRNA and protein molecules.

Results

A dual role for the EcMnmG CARM in
protein–protein interactions

In MnmG, the FAD-binding and insertion domains
are forming a core (hereafter named catalytic core)
from which the helical domain protrudes (Fig. 1a,
bottom). Notably, the helical domain includes a highly
conserved C-terminal region (hereafter, CARM), and a
poorly conserved N-terminal region (hereafter, NARM)
(Fig. 1b, bottom, and Supplementary Fig. S2). The
relevance of the EcMnmGCARM for the interactionwith
EcMnmE has been previously reported [32,34]. On the
basis of the EcMnmG and CtMnmG structures, which
adopt the form II conformation, two highly conserved
residues of the EcMnmG CARM, E585(579) and K589
(583), were proposed to be involved in the interaction
with EcMnmE from gel filtration data on alanine
mutants [29]. However, we found that the change of
E585(579) (Fig. 1a, bottom) to lysine or alanine did not
affect the EcMnmG-EcMnmE interaction in a surface
plasmon resonance analysis, while impairing the tRNA
modification function in an in vivo assay [32]. Thus, the
role of E585(579) was unclear.
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Fig. 1. Structures of MnmE and MnmG. (a) Ribbon representation of the crystal structures of CtMnmE (PDB ID: 3GEE; top
panel) and theAaMnmG form II (PDB ID: 2ZXI; lower panel), colored as specified in panel b. ResidueE585(579) selected in this
study is shown in spheres. (b) Linear domain composition of EcMnmE and EcMnmG (E. coli numbering).
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In the course of this work, we noted that in the
AaMnmG form I (PDB ID 2ZXH), but not in form II
(PDB ID 2ZXI), theCARMof oneprotomer interactswith
theMnmGcatalytic core of the other protomer, and that
residue E585(579) is at hydrogen-bond distance from
the strictly conserved R196(197) located in the Ins-2
domain of the opposite protomer (Fig. 2). Thus, E585
(579) could play a role in the stabilization of form I
conformation. Then, we made additional observations:
1) structural information on MnmG revealed increased
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Fig. 2. Forms I and II of AaMnmG exhibit different dimerization interfaces. Ribbon representation of crystal structures of
the AaMnmG form II (a) and the AaMnmG form I (b) colored in function of their domains as in Fig. 1. Residues highlighted in
this study are represented in balls and sticks and colored in dark or white in function of the protomer where they are located
(gray panels).
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B-factors in the CARM, which suggests that this region
could be more flexible than the rest of the protein;
2) normal mode analysis (NMA) of the AaMnmG
protomer using elNémo and iMODS [40,41] indicated
a concerted mobility of the CARM with respect to the
CARM

(a) Catalytic core 

((b) 

E585(579) 

Residue  
conservation  

NARM

535(529) 

Fig. 3. The flexible MnmGCARM region. (a) Surface and ribbo
representation of the AaMnmG form II protomer with the helical do
(579) selected in this study is shown in spheres. Residue 535(5
shown in green. (c) Backbone representation of the models gen
elNémo server. Dashed arrows indicate the direction of the trajec
catalytic core (Fig. 3); 3) an assembly analysis of
both form I (PDB ID 2ZXH) and II (PDB ID 2ZXI)
using PDBePISA [42] yielded a buried area of 7630Å2

with a ΔG int of −27.6 kcal/mol and a ΔGdiss of
10 kcal/mol for form II, whereas values of 8360 Å2,
c) 

FAD 

n representation of the AaMnmG form II protomer. (b) Ribbon
main colored according to conservation score. Residue E585
29) marks the separation between CARM and NARM. FAD is
erated in the NMA analysis of AaMnmG form II protomer by
tories.
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ΔG int = −57.1 kcal/mol and ΔGdiss = 19.7 kcal/mol
were obtained for form I; the slightly larger buried
surface and the difference in the free energy of
assembly dissociation suggest, at least, an assembly
in the form I thermodynamically as stable as form II; 4)
the form I contains a higher number of evolutionarily
conserved residues involved in the dimerization inter-
face than form II (Fig. 4 and Supplementary Fig. S2).
From all these data, we hypothesized that the

form I may represent a physiological dimer, and
that the CARM could be subjected to conformational
Form II 

Protomer A 

Form I 

Protomer A P t A

m II

Fig. 4. Evolutionary conservation of residues in the dime
representation of theMnmG form I (top panel) and form II (bottom
of the protomer A that form part of the dimerization interface a
protomer B appears as partially transparent for visualization of th
rearrangements allowing the interactionwith theMnmG
catalytic core through the E585(579)-containing face.
Several approaches were taken to test this hypothesis,
which are summarized in Supplementary Fig. S3.
We first cloned the EcMnmG fragment from position

535 to 629, which includes the CARM (Fig. 1b, bottom),
in an expression vector. The construct produced a
soluble, highly pure, and α-helical polypeptide,
EcMnmG(535–629), according to SDS-PAGE analy-
sis and the circular dichroism spectra (Supplementary
Fig. S4). By using isothermal titration calorimetry (ITC;
Protomer B 

Protomer B 

Residue  
conservation  

rization interfaces of the MnmG forms I and II. Ribbon
panel) rendered by residue conservation (inset). The residues
re represented in spheres. The secondary structure of the
e highlighted residues.
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Table 1 and Supplementary Fig. S5), we found that the
truncated variant EcMnmG(535–629) was able to
interact with both the C-terminally truncated
EcMnmG(1–550) protein (Kd = 1 μM) and EcMnmE
(Kd = 25 μM). Notably, the presence of the E585K
change in the EcMnmG(535–629) variant reduced
its affinity for EcMnmG(1–550) by about 20-fold (Kd =
21 μM), whereas the interaction with EcMnmEwas not
affected (Kd = 24 μM), which suggests that E585K
does not alter significantly the fold ofMnmG(535–629).
Altogether these data support the idea that E585
is involved in the interaction of EcMnmG(535–629)
(i.e., theCARM)with theEcMnmGcatalytic core, but not
with EcMnmE. Interestingly, protein EcMnmG–E585K
migrated slower than the wild-type protein in native red
electrophoresis (NRE) [43], suggesting that themutant
full-length protein has a more expanded conformation
than EcMnmG (Fig. 5a and b). This could be due to
breakage of the salt bridge that E585(579) can form
with residue R196(197) of the other protomer (Fig. 2).
Moreover, considering that the E585K replacement
reduced significantly the tRNA modification activity of
EcMnmG in vivo (Table 2), we concluded that the
interaction of the CARM with the MnmG catalytic core,
which only occurs if EcMnmG adopts the form I
conformation (Fig. 2), is biologically relevant.
This proposal was further supported by the finding

that changes in other residues involved in the
interaction between the CARM and the MnmG catalytic
core in the form I conformation, like R554(548), D253
(E260) and R196(197) (see Fig. 2 and Supplementary
Fig. S6), also reduced both the affinity between the
EcMnmG(1–550) and EcMnmG(535–629) proteins
(Table 1) as well as the tRNA modification function of
the full-length protein (Table 2). Indeed, mutations
R554D and D253R in, respectively, EcMnmG
(535–629) and EcMnmG(1–550) led to a ≥20-fold
decrease in affinity (Kd values of 34 and 26 μM;
compared with Kd = 1 μM), whereas no binding was
detected between EcMnmG(1–550)R196D and
EcMnmG(535–629). Therefore, it is plausible that
pairs E585(579)–R196(197) and R554(548)–D253
(E260) form intermolecular salt bridges important to
Table 1. Validation of the CARM interactions with MnmE and
the MnmG catalytic core using ITC

Cell Syringe Kd (μM) n

MnmG(1–550) MnmG(535–629) 1 0.96
MnmE MnmG(535–629) 25 0.93
MnmG(1–550) MnmG(535–629)E585K 21 0.81
MnmE MnmG(535–629)E585K 24 0.91
MnmG(1–550) MnmG(535–629)R554D 34 0.93
MnmE MnmG(535–629)R554D 43 1.10
MnmG(1–550)D253R MnmG(535–629) 26 1.10
MnmG(1–550)R196D MnmG(535–629) NB –

Relative error in Kd is 20%–30%.
NB, no binding detected; n, binding stoichiometry.
Error in n is 0.1.
maintain the interaction of the CARM with the MnmG
catalytic core (Fig. 2 and Supplementary Fig. S6).
Notably, in the context of full-length MnmG, variants
E585K, R554D, D253R and R196D produced a null-
like phenotypewith respect to tRNAmodification when
expressed to wild-type levels (Table 2 and Supple-
mentary Figs. S7 and S8). Forced overexpression of
the mutant proteins produced complementation of the
tRNA modification function (Table 2 and Supplemen-
tary Figs. S7 and S8). In contrast, the wild-type
phenotype was not recovered after overexpression of
EcMnmG-C277S, used here as a negative control
(Table 2), which indicates that the change of the
catalytic C277 to serine fully disables the tRNA
modification function of MnmG, as previously reported
[31]. We cannot rule out the possibility that change
R196D had a destabilizing effect on protein EcMnmG
(1–550) under our ITC conditions since the interaction
with EcMnmG(535–629) was completely abolished
(Table 1), whereas the full-length EcMnmG-R196D
protein produced a wild-type tRNA modification
phenotype when overexpressed (Table 2). It should
be noted that mutation R554D barely affected the
affinity of EcMnmG(535–629) toward MnmE (Table 1;
Kd = 43 μM, which represents a 1.7-fold increase
respect to the controlKd value of 25 μM) supporting the
idea that residue R554(548), like E585(579), is
involved in the interaction of the CARM with the
MnmG catalytic core, but not with MnmE. Notably,
R554D also retarded the migration of the full-length
EcMnmG protein in NRE gels (Fig. 5b), likely as a
consequence of disruption of the salt bridge between
R554(548) and residue D253(E260) of the other
protomer (Fig. 2 and Supplementary Fig. 6).
Given that the AaMnmG form II crystal does not

reveal any interaction of E585(579) or R554(548) with
the rest of MnmG (Fig. 2a), our data suggest that
EcMnmG can adopt in solution the form I conformation
(Fig. 2b), which is physiologically relevant according to
the tRNA modification analysis data.

Oxidation of C277(284) as an strategy to stabilize a
form-I open conformation

One important difference between the AaMnmG
forms I and II involves the catalytic C277(284) residue
[31,44]. In the AaMnmG form I, the C277(284)–C277
(284) intermolecular distance is much shorter (16 Å)
than in the form II (57 Å) (Fig. 2 and Supplementary
Fig. S9). Despite 16 Å being a large distance to form a
disulfide bond, both C277(284) residues are facing
each other, isolated from the solvent, and located in two
large and flexible loops, which may allow a closer
approach between them. Thus, we suspected that a
disulfidebridgebetween theC277(C284) residues could
be formed if EcMnmG adopts in solution the form I
conformation (Fig. 2b). To test this hypothesis, proteins
EcMnmG-WT, EcMnmG-C277S and EcMnmG-C47S
were loaded onto a denaturing SDS-PAGE in
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presenceor absenceof a reducingagent (50mMDTT).
C47 is a second catalytic residue that corresponds to
AaMnmGC48 [31,44]. In the AaMnmG crystals, C48 is
located at a distance of 3 Å from the isoalloxazine ring
of FADand15Å from theC284of the samesubunit, but
the distance to any cysteine of the opposite protomer
would be too long to form an intermolecular disulfide
bridge (SupplementaryFig.S9). TheEcMnmGproteins
were treated with 20 mM of iodoacetamide prior to
thermal denaturation and gel loading. The iodoaceta-
mide irreversibly alkylates the free thiol groups of
cysteines preventing any de novo disulfide bond
formation during the manipulation of the samples
[44,45]. As shown in Fig. 5c, mutation C277S, but not
C47S, blocked the formation of the band representing
the oxidized dimeric form of EcMnmG, indicating that
the disulfide bridge established in the WT protein
depends on C277 (C284 in AaMnmG). There are



Table 2. In vivo tRNA modification activity of MnmG variants

Strain/plasmid MnmG protein s2U/s4U ratioa

−ARA +ARA

IC5241/pBAD22 None 0.026 0.030
IC5241/pIC1180 Flag-MnmG 0.009 0.000*
IC5241/pIC1793 Flag-MnmGR196D 0.026 0.000*
IC5241/pIC1794 Flag-MnmGD253R 0.026 0.000*
IC5241/ pIC1716 Flag-MnmGC277S 0.020 0.021
IC5241/pIC1795 Flag-MnmGR554D 0.026 0.000*
IC5241/pIC1440 Flag-MnmGE585K 0.019 0.006

a s2U is the relevant modification that accumulates at position
34 of tRNAs when the MnmG function is impaired or suboptimal.
Nucleoside s4U at position 8 was used as an internal control. The
numbers are calculated as the absorbance of s2U relative to the
absorbance of s4U at 314 nm, and they are the mean from at least
three independent experiments. The asterisks indicate that s2U
was undetectable. −ARA and +ARA indicate the absence or
presence of the inducer arabinose in the growth medium.
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two additional cysteines in EcMnmG, the partially
conserved C242 (C249 in AaMnmG) and the non-
conserved C418, which is substituted by a threonine in
AaMnmG (T425), but their distance to C277(284) on
the opposite protomer (inferred from the AaMnmG
structure) is too long to establish disulfide bridges in
native conditions (Supplementary Fig. S9). Altogether
these data indicate that an intermolecular disulfide
bridge through the C277(284) residues can be formed
in EcMnmG, which supports the idea that EcMnmG in
solution can adopt the form I conformation.
The AaMnmG form I structure suggests that residue

R436(443), located in the FAD domain, may play a key
role in the stabilization of the dimeric catalytic core of
the protein by interacting with residue D289(296),
located in the Ins-2 domain, of the opposite protomer
(Fig. 2b). Notably, mutation R436A has been shown to
abolish the tRNA modification activity of EcMnmG
[31,32]. Thus, we set out to investigate the role of C277
(284) and R436(443) in the conformation of EcMnmG
(1–550) by NRE [43], in the absence or presence of
DTT. Under oxidizing conditions, retarded bands were
detected in lanes corresponding to the EcMnmG
(1–550)WT and EcMnmG(1–550)R436A proteins, but
not in the lane corresponding to the EcMnmG(1–550)
C277S variant (Fig. 5d, left). The retarded bands
disappeared when the oxidized proteins were reduced
with DTT (Fig. 5d, right). These data indicated that the
retarded bands correspond to C277-dependent oxi-
dized forms of the dimeric EcMnmG(1–550) variants,
and that EcMnmG can adopt the dimerization interface
of the form I structure even in the absenceof theCARMs.
The most retarded band of the oxidized EcMnmG
(1–550)R436A protein (Fig. 5d, left) likely corre-
sponds to a dimeric EcMnmG catalytic core linked
through the C277 disulfide bond but in a more
expanded conformation than in the EcMnmG(1–550)
WT protein due to the lack of R436-mediated
interaction(s).
A model of the MnmEG complex based on the
MnmG form I

Two models of the MnmEG complex have been
proposed so far on the basis of the crystal structures
of MnmE and the MnmG form II conformation
[29,33,34]. Our findings indicating that EcMnmG in
solution can adopt the dimerization interface of the
form I open a new insight into MnmE and MnmG
interaction.
The structural analysis of theAaMnmG form I reveals

the presence of an intermolecular cavity bottom-sealed
by the flexible and highly conserved segment
259(266)–279(286) including C277(284) (Fig. 6a). It is
noteworthy that the intermolecular space of the
AaMnmG form I and the dimeric N-terminal domain of
MnmE have similar dimensions (Supplementary
Fig. S10). The intermolecular distances between the
one-carbon donor molecules in MnmE (THF–THF:
24.5 Å) and between the FAD molecules in AaMnmG
(FAD–FAD: 36.5 Å) are in a range that enables the
interactionbetween the components of eachTHF–FAD
pair simultaneously if the dimeric N-terminal domain of
MnmE could enter into the MnmG molecular space
through the cavity observed on the MnmG surface. If
so, two catalytic centers could be formed at the same
time in theMnmEGcomplex (α2β2 heterotetramer) as a
result of the interaction between the dimeric N-terminal
domain of MnmE and the dimeric catalytic core of the
MnmG form I.
Interestingly, an NMA of the AaMnmG form I, using

elNémo web-server [41], discloses a high flexibility
of all MnmG domains. The motion pattern involves
an opening of the intermolecular cavity (through the
separation of the FAD domains) and a concomitant
mutual approach of the NARMs, with the Ins-2
domains (each containing the corresponding flexible
loop 259(266)–279(286)) acting as a central axis
(Fig. 6b, Supplementary Figs. S11a and S11b, and
Videos S1 and S2). Notably, the Cα displacements
of the FAD domains are more pronounced in an
MnmG(1–550) model, suggesting that the CARMs,
which are also interactors of MnmE ([29,32] and
Table 1 in this work), may modulate the mobility
of the FAD domains. Similar results were obtained in
an NMA performed with iMODS (Supplementary
Fig. S11c and Videos S3 and S4). Therefore, the
analysis with both servers suggests that the AaMnmG
form I can oscillate in a range of conformations which
mainly differ in the aperture of the intermolecular cavity
and the distance between the NARMs.
Our NRE data indicated that the formation of the

intermolecular disulfide bridge C277(284)–C277
(284) stabilizes a form I-like conformation with a
more expanded EcMnmG catalytic core (Fig. 5d left,
compareWT and C277S lanes), which suggests that
the intermolecular cavity is wider in the oxidized than in
the reduced conformation. Therefore, we asked
whether the oxidation/reduction state of the MnmG
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Fig. 6. Conformational dynamics of the MnmG form I computed from NMA. (a) Ribbon representation of the MnmG form
I (left) and MnmG(1–550) (right) focused in the intermolecular cavity toward which the FAD molecules (green spheres) are
oriented. Proteins are colored by domain (linear scheme) and the 259(266)–279(286) regions of each protomer are
indicated by arrowheads and highlighted in dark and light green colors. Residues C277(284), R436(443) and D289(296)
are represented in balls and sticks and colored in yellow, blue and red, respectively. (b) Backbone representation of the
superposed normal mode intermediates of the MnmG form I (left) and MnmG(1–550) (right) performed by elNémo web
server.
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Table 3. ITC analysis of the ability of oxidized and reduced
MnmG(1–550) variants to bind MnmE proteins

MnmG(1–550) protein MnmE MnmE(1–120)

Kd (μM) n Kd (μM) n

MnmG(1–550)red NB – NB –
MnmG(1–550)ox 4.6 1.06 18 1.00
MnmG(1–550)C277Sox 47 0.93 ND –
MnmG(1–550)R436Aox 26 0.92 ND –
MnmG(1–550)C277Sred N300 1.00 ND –

Relative error in Kd is 20%–30%. Error in n is 0.1.
n, binding stoichiometry; red, reduced MnmG(1–550) protein; ox,
oxidized MnmG(1–550) protein; NB, no binding observed; ND, not
determined.
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catalytic core could affect the binding to MnmE. As
shown in Table 3 andSupplementary Fig. S12, only the
oxidized form of protein EcMnmG(1–550) was able to
interact with both the full-length EcMnmE protein and
the EcMnmE(1–120) variant, while the reduced
EcMnmG(1–550) protein bound neither EcMnmE, in
agreement with previous reports [29,32], nor EcMnmE
(1–120). Additional ITC experiments (Table 3 and
Supplementary Fig. S12) revealed that the C277S
change caused a substantial decrease in the affinity of
oxidized EcMnmG(1–550) toward MnmE. These re-
sults support the idea that the MnmEG catalytic center
may be formed through the interaction of the dimeric
MnmEN-terminal domainand thedimeric catalytic core
of MnmG adopting a form I conformation similar to the
oxidized one.
We also observed that the oxidized EcMnmG

(1–550)R436A exhibited a 5-fold decrease in the
affinity toward MnmE in comparison with the oxidized
EcMnmG(1–550)WTprotein. This finding indicates that
residue R436(443) plays a role in modulating the form I
conformation that yields a proper MnmE interaction.
Given the NRE pattern of oxidized EcMnmG(1–550)
R436A (Fig. 5d, left), it is possible that an excessively
open conformation of form I due toR436Aweakens the
MnmE binding. Finally, the fact that the oxidized
EcMnmG(1–550)C277S protein exhibited higher affin-
ity toward MnmE than the reduced EcMnmG(1–550)
C277S protein suggests that oxidation of residues
other than C277(C284) also contributes to stabilize
open conformations of the form I.

tRNA docking model of the AaMnmG form I: A
role for R436(439) and C277(284) in the
interaction of MnmG with tRNA

Analysis of the surface electrostatic potential of the
AaMnmG protomer revealed a positively charged
patch, which includes highly conserved residues
Fig. 7. tRNA docking models of the AaMnmG forms I an
electrostatic potential map of the MnmG form I. (c, d) Front (c)
map of the MnmG form II. Two tRNAGlu molecules (in gold) wer
charge distribution and the position of FAD molecules.
from Ins-1, Ins-2 and the helical domain, and where
the deep groove containing the isoalloxazine ring of
FAD is located [31]. In the dimeric AaMnmG form II,
these positive patches are spatially separated sug-
gesting the presence of two independent tRNA binding
sites, one for each protomer (Supplementary Fig. S13,
left panels). In contrast, in the AaMnmG form I, the
positive patches of both protomers are clustered on
the face containing the FAD tunnels (Supplementary
Fig. S13, right panels), which open to the opposite face
of the intermolecular cavity (Supplementary Fig. S13,
compare top and bottom right panels). Based on these
data, wemanually docked theE. coli tRNAGlu (PDB ID:
2DER) into the AaMnmG form I generating a model of
the tRNA:MnmG-form I complex (Fig. 7). In this model,
the anticodon arms are lodged in the positive patch
of MnmG, such that each anticodon loop is in close
proximity to the isoalloxazine moiety of FAD. Notably,
in the complex built with the AaMnmG form I, each
protomer interacts with both tRNA molecules (Fig. 7a),
whereas in the complex with form II, each protomer
binds only to one tRNA molecule (Fig. 7c and d).
The positively charged region of each AaMnmG

protomer includes the highly mobile segment compris-
ing residues 259(266)–279(286), which contains most
of the strictly conserved sequence P274(281)–E281
(288) and, therefore, the catalytic C277(284) (Fig. 8A,
zoomed-in area). This loop makes a difference
between the MnmG forms I and II since it is continuous
andvisible in theelectrondensitymapsof the form I, but
it is partially disordered in the form II (Supplementary
Fig. S14), thus indicating the structural flexibility of
this area [31]. This region is also disordered in the
structures of EcMnmG [29,32] and CtMnmG [29]
(Supplementary Fig. S14), which adopt the dimeriza-
tion interface of the AaMnmG form II. The flexible loop
259(266)–279(286) is stabilized in the AaMnmG form I
by several interactions (Fig. 8A, zoomed-in area),
including those established by the key residues C277
(284), with G273(280) or P274(281), and R436(443),
with D289(296). Notably, the arrangement of the
flexible loop in the form I structure determines the
position of residues R275(282) and Y276(283), which
construct the tunnel entrance to the FAD active center.
The diameters of this tunnel (10 × 15 Å) are similar to
the average diameter (12.5 Å) of the tRNA anticodon
helix, which suggests that the tunnel could provide
direct access of U34 to the FAD molecule during the
modification reaction (Fig. 8A, zoomed-in area, and
Supplementary Fig. S15, top panel). In the AaMnmG
form II, the loop 259(266)–279(286) is not stabilized, so
that the FAD tunnel entrance is not correctly formed
and the isoalloxazine ring becomes more exposed to
the solvent (Supplementary Fig. S15, bottom panel).
d II. (a, b) Bottom (a) and front (b) views of the surface
and bottom (d) views of the surface electrostatic potential
e manually docked using Chimera in function of the positive
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the electrostatic surface of the MnmG form I (a) with positively and negatively charged regions colored in blue and red,
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(slate gray ribbon) becomes stabilized through several interactions described in the text, including those with the opposite
protomer (white ribbon). The possible hydrogen bonds are colored in pale blue and the FAD isoalloxazine ring in green.
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To experimentally test whether the EcMnmG
residues C277(284) and R436(443) play a relevant
role in the interaction with tRNA, we compared the
migration pattern of the complexes formed between
tRNALys and the wild-type or mutant versions of
proteins EcMnmG and EcMnmG(1–550) by gel shift
assays (electrophoretic mobility shift assay, or
EMSA). There were no remarkable differences in the
apparent affinity for tRNALys between the variants and
the WT proteins (Fig. 9). However, the complexes of
tRNALys with the variants R436A and C277S exhib-
ited a striking increased mobility in relation to the
complex with theWT controls (Fig. 9), suggesting that
the R436A and C277S changes affect the manner in
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of His-MnmG full-length (upper panels) and His-MnmG(1–550) (lower panels) proteins (WT and variants R436A and
C277S). Samples were loaded onto Tris–glycine–EDTA agarose gels, pre-stained with Gel Red.
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which tRNA and EcMnmG interact, likely by prevent-
ing the stabilization of the flexible loop.

The CARM contains a SAM domain able to bind to
tRNA

The positively charged patch of AaMnmG includes
residues from the CARM region (Supplementary
Fig. S13), suggesting that this region may also be
involved in tRNA binding. In fact, it has been reported
that a change of R554(548) to alanine weakened the
affinity of the AaMnmG protein for tRNA and
decreased the tRNA modification activity of EcMnmG
[31]. Here, we found that protein EcMnmG(535–629)
was able to bind both a substrate tRNA (tRNALys) as
well as a non-substrate tRNA (tRNACys), suggesting
that the CARM of the helical domain binds tRNA
although non-specifically (Fig. 10a).
We used RBscore server [46] to predict RNA-

binding residues from the AaMnmGCARM. Most of the
identified residues are located in the E585(579)-
containing face of theCARM (Fig. 10b), which suggests
that this face can be involved in the interaction with the
tRNA molecule, besides the MnmG catalytic core
(Table 1).
The involvement of the CARM (residues 535–629 in

EcMnmG) in diverse interactions together with the
structural stability of this small region of the MnmG
helical domain (Supplementary Fig. S4) prompted us
to search for structural homologs. Interestingly,
the DALI server [47], or the PDBeFold server [48],
aligned the 560–618 region of AaMnmG with the
SAM domains of recombinases Rad51 and RadA,
the translational repressor Smaug, the helicase Hjm
and the RNA polymerase (RpoA α-CTD) (Fig. 10c).
Table 4 summarizes the proteins that were found to
have the highest Z-scores according to the results
obtained with DALI and PDBeFold. The SAM
domains are characterized by their functional diver-
sity (from signal transduction to transcriptional and
translational regulation) despite adopting similar
folds [49–52], but the MnmG CARM may be the first
case reported of a SAM domain able to interact with
tRNA.

Discussion

This work highlights the intricate conformational
dynamics of MnmG, which is related to the tRNA
modification process carried out by the MnmEG
complex. We demonstrate that EcMnmG in solution,
and in the absence of ligands, can adopt the
dimerization interface of the form I crystal structure
given that the formation of the C277(284) interproto-
mer disulfide bond is only compatible with form I-like
conformations. Moreover, our data indicate that
changes affecting the interaction of the CARM with
the MnmG catalytic core, which only occurs if MnmG
adopts the form I conformation, have a significant
effect on both the migration of full-length MnmG
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proteins and the biological activity of MnmG. We
conclude, therefore, that the form I is physiologically
relevant.
NMA supports the idea that form I can oscillate

between open and closed conformations, with the
Ins-2 domains (each containing the corresponding
flexible 259(266)–279(286) loop) acting as a central
axis (Fig. 6). Formation of the C277(284)–C277(284)
intermolecular bond indicates that there has been a
previous spatial approach of the two flexible loops,
which is associated with a more open form-I confor-
mation that is stabilized by the disulfide bridge (as
indicated by the slower migration of the oxidized
EcMnmG(1–550) protein in NRE). This expanded
conformation entails an opening of the intermolecular
cavity that facilitates the assembly of an MnmEG
catalytic center mimic, since only oxidized MnmG
(1–550)WTprotein (and not the reduced one) is able to
interact with the isolated THF-binding domain of
MnmE or the full-length MnmE protein. The relative



Table 4. Proteins/Domains with structural homology to the region 560–617 of AaMnmG

Protein PDB RMSDa Zb Nres
c Sequence identity (%) Function

Rad51 3LDA 2.1 5.0 49 24 Recombination
RadA 3ETL 2.3 4.9 49 22 Recombination
Hjm 2ZJ8 1.7 4.9 45 18 DNA repair
Smaugd 10XJ 2.5 4.4 37 22 Translation
RpoA 1DOQ 2.1 4.3 48 19 Transcription

a Root mean square deviation of superimposed Cα atoms calculated with DALI [47].
b Z score, computed by DALI (except those corresponding to Smaug), measures the statistical significance of a match in terms of

Gaussian statistics. A Z score above 2 indicates structural similarity [47].
c Number of aligned residues.
d The data corresponding to the Smaug protein were computed with PDBeFold [48].
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fast migration of the oxidized EcMnmG(1–550)C277S
protein in NRE gels and the reduced affinity of this
protein toward MnmE support the idea that formation
of the C277(284)–C277(284) bond in the WT protein
stabilizes a form-I open conformation able to bind
MnmE. The finding that the oxidized EcMnmG(1–550)
R436A protein exhibits the slowest migration in NRE
gels and a 5-fold decrease in the affinity toward
EcMnmG suggests that change R436A results in an
excessively open conformation of form I that weakens
the MnmE binding and leads to a non-functional
MnmEG catalytic center, as the full-length EcMnmG-
R436A protein is biologically inactive [31,32]. We
conclude that only by adopting a proper expanded
conformation, like the one stabilized by the C277–
C277 disulfide bond andR436 interactions, theMnmG
dimeric catalytic core can accept the entry of the
dimeric THF-binding domain of MnmE into the FAD
active center to assemble a functional MnmEG
complex. Accordingly, an open conformation of the
MnmG form I would be involved in the initial steps of
the modification reaction.
The form I conformation adopted in the crystal

structure (PDB ID: 2ZXH) represents an MnmG
reduced protein. In this conformation, each C277
(284) is stabilizing its correspondent FAD tunnel entry,
providing the hydrogen atom in an intraloop hydrogen
bond with the main chain of G273(280) or P274(2829
(Fig. 8a, zoomed-in area). For the stabilization of the
flexible loop 259(266)–279(286), and consequently of
the FAD tunnel entry, the interaction of R436(443) with
D289(296) on the opposite protomer is also required.
Gel retardation experiments (in reducing conditions)
showed the relevance of the C277(284) and R436
(443) residues in the tRNA–EcMnmG complex con-
formation (Fig. 9). These data suggest that a reduced
MnmG form I is required for a functional access of the
tRNA anticodon to the FAD active center. It is
noteworthy that residue R436(443) appears to play a
crucial role in the stabilization of the flexible loop in
both the open (oxidized-like) and closed (reduced)
conformation of form I.
Altogether our data suggest amodel (Supplementary

Fig. S16) in which the transition between open and
closed states of the MnmG form I modulates key
steps of the tRNA modification reaction. In this model,
an open (oxidized-like) conformation would allow the
access of the dimeric MnmE THF-binding domain
to the MnmG FAD active center, facilitating the first
steps of the reaction (i.e., those resulting in the for-
mation of the group to be incorporated into U34),
whereas the reduced (closed) conformation would
be associated with the disengagement of the MnmE
THF-binding domain from the MnmG intermolecular
space and the entry of tRNA anticodons into the
respective FAD tunnels. Then, the chemical group
produced during the first part of the reaction could
be incorporated to the position 5 of U34 [16]. There
is wide evidence that the GTPase cycle of MnmE
orchestrates themodification reaction [33,34,36,37,39],
and that, in turn, MnmG induces large conforma-
tional and dynamic changes in MnmE, thus modu-
lating its GTPase cycle [34,53]. Our data suggest
that the CARMs may play a critical role in the commu-
nication between MnmE and the MnmG form I. In
addition, formation of RNA–protein complexes usually
involves conformational changes in the protein, the
RNA, or both [54,55], and it has been shown that
RNA molecules may modulate protein interactions
[56]. Therefore, we suspect that the interactions of
MnmG with MnmE and tRNA could modulate the
dynamics of form I.
MnmG is paralogous of TrmFO, a folate/FAD-

dependent methyltransferase that catalyzes themeth-
ylation of the C5-uridine 54 in the T-loop of tRNAs of
most Gram+ bacteria and some Gram− bacteria [57].
The structure of TrmFO reveals a monomeric protein
consisting of a FAD domain and an insertion domain,
but lacking the C-terminal helical domain present in
MnmG [58]. TrmFO belongs to a class of folate-
dependent methyltransferases that employ a flavin
coenzyme for both themethylene and hydride transfer
steps of the reaction [57]. In TrmFO, two catalytic
cysteines (the nucleophile and the general base),
which align perfectly with C277(284) and C47(48) of
MnmG, have been proposed to work in concert during
the methylation reaction [44,57,59]. MnmG could
roughly follow the TrmFO mechanism, but with some
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significant variations, given the higher complexity of
the group to be added to the C5-uridine 34 (U34), and
the indispensable participation of MnmE in the
modification reaction. Unfortunately, no intermediates
in the reactionmediated by theMnmEGcomplex have
been identified so far; therefore, it is hard to propose a
precise mechanism beyond the scheme illustrated in
Supplementary Fig. S16 because it would be highly
speculative. In any case, our data provide a view of
how both the THF-binding domain of MnmE and
the U34 of tRNA would gain a sequential alternative
access to the FAD active center, thanks to the
dynamics of the form I, which could be greatly
modulated by the catalytic cycle of MnmEG. Adoption
by theMnmG form I of open and closed conformations
guarantees the formation of an isolatedactive center in
which the reactants are all within short distances from
the FAD.
The electrostatic surface potential exhibited by the

form I and II conformations (Supplementary Fig. S13)
together with our docking models (Fig. 7) prompt us to
speculate that a transition from form I to form II could
be involved in the release of the modified tRNA.
However, this transition involves a reorientation of the
protomers that requires breaking the R436-dependent
link(s) and the interactions between the CARM and the
MnmG catalytic core. Moreover, the form II conforma-
tion should then transit to the form I conformation in
order to initiate a new modification cycle. We cannot
rule out the possibility that the transition between
forms I and II of MnmG is also driven by the dynamic
interaction of MnmG with both MnmE and tRNA.
An additional finding of this work is the identification

of a SAMdomain in the CARM region, which is involved
in the interaction with non-SAM domains (the MnmE
helical domain and theMnmGcatalytic core) and even
with tRNA, thus playing crucial roles in the tRNA
modifying process. Complexes of MnmG with MnmE
and tRNA are, however, required to shed further light
on the precise nature of these interactions.
In summary, the information reported in this study

provides a dynamical view of the MnmG flavoenzyme
and a new perspective to understand how amolecular
machine like the MnmEG complex modifies tRNA.

Materials and Methods

Bacterial strains, plasmids, and DNA
manipulations

E. coli strains and plasmids are listed in Supple-
mentary Tables S1 and S2, respectively. For DNA
manipulations, standard procedures were followed.
Plasmids pIC1446, pIC1675 and pIC1614 were
constructed by inserting the desired mnmE and
mnmG sequences between the NdeI and XhoI sites
of pET-15b. Plasmid pIC1574 was obtained by
site-directed mutagenesis with appropriate primers
in such a way that a stop codon was generated after
residue 550 of MnmG. Derivatives from pIC1180,
pIC1446, pIC1675 and pIC1574 were obtained by
site-directed mutagenesis with appropriate primers.

tRNA manipulations and reverse-phase HPLC
analysis of nucleosides

Purification of E. coli tRNALys expressed from
pIC1664 was carried out in the E.coli strain DH5α as
described previously [15]. Unmodified tRNALys and
tRNACys were prepared by in vitro transcription from
BstNI-digested plasmids pIC1083 and pIC1394,
respectively, using the Riboprobe T7 transcription kit
(PROMEGA) and 2–5 μg of each digested plasmid as
a DNA template in a 50-mL reaction mix [15]. To study
the effect of mnmG mutations on the tRNA modifica-
tion status, the E. coli strain IC5241, an MG1655
derivative carrying the mnmG::kan allele [13], was
transformed by pIC1180 and derived plasmids. Cells
were grown in LB broth with thymine until the optical
density at 600 nm (OD600) reached 0.4. The culture
was then divided into two equal parts, arabinose
(0.2%) was added to one of them, and incubation was
continued until OD600 reached 1.0. Cells were
collected and processed for tRNA purification and
Western blot analyses. It is noteworthy that in the
absence of the inducer arabinose, wild-type levels of
MnmG and its stable variants are produced because
the pIC1180-based expression system is leaky [32].
Total tRNA purification and analysis of nucleosides by
HPLC were performed as described previously [14].
The absorbance of nucleosides was monitored at
314 nm to maximize the detection of thiolated nucle-
osides. mnm5s2U (the final product of the MnmEG-
dependent pathway) and s4U (a nucleoside indepen-
dent of the MnmEG pathway and used herein as a
reference) were identified by their UV spectra and
appropriate controls.

General protein techniques

For purification of His-tagged proteins, cells were
grown in Luria-Bertani medium at 37 °C until OD
reached 0.6–0.8. Protein overexpression was then
induced by adding IPTG to a final concentration of
0.1 mM (0.25 mM for strains bearing pIC1675 and
derivatives) for 16 h at 20° C. Cells were resus-
pended in buffer A [50 mM Tris–HCl (pH 7.5),
500 mM NaCl (or 250 mM NaCl for the His-MnmG
(535–629) purification), 5 mM MgCl2, 5 mM
β-mercaptoethanol and 15 mM of imidazole] supple-
mented with 1 mM of phenylmethylsulfonyl fluoride,
lysed by sonication and centrifuged at 40,000g for
30 min. The soluble fraction was incubated with
TALON metal affinity resin (Clontech) for 1 h at 4 °C.
After several washes with buffer A, proteins were
eluted in buffer A supplemented with 250 mM of
imidazole, concentrated by ultrafiltration using
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Centricons (Amicon) with appropriated pore sizes and
dialyzed in buffer A (in absence of β-mercaptoethanol
and imidazole). Then, proteins were treated with
100 mM of DTT overnight at 4 °C. DTT was eliminated
by ultrafiltration and the concentrated proteins were
frozen in liquid nitrogen and stored at −80° until use.
Monomeric and dimeric forms of MnmE(1–120) were
obtained after the purification procedure. In this study,
we used only the dimeric form, which was purified by
size exclusion chromatography using a Superdex 75
column (GE Healthcare) in an AKTA Purifier FPLC
(Amersham Biosciences). Expression and purification
of GST-MnmE protein were performed as described
previously [37]. The Flag-tagged MnmG proteins used
in NRE assays were overexpressed and purified as
described previously [13] with minor modifications.
A concentration of 500 mM NaCl and 5 mM MgCl2
was maintained during all steps of the purification
procedure.

NRE

NRE was carried out as described previously [43]
with some modifications. Protein samples, each
containing 15 μg of protein in sample buffer [25 mM
Tris–HCl (pH 7.5), 100 mM NaCl, 5 mM MgCl2, 15 %
glycerol and 0.02 % Red Ponceau 2S, with or without
20 mM DTT], were loaded onto 8% polyacrylamide
gels prepared in 375 mM Tris–HCl (pH 8.8), 10%
glycerol, 0.012% of Ponceau Red S. A solution of
Tris–glycine (pH 8.8) with or without 0.012% Ponceau
Red S was used as the cathode and anode buffer,
respectively. Electrophoresis was performed at a
constant current of 25 mA for 150–240 min at 4 °C.
Finally, proteins were detected in gel using standard
Coomassie Blue staining. The oxidized MnmG
(1–550) proteins were obtained by dialyzing the
purified proteins during 36 h at 4 °C with constant
agitation in a 50 mM Tris–HCl (pH 7.5), 500 mM NaCl
and 5 mM MgCl2 buffer.

Detection of intermolecular disulfide bonds

MnmG proteins were purified as aforementioned
but in the absence of reducing agents. Tenmicrograms
of purified His-MnmG protein (wild-type or mutant
versions) was mixed with SDS sample buffer, contain-
ing DTT or not (50 mM), previously supplemented
with 20 mM of iodoacetamide. Samples were ther-
mally denatured and loaded onto a 6 % (w/v) SDS-
PAGE. Proteins were detected in gel using standard
Coomassie Blue staining.

EMSA

Capability of the MnmG(535–629) to bind tRNA was
determined as follows: In vitro transcribed tRNA (5 μM
final concentration) was incubated with increasing
concentrations of His-MnmG(535–629) in binding
buffer [Tris–HCl 25 mM (pH 7.5), 150 mM NaCl,
5mMMgCl2, 5mMDTTand20%glycerol] for 30min at
4 °C. After incubation, the mixtures were electropho-
resed in a 17% (w/v) Tris–glycine–EDTA polyacryl-
amide gel at a constant current of 30 mA for 210 min at
4 °C. Gels were stained with ethidium bromide and
visualization was done in a standard UV transillumina-
tor. The effect of mutations R436A and C277S on the
migration of tRNA-MnmG or tRNA-MnmG(1–550)
complexes was analyzed as follows: In vivo synthe-
sized recombinant tRNALys (1.4μMfinal concentration)
was incubated with increasing concentrations of
His-MnmG or His-MnmG(1–550) in binding buffer as
above. Mixtures were run in a 1% (w/v) Tris–glycine–
EDTA agarose gel, pre-stained with Gel Red
(Invitrogen), at a constant current of 40 mA for
120 min at 4 °C. Gel visualization was done with a
standard UV transilluminator.

ITC

ITCmeasurementswere performed at 25 °Cwith an
Auto-iTC200 isothermal titration calorimeter (Micro-
Cal-Malvern) in a buffer consisting of 50 mM Tris–HCl
(pH 7.5), 150 mM NaCl and 5 mM MgCl2, which was
supplemented with 5 mM of β-mercaptoethanol
except in the experiments with the oxidized forms
of His-MnmG(1–550) or its variants. For binding
measurements, a protein concentration in the cell
and syringe of 20 μM and 200 μM, respectively, was
used. To obtain theKd values, the datawere analyzed
using nonlinear least-squares regression employing a
model considering a single set of binding sites
implemented in Origin 7.0 (OriginLab). The oxidized
form of MnmG(1–550) was obtained as described in
the “NRE” subsection. The presence of the oxidized
dimeric form of His-MnmG(1–550) was monitored
using NRE.

In silico protein analysis

Molecular graphics and analyses (interatomic
distances, bond identification, structure superimposi-
tions, etc.) were performed with the UCSF Chimera
package [60]. The MnmG surface electrostatic poten-
tials maps were calculated with the Adaptative
Poisson–Boltzman solver implemented in Chimera
package. Assembly analysis of the MnmG forms I and
II and the identification of residues forming intermo-
lecular hydrogen bonds in the MnmG form I (Fig. 2)
were performed using the “Protein Interfaces Surface
and Assemblies” service PDBePISA [42] at the
European Bioinformatics Institute, (http://www.ebi.ac.
uk/pdbe/prot_int/pistart.html). The identified residues
were confirmed with Chimera package. Protein
sequence alignment was performed with ClustalX
[61] and editedwith Jalview [62] coloring the sequence
by conservation (Blosum62 matrix). In the rendering,
by residue conservation, of protein structures with

http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
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Chimera, the same color scheme was used. NMAs
were performed using elNémo (http://www.sciences.
univ-nantes.fr/elnemo/) and iMODS (http://imods.
chaconlab.org/) webservers [40,41]. The PDB ID of
the input files used were 2ZXI and 2ZXH for the
protomer and dimerNMA, respectively. All parameters
were set to the default values with the exception of
the amplitude. In elNémo analysis, the maximum
amplitude (DQmax) was set to 250 arbitrary units for
the MnmG form I dimer analysis. In the animations
generated by iMODS, the amplitudewas set to 5 and 4
arbitrary units for the MnmG full-length and MnmG
(1–550), respectively, correlating with the length of the
vectors represented.
Statistical analysis

Values are expressed as the mean of a minimum
of three independent experiments with a standard
deviation, unless otherwise specified.

Protein data bank accession numbers

MnmG E. coli: PDB ID: 3CES, 3CP2
MnmG C. tepidum: PDB ID: 3CP8
MnmG A. aeolicus (form II): PDB ID: 2ZXI
MnmG A. aeolicus (form I): PDB ID: 2ZXH
MnmE C. tepidum: PDB ID: 3GEE
MnmE Nostoc PDB ID: 3GEH
MnmE T. maritima PDB ID: 1XZP
tRNAGlu E. coli: PDB ID: 2DER

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2018.05.035.
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