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Abstract: Mitochondria are highly dynamic organelles that play a central role in multiple cellular
processes, including energy metabolism, calcium homeostasis and apoptosis. Miro proteins (Miros)
are “atypical” Ras superfamily GTPases that display unique domain architecture and subcellular
localisation regulating mitochondrial transport, autophagy and calcium sensing. Here, we present
systematic catalytic domain characterisation and structural analyses of human Miros. Despite lacking
key conserved catalytic residues (equivalent to Ras Y32, T35, G60 and Q61), the Miro N-terminal
GTPase domains display GTPase activity. Surprisingly, the C-terminal GTPase domains previously
assumed to be “relic” domains were also active. Moreover, Miros show substrate promiscuity and
function as NTPases. Molecular docking and structural analyses of Miros revealed unusual features
in the Switch I and II regions, facilitating promiscuous substrate binding and suggesting the usage of
a novel hydrolytic mechanism. The key substitution in position 13 in the Miros leads us to suggest
the existence of an “internal arginine finger”, allowing an unusual catalytic mechanism that does not
require GAP protein. Together, the data presented here indicate novel catalytic functions of human
Miro atypical GTPases through altered catalytic mechanisms.
Keywords: Miro; atypical GTPases; monomeric GTPase; GTPase mechanism; mitochondrial
movement; NTPase

1. Introduction
Mitochondria are highly dynamic organelles that play a central role in multiple cellular processes,
including eukaryotic energy metabolism and cell survival [1,2]. The morphology and cellular
distribution of mitochondria constantly undergo processes of fusion, fission and cytoskeleton-dependent
transport to maintain normal cell function and homeostasis [3–5]. The perturbation of these processes
leads to a number of neurodegenerative, neuropsychiatric and metabolic disorders [4].
Amongst the many cellular GTPases there exist two isoforms of “atypical” Rho GTPases, named
mitochondrial Rhos (Miro), have been established to play critical roles in mitochondrial transport,
morphology, and homeostasis [6,7]. Mitochondrial Rho GTPases Miro1/RhoT1 and Miro2/RhoT2 are
atypical by their primary structure, domain architecture and subcellular localisation in comparison to
the Ras superfamily or heterotrimeric GTPases. Miro proteins display a unique domain architecture,
with a single polypeptide chain comprising two different GTPase/GTPase like domains and calcium
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The Miro proteins are conserved across eukaryotic species [8], and mouse model studies suggest
human Miro 1 and 2 are functionally distinct [9]. Initial work revealed the indispensable role of the
Miro proteins in mitochondrial transport along the microtubule, interacting with the dynein and
kinesin motor complexes containing cargo adapter proteins i.e., MILTON in Drosophila and TRAK1/2
in humans respectively [10]. When intracellular levels of calcium are high, the EF hand domains of
the Miro proteins are saturated, resulting in the dismantling of the kinesin mediated transport motors
used for mitochondrial motility, thereby regulating mitochondrial motility [11].
In addition, further studies on the molecular functions of Miro proteins revealed their
role in developmental processes, neurological disorders, cell migration and susceptibility to
microbial infections [8,12,13]. Recent developmental studies have also revealed that Miro-mediated
mitochondrial trafficking is key to the aggregation of germinal granule components during primordial
germ cell formation in Xenopus embryos [14]. Moreover, Miro1 is a key substrate of an E3 ubiquitin
ligase, Parkin, which facilitates proteasomal degradation of Miro in the context of mitochondrial
damage and motility [15,16]. A Miro1 C-terminal GTPase (CT-GTPase) domain lysine is necessary and
sufficient for efficient ubiquitination by the human E3 ubiquitin ligase Parkin, which is implicated in
Parkinson’s Disease [4,17,18].
Studies on the N-terminal GTPase domain of Drosophila or vertebrate Miros have revealed a
conserved role for Miro proteins in the determination of mitochondrial size, distribution and transport
across the species [12,19]. Loss of function analysis of the N-terminal GTPase domain showed
accumulation of mitochondria in the soma of axons and dendrites of the larval motor and sensory
neurons [19,20]. In agreement with these findings, the constitutively active mutant of Drosophila
Miro (dMiro) (GV13), which contains a mutation in its N-terminal GTPase domain equivalent to
the well-established and analogous G12V constitutively active Ras mutant, showed neomorphic
phenotypic effects that are reported to be unrelated to GTPase function [12]. In contrast, when the
functional effect of the catalytic activity of the CT-GTPase domain was studied using dMiro through
a loss of function mutant (T460N), it was clearly shown that the mutation did not impair viability,
mitochondrial size, or the distribution of mitochondria. Similarly, the constitutively active CT-GTPase
mutant revealed the neotropic effects to be unrelated to the function of the catalytic domain.
The exclusive cellular role of the Miro CT-GTPase domain came to light following the analysis
of the formation of the endoplasmic reticulum mitochondria encounter structure (ERMES) complex,
which tethers the ER to the mitochondrion [21]. The formation of the complex involves phospholipid
exchange between the two organelles. The yeast homologue of Miro, Gem1, is an integral component of
ERMES, regulating both the size and number of the complexes. It was established that the CT-GTPase
domain was specifically involved in phospholipid exchange, while the N-terminal GTPase domain
was involved in the physical association of Gem1 with the ERMES complex [21]. This evidence further
demonstrates the non-redundant functions of the Miro protein GTPase domains.
Here, we performed an in-vitro characterisation of the catalytic activity of the GTPase domains of
the two human Miro proteins. The N-terminal GTPase domain displays GTPase activity despite the
absence of key Ras residues including Y32, T35, G60 and Q61. Surprisingly, when the catalytic ability
of the previously reported “relic” C-terminal GTPase domains of Miro1 and Miro2 was analysed, they
were seen to be active. Moreover, they displayed substrate promiscuity, with hydrolytic activity against
ATP and UTP observed in addition to GTP, demonstrating that these domains function as NTPases
rather than archetypal GTPases. Furthermore, structural modelling and analysis revealed the Miro
proteins have unusual structural features that may function as an ‘internal arginine finger’ that enables
unusual transition state and nucleotide hydrolysis. Together, the data presented here shows the novel
catalytic functions of this atypical GTPase through altered catalytic mechanisms.
2. Results and Discussion
The primary sequences of the GTPase domains of both Miro1 and Miro2 resemble the G domains of
classical Ras superfamily proteins (Figure 1B). For the Miro proteins, the G1, G4, and G5 loop sequence

Int. J. Mol. Sci. 2018, 19, 3839

4 of 17

motifs are conserved, while the Switch I (G2) and Switch II (G3) regions, which are responsible for
Mg2+Int.
binding,
nucleotide
binding and hydrolysis [22,23], show significant differences,
J. Mol. Sci.guanine
2018, 19, x FOR
PEER REVIEW
4 ofmost
18
notably in the key catalytic Ras residues (Y32, T35, G60 and Q61). As several mitochondrial functions
responsible
forproteins
Mg2+ binding,
guanine
nucleotide
binding
and hydrolysis
[22,23], show
significant
mediated
by Miro
had been
previously
attributed
to these
GTPase domains
[16,19],
we sought
differences,
most
notably
in
the
key
catalytic
Ras
residues
(Y32,
T35,
G60
and
Q61).
As
several of
to characterise the hydrolytic capacity of these domains towards GTP. Constructs were generated
mitochondrial functions mediated by Miro proteins had been previously attributed to these GTPase
the N-terminal
GTPase domain (NT-GTPase), the C-terminal “putative GTPase” domain (CT- GTPase),
domains [16,19], we sought to characterise the hydrolytic capacity of these domains towards GTP.
and a longer construct that comprised both EF hands and C-terminal GTPase domain of human Miro
Constructs were generated of the N‐terminal GTPase domain (NT‐GTPase), the C‐terminal “putative
GTPases (EF-CT-GTPase). The resulting proteins were expressed and purified, and their hydrolytic
GTPase” domain (CT‐ GTPase), and a longer construct that comprised both EF hands and C‐terminal
capacity
towards GTP determined by phosphate release assays in the presence of MgCl2 , which acts
as
GTPase domain of human Miro GTPases (EF‐CT‐GTPase). The resulting proteins were expressed
and
a co-factor.
purified, and their hydrolytic capacity towards GTP determined by phosphate release assays in the
presence of MgCl2, which acts as a co‐factor.

2.1. Miro1 and Miro2 N-Terminal GTPase Domains Are Catalytically Active
2.1.
and Miro2
Catalytically
TheMiro1
NT-GTPases
ofN-Terminal
both Miro GTPase
proteinsDomains
showedAre
slow
catalytic Active
activity, similar to other monomeric

GTPases The
reported
previously
(Figure
2A,B).showed
As the EF
hands
present
in the similar
Miro proteins
can
NT‐GTPases
of [24,25]
both Miro
proteins
slow
catalytic
activity,
to other
interact
with calcium,
the mitochondrial
functions
MiroAs
have
shown
to beinsensitive
monomeric
GTPasesand
reported
previously [24,25]
(Figureof2A,B).
the been
EF hands
present
the Miro to
proteins
interact
with calcium,
mitochondrial
functions
of Miro
have
been shown
to be
calcium
levelscan
in the
neuronal
cells [26],and
wethe
sought
to determine
if calcium
could
substitute
magnesium
sensitive
to
calcium
levels
in
the
neuronal
cells
[26],
we
sought
to
determine
if
calcium
could
as the co-factor. The assay was therefore repeated in the presence of CaCl2 , as well as both CaCl2 and
magnesium
the there
co‐factor.
assay was
therefore repeated
of CaCl22A,B),
, as
MgClsubstitute
showedasthat
was The
no selective
preference
for eitherinofthe
thepresence
cations (Figure
2 . The results
well there
as both
CaCl
MgCl
2. The results showed that there was no selective preference for either of
and that
was
no2 and
visible
additive
effect due to the presence of both cations. The catalytic activity
the
cations
(Figure
2A,B),
and
that
there
was noS1).
visible additive effect due to the presence of both
was not detected in the presence of EDTA (Figure
cations. The catalytic activity was not detected in the presence of EDTA (Figure S1).

Figure
2. GTP
activity
of the of
N-the
andN‐
C-terminal
GTPaseGTPase
domainsdomains
of hMiro1
2. Phosphate
Figure
2. hydrolytic
GTP hydrolytic
activity
and C‐terminal
of and
hMiro1
and 2.
Phosphate
release of
as enzymatic
a measure ofactivity
enzymatic
activity determined
by the PiColorLock™Gold
release
as a measure
determined
by the PiColorLock™Gold
systemsystem
(Innova
(Innova UK)
Biosciences,
for the N‐terminal
GTPaseof
domains
and
(B), as
as the C‐
Biosciences,
for the UK)
N-terminal
GTPase domains
Miro1 of
(A)Miro1
and 2(A)
(B),
as2well
as well
the C-terminal
terminal
GTPase
domains
of both
proteins
(C and
Readings
provided as blank‐corrected
GTPase
domains
of both
proteins
(C,D).
Readings
areD).
provided
as are
blank-corrected
readings. Blank
readings.
Blank assay
readings
comprised
buffer,
cations
GTP. Error
bars represent
standard
readings
comprised
buffer,
cationsassay
and GTP.
Error
barsand
represent
standard
error of the
mean of
error of the mean of 5 experiments.
5 experiments.

Int. J. Mol. Sci. 2018, 19, 3839

5 of 17

2.2. C-Terminal GTPase Domains of Miro1 and Miro2 Exhibit Hydrolytic Activity against GTP
The C-terminal putative “GTPase domains” of the human Miros have been previously assumed
to be non-catalytic relic domains in the literature [27,28] as the sequence in the highly conserved
G2–G5 loops responsible for nucleotide binding and hydrolysis is highly divergent compared
with canonical GTPase domains (Figure 1B). Prior to this work, enzymatic assays had not been
performed to definitively assess the nucleotide binding or hydrolytic capacity of these domains, but
recent studies have shown this “putative GTPase” domain to be a component of the endoplasmic
reticulum-mitochondria encounter structure (ERMES) tethering complexes and shown to regulate
its numbers and sizes [21]. To assess the GTP hydrolysis capacity of these domains, the assay
was repeated with the Miro1 and 2 CT-GTPase proteins in the presence of MgCl2 , CaCl2 , or both
salts. Surprisingly, the Miro1 and Miro2 CT-GTPase domains were catalytically active and able to
hydrolyse GTP, exhibiting a GTPase activity similar to the archetypal Rho GTPases and monomeric
Ras Superfamily (Figure 2C,D) [6,29,30]. These results represent the first biochemical evidence of the
catalytic functionality of the Miro C-terminal GTPase domains.
2.3. EF Hands do not Influence C-Terminal Domain Catalytic Activity
Miro1 and Miro2 “EF-CT-GTPase” constructs each containing both the EF-hand region and the
CT-GTPase domain were then purified (Figure 1A). The crystal structure of the Drosophila and human
Miro structures clearly show direct interaction between the EF hand and CT-GTPase domain, with
the EF hand regions reaching around the transition state stabilising the Switch I region, resulting
in a shared interface area of approximately 1500 Å2 [31,32]. These constructs were therefore tested
for their GTP hydrolytic activity to evaluate whether the EF-hand regions played regulatory roles
through intramolecular interactions (i.e., through auto-inhibition or structural obstruction) for the
CT-GTPase domain. The results indicated that the CT-GTPase domains of Miro1 and Miro2 are capable
of hydrolysing GTP in the presence of MgCl2 , CaCl2 or both cations, regardless of the presence or
absence of the EF-hand domains (Figure S2).
2.4. The Miro1 and Miro2 C-Terminal GTPase Domains Function as an NTPase, with Propensities towards
GTP and ATP as Substrates
Crystal structures of both Drosophila Miro and human Miro proteins have revealed that the binding
mode of the active site guanine nucleotide of the Miro CT-GTPase domains is similar to that of the Rho
and Ras GTPases [31,32]. In both classical human and microbial GTPases, the G4 and G5 regions of
the monomeric GTPases have been well established to recognise the guanine nucleotide head group
of the GTPase and also regulate GTPase activity through modulating Guanine nucleotide exchange
factor (GEF) and effector binding [33,34]. The “classical” binding motifs of the G4 and G5 loops are
NKxD and [S/C]A[K/L/T] respectively (where x is any amino acid). However, in the Miro CT-GTPase
domains these motifs have mutated to AKSD/SKAD and AFTC/PFSC for the Miro1/Miro2 CT-GTPase
domains respectively (Figure 1B). Previous studies have shown mutations in these motifs to have
effects on guanine nucleotide recognition and nucleotide turnover [35–37], GDP release [38], and
the rate of guanine nucleotide exchange [39]. Therefore, we examined the possibility that the Miro
CT-GTPase domains may have activities against other NTPs through the use of the PiLock enzyme
assay. The PiColorLock™ assay is based on the change in absorbance of the dye malachite green in the
presence of phosphomolybdate complexes. PiColorLock Gold unlike other dye-based assays gives a
stable endpoint signal and is not prone to precipitation. Moreover, a special stabiliser ensures that the
reagent can be used with acid labile substrates.
The results show that the CT-GTPase domains of both Miro proteins displayed catalytic activity
towards both ATP and UTP in addition to GTP (Figure 3A,B). This may reflect the atypical nature of
the CT-GTPase domains of both Miro proteins. However, no hydrolysis of the pyrimidine nucleotide
CTP was observed in any of the conditions tested. It is therefore likely the human Miros CT-GTPase
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can utilise either GTP, ATP or UTP with similar catalytic efficiency depending on the intracellular
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Figure 4. Models of NTP binding by the Miro2 GTPase domain (A–C) SWISSDOCK models of the
Figure 4. Models of NTP binding by the Miro2 GTPase domain (A–C) SWISSDOCK models of the
Miro2 GTPase domain (PDB: 5KUT) with ADP (A), UDP (B) and CDP (C) docked into the active site.
Miro2 GTPase domain (PDB: 5KUT) with ADP (A), UDP (B) and CDP (C) docked into the active site.
Nucleotides are depicted as balls and sticks, and active site residues shown as cylinders. Atoms are
Nucleotides are depicted as balls and sticks, and active site residues shown as cylinders. Atoms are
coloured as follows: oxygen is red, nitrogen blue, sulphur yellow, carbon gold, and phosphorous
coloured as follows: oxygen is red, nitrogen blue, sulphur yellow, carbon gold, and phosphorous
magenta. The active site magnesium is shown as a grey sphere, and solvent molecules are depicted
magenta. The active site magnesium is shown as a grey sphere, and solvent molecules are depicted
as red spheres. Hydrogen bonds are shown as dashed lines and key residues labelled, with residue
as red spheres. Hydrogen bonds are shown as dashed lines and key residues labelled, with residue
numbers corresponding to H‐Ras numbering.
numbers corresponding to H-Ras numbering.
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Interestingly, the N-terminal and C-terminal catalytic domains of the human Miro proteins
show similar enzymatic hydrolysis in end point assays when tested against GTP. The intracellular
concentrations of nucleotides rank in the order of ATP > GTP > UTP > CTP [42]. It is therefore possible
that the catalytic domains of GTPases, particularly the entities that function as a part of molecular
machinery, might have evolved to utilise any of the higher concentration nucleotides at a given time to
serve as efficient motor components regulating mitochondrial motility. This property is essential for
the functions of the Miro proteins since at very short notice the mitochondrion needs to be transported
through anterograde and retrograde movement to the appropriate position in the neuronal cell or
neurone body [MS2] [43,44]. Although the experimental evidence for this broader nucleotide specificity
of the tandem domain has been determined in vitro through this study, it is still essential to establish
the physiological significance of this in response to cellular cues in vivo.
2.6. Structural Comparison with Ras GTPases Suggests that Miro Proteins Utilise a Different
Catalytic Mechanism
The two important regions of the Ras GTPases that permit these molecules to function as molecular
switches are the Switch I (residues 32–40 in Ras, 34–42 Miro NTD, 448–459 Miro1 CTD, and 446–455
Miro2 CTD) and Switch II (residues 57–76 in Ras, 58–78 in Miro NTD, 476–492 Miro1 CTD and 472–489
Miro2 CTD). While the Switch I region is involved in interactions with downstream effectors and
stabilisation of the nucleotide γ-phosphate, the Switch II region participates in nucleotide hydrolysis.
The conformational change and stabilisation of these two regions overall dictates the activity of the
enzyme, effector binding and nucleotide exchange [45,46]. The canonical model of GTP hydrolysis
for Ras-like GTPases involves the conserved residues (numbered according to H-Ras) Y32 and T35
of Switch I, as well as the G60 and Q61 of Switch II. In this model [47], a catalytic water molecule,
water 175, is coordinated by residues G60 and T35. It then donates a hydrogen ion to an oxygen of
the γ-phosphate group of the GTP nucleotide, with the transition state stabilized through hydrogen
bonding interactions with the “bridging” water 189. This water molecule is primed to accept the
new hydrogen bond through its pre-existing hydrogen bonding interactions with residues Y32 and
Q61. This promotes a partial positive charge, helping to stabilize the negative charge of the leaving
group, a function also provided by the GTPase activating proteins (GAPs) [48], which in general
fulfil this role through the use of an arginine finger motif [49], which has been implicated to play
a crucial role in overcoming the high activation barrier for phosphoryl transfer and bond breaking
during hydrolysis. Q61 then moves to interact with the γ-phosphate, releasing an allosteric switch and
facilitating the release of the phosphate [47,50]. The importance of these residues results in their high
levels of conservation among the Ras type GTPases.
Although both the N- and C-terminal GTPase domains of the Miro proteins display hydrolytic
activity towards GTP, examination of their sequences reveals a striking lack of conservation in the
aforementioned residues (equivalent to Ras G12, Y32, T35, and Q61), which had led to them being
dismissed as relic domains [7] (Figure 1B). To reconcile these two observations, we undertook a
structural analysis of the Miro GTPase domains and compared these key loci with their equivalents in
the H-Ras GTPase. As no structural data is currently available for the N-terminal GTPase domains,
models were generated using the Phyre2 webserver [51]. These models were superimposed onto the
GTP-bound form of H-Ras (PDB: 5P21) and the Switch 1 and Switch 2 regions compared.
In the N-terminal GTPase domains of Miro 1 and Miro 2, the residues equivalent to Ras Y32,
T35, G60 and Q61 are not conserved and have the following mutations in both the Miro1 and Miro2
NT-GTPase domains: Y32V, T35R, G60E and Q61A (Figure 1B). In our structural model, we see the
Miro N-terminal GTPase domains have a valine substituting the otherwise highly conserved tyrosine,
resulting in a complete loss of the reactive hydroxyl group (Figure 5). This is of importance since the
phosphorylation of this residue on the Switch I effector binding loop can directly modulate effector
binding and downstream signalling [52]. Additionally, this substitution would result in the loss of a
hydrogen bond to the bridging water 189.
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In the Switch II region, the Miro N-terminal GTPase domains display conservation of the aspartate
in the DTAGQ Switch II motif but all the other residues are significantly altered (Figure 1B), resulting
in the motif reading DYSEA for both the Miro1 and 2 N-terminal GTPase domains. Here, the conserved
threonine is substituted by a much bulkier tyrosine, whereas the alanine is replaced by a more reactive
serine residue. The most dramatic effects on the function of these domains likely come from the G60E
and Q61A substitutions. The presence of these substitutions in the functional Miro GTPase domains is
surprising, as they are critical catalytic residues in the canonical Ras GTPases, and their mutations has
been previously linked to oncogenicity [23,53]. The addition of negative charge from the glutamate is
likely to induce charge repulsion with the phosphate groups in the position it adopts in the model,
and it also clashes with K16 suggesting its orientation could be different to the canonical G60 residue
(Figure 5). In the context of the Q61A substitution, it is clear that hydrogen bonds would be lost to both
the bridging water 189 and the phosphate leaving group. The expected effect of all these substitutions
would therefore be to prevent the canonical GTP hydrolytic mechanism, as the transition state could
not be stabilized due to a lack of hydrogen bonding interactions with the bridging water, and the
continued maintenance of the allosteric switch.
Similar to the N-terminal domain, the C-terminal domains of Miro1 and 2 display a completely
different pattern of residues to those conserved in the Ras-like GTPase enzymes. Here, Y32, T35, G60
and Q61 are present as K, S, E, S and D, P, D, T in Miro1 and 2 respectively (Figure 1B). To assess the
structural effect of these amino acid substitutions, the structure of the C-terminal GTPase domain of
Miro1 (PDB:5KSZ) was compared with H-Ras (PDB: 5P21), both in the GTP bound form (Figure 6).
Firstly, the entire positioning of the Switch 1 region in Miro1 is remarkable, with a conformation that
places it away from the ligand (Figure 6A). Therefore, the equivalent residues in Miro1 already occupy
vastly different positions in the structure. The K residue equivalent in the sequence alignment to
Y32 appears to fulfil an interesting role, interacting directly with the 20 and 30 hydroxyl groups of
the ribose (Figure 6B). The T35S change however is of less interest, as it positions the serine away
from the nucleotide, with the side chain pointing out into space. The G60E and Q61S substitutions
are dramatically different from the H-Ras structure, making no observable contacts with any water
molecules, and instead forming an H-bonding network, which may act to maintain the position of the
G3 loop of the switch region (Figure 6C,D). Here, E60 forms a hydrogen bond with the backbone of
K12, while S61 interacts with S59 and F63 through its side chain. Although the effect of the D32/P35
mutations in Miro2 are difficult to predict without an equivalent GTP bound form structure to compare,
the D60/T61 residues are likely fulfil a similar role to those found in Miro1. Therefore, as above, these
changes seem to rule out a canonical mechanism being employed in the Miro1 and 2 C-terminal
GTPase domains.
In addition to these observations, another point of interest in the Miro1 C-terminal GTPase
structure is the lysine present at position 12 (Figure 6D). Mutations in this position have been shown
to be the cause of oncogenic mutations in the Ras family GTPases [54], as steric hindrance prevents
hydrolysis. Not only would a bulky lysine residue be expected to produce this same effect, it also
appears to interact directly with the γ-phosphate, perhaps giving it a role in stabilizing the leaving
group following hydrolysis. Moreover, a difference in the conformation of this residue can be observed
when comparing the Miro1 C-terminal GTPase GTP and GDP bound structures. In the GDP bound
structure where the γ-phosphate is no longer present, the lysine points away from the active site into
space. The residue is present as an alanine in the Miro2 N-terminal GTPase domain, and as a proline
in the Miro1 N-terminal GTPase domain and Miro2 C-terminal GTPase domains. Therefore, if this
lysine does have a functional role, it is confined to the Miro1 C-terminal GTPase domain only.
Comparison with other atypical GTPases, Centaurin γ1, RND1 and RND3, reveals that within the
common fold, the largest structural difference can be seen in loop G2/Switch I (Figure S3). Here, the
loop in Miro2 adopts a conformation that is not seen in the other atypical GTPase structures. On the
sequence level, loops G1, G4 and G5 show at least partial conservation of key nucleotide binding
residues, consistent with their function, but are variable in loops G2 and G3 (Figure S4). In terms of
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the critical catalytic residues T35 and G60, the threonine is found in the RND1 and RND3 proteins, but
not Centaurin γ1 or the Miro proteins, and the glycine (G60) in Switch II is conserved in all proteins
apart from the Miro proteins. These findings suggest that the Miro proteins are unique even amongst
atypical GTPases, harbouring substitutions of highly conserved catalytic residues and adopting an
unusual
G2Sci.
loop
whilst still maintaining their hydrolytic capacity.
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of catalysis without the need for a GAP protein. However, it should be noted that the residues of the
C-terminal Miro2 GTPase are not similar in these positions and are unlikely to take this role. Moreover,
the plasticity and flexibility of these novel GTPase domains may offer unusual catalytic mechanisms
that have yet to be determined.
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From these studies, the Miro proteins have been shown to be a unique subfamily of guanine
nucleotide binding protein superfamily that employ substrate promiscuity and novel hydrolytic
mechanisms, possibly in order to achieve the required mitochondrial transport. The mitochondrion
has evolved to perform diverse functions that are central to a variety of metabolic pathways and
signalling processes, including those that control ATP supplies, ion homeostasis and cell death.
Therefore, efficient mitochondrial transport is of critical importance to the cell. The unusual catalytic
mechanisms the GTPase domains that the Miro proteins appear to employ, along with the observed
substrate promiscuities of the CT-GTPase domains, may have evolved to provide an effective molecular
basis for this transport.
3. Materials and Methods
3.1. Cloning of Miro1 and Miro2 Mutants
pRK5-Myc mammalian expression vectors encoding full-length wild type versions of hMiro1
and 2 were kindly donated by the Pontus Aspenström Group at the Karolinska Institutet, Sweden [6].
These vectors were used to sub-clone hMiro1 and hMiro2 (N-terminal GTPase; C-terminal GTPase and
EF-CT-GTPase constructs) separately into the bacterial expression vector pET-28a, which contains an
N-terminal hexahistidine tag between NdeI/XhoI restriction sites.
PCR fragments were integrated into the vector through ligation using T4 DNA Ligase (NEB) before
transformation into chemically competent TOP10 E. coli, that were selectively grown on 50 µg/mL
kanamycin containing LB-Agar plates. The primers used for cloning in to the bacterial expression
hosts are given in Table 1. Plasmid DNA from one clone per construct was confirmed by sequencing
using the T7 promoter and T7 terminator sequencing primers, yielding the expected sequence.
Table 1. Primers used to create Miro1 and Miro2 constructs. Numbers in brackets denote residue numbers.
Clone

Forward Primers
50 -TGCCATAGCATATGAAGAAAGACGT

Reverse Primers
50 -TGCCATAGCTCGAGTCAAGGATGAA

Miro1 NT-GTPase
(K3-P169)

GCGGAT-30

Miro1 CT-GTPase
(Q415-P580)

50 -TGCCATAGCATATGCAAAGAAATGTGTT 50 -TGCCATAGCTCGAGTCACGGATACAT
CAGATGTAATG-30
GGCCATTGTT-30

GAACAGCTTTCTGTG-30

50 -TGCCATAGCATATGGAGGAGAAGGA
GATGAAACCA-30

50 -TGCCATAGCTCGAGTCAAGCTCTTG
GGGTCAGCTTGT-30

Miro1 NT-GTPase
(R3-P169)

50 -TGCCATAGCATATGCGGGACGTGCGCA
TCCTGTTA-30

50 -TGCCATAGCTCGAGTCATGGGATGCA
GGACGGCCTT-30

Miro1 CT-GTPase
(Q413-F589)

50 -TGCCATAGCATATGCAGCGGAGCGTCC
TCCTGT-30

50 -TGCCATAGCTCGAGTCAGAAGGAAGA
GGGATGCAGCTCT-30

50 -TGCCATAGCATATGGAGGCCAAGCA
GTTGAGG-30

50 -TGCCATAGCTCGAGTCAGGGATGCA
GCTCTGCGTG-30

Miro1 EF-CT-GTPase
(E177-R590)

Miro2 EF-CT-GTPase
(E177-P586)

3.2. Expression and Purification of Miro Constructs
E. coli C41 cells freshly transformed with either the Miro N-terminal/C-terminal GTPase domains
or the EF-CT-GTPase construct were used for starter cultures that was then used to inoculate large
2-6 litre cultures. Miro protein overexpression was induced using 1 mM IPTG at 18 ◦ C for the N- and
C-terminal GTPase constructs and 0.1 mM IPTG for the longer EF-CT-GTPase constructs overnight.
Cells were lysed and cell-free supernatant obtained by centrifugation of the solution at 18000× g, 4 ◦ C
for 1 h. The soluble fraction was then passed through a Ni-NTA column attached to an ÄKTA Prime
fast protein liquid chromatography (FPLC) system. The separation was achieved by subjecting the
sample to a gradient of imidazole from 50–500 mM in a buffer containing 50 mM HEPES, 500 mM
NaCl, 5% glycerol. Fractions containing the proteins of interest were identified by SDS-PAGE analysis,
and were pooled and concentrated using Amicon 10 kDa cutoff filters. Proteins were then loaded on to
a 16/60 S200 gel filtration column equilibrated in a running buffer containing 25 mM HEPES, 300 mM
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NaCl, 2% glycerol, 5 mM DTT. The purified recombinant human Miro proteins were then used for
further characterisation.
3.3. PiColourLock™ Assessment of Phosphate Generation
PiColourLock™ Gold, a modified form of the standard malachite green assay kit (Innova
Biosciences, Cambridge, UK) was utilised as a means of verifying the hydrolytic capacity of target
enzymes. A standard curve for phosphate concentration with this kit was generated based on the
manufacturer’s instructions. This standard curve was used to assess phosphate generation by target
enzymes when assays were performed according to the standard operating procedure supplied by the
manufacturer. A typical reaction mixture comprised the following: the enzyme of choice, GTP and
one of more cations (2 mM each of MgCl2 , CaCl2 or both cations) and assay buffer (25 mM HEPES
pH7.4, 300 mM NaCl, 2% glycerol and 5 mM DTT). After 30 minutes, the reaction was stopped by
addition of the “PiColourLock™ Gold Mix”. This plate was shaken gently and incubated for 5 minutes
at room temperature prior to addition of the PiColourLock™ stabiliser compound. After 15 minutes,
the absorbance of each well was read at 635 nm on a FLUOStar Omega plate reader. Absorbance
values were generated by subtracting blank absorbance obtained from test reaction mix containing all
components but Miro enzyme from each raw value. Every experiment variant was repeated 3–5 times
to determine average release of phosphate from the nucleotides at 25 degrees., and mean values used
to generate bar charts, with standard error of the mean calculated for each experiment.
3.4. Structural Modelling and Analysis
Miro1 and 2 N-terminal domain models were produced through input of the amino acid sequence
of residues 7–169 of Miro1 and residues 3–169 of Miro2 into the Phyre2 webserver [51], followed by
structural analysis using the CCP4MG software package [56]. Both models used the structure of the
GTP-bound form of RhoA from a fusion protein (PDB: 5C2K) as a template. NTP docking models were
generated using the SwissDock webserver [40,41] with the Miro2 CT-GTPase:GDP complex (5KUT
chain A) as the target and either ADP, UDP or CDP as the ligand. To ensure models would be clustered
around the active site, the search area was constrained to a 10 Å3 box centred on the 30 hydroxyl group
of the bound GDP. Models were initially analysed in UCSD Chimera [57] were compared with the
GDP bound Miro2 CT-GTPase structure (5KUT, chain A). Models that had similar phosphate and
ribose positions to GDP and had predicted hydrogen bonds with the G4 and G5 loop residues of the
protein were swapped with GDP in the .pdb file and opened in the CCP4MG software package [56] for
generating figures. Sequence alignments were produced using the Clustal Omega [58] and ESPript
3.0 [59] webservers.
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/12/
3839/s1.
Author Contributions: M.S., D.T.P and L.K. designed the study, performed the experiments, analysed the results
and wrote the manuscript. J.H.L. and J.E. analysed and discussed the results, and revised the manuscript. All
authors reviewed the manuscript.
Funding: This research was funded by Higher Education Funding Council for England (grant No: 116184).
Acknowledgments: We thank Higher Education Funding Council for England (grant No: 116184) for supporting
LK PhD studentship and Northumbria University for the publication cost of this manuscript.
Conflicts of Interest: The authors declare that they have no competing interests.

References
1.
2.

Attwell, D.; Laughlin, S.B. An energy budget for signaling in the grey matter of the brain. J. Cereb. Blood
Flow. Metab. 2001, 21, 1133–1145. [CrossRef] [PubMed]
Nicholls, D.G.; Budd, S.L. Mitochondria and neuronal survival. Physiol. Rev. 2000, 80, 315–360. [CrossRef]
[PubMed]

Int. J. Mol. Sci. 2018, 19, 3839

3.

4.
5.
6.
7.
8.
9.

10.

11.
12.

13.
14.

15.

16.

17.
18.
19.

20.
21.
22.
23.
24.

15 of 17

Emptage, N.J.; Reid, C.A.; Fine, A. Calcium Stores in Hippocampal Synaptic Boutons Mediate Short-Term
Plasticity, Store-Operated Ca2+ Entry, and Spontaneous Transmitter Release. Neuron 2001, 29, 197–208.
[CrossRef]
Mattson, M.P.; Gleichmann, M.; Cheng, A. Mitochondria in neuroplasticity and neurological disorders.
Neuron 2008, 60, 748–766. [CrossRef] [PubMed]
Mochida, S.; Few, A.P.; Scheuer, T.; Catterall, W.A. Regulation of Presynaptic CaV2.1 Channels by Ca2+
Sensor Proteins Mediates Short-Term Synaptic Plasticity. Neuron 2008, 57, 210–216. [CrossRef] [PubMed]
Fransson, Å.; Ruusala, A.; Aspenström, P. Atypical Rho GTPases have roles in mitochondrial homeostasis
and apoptosis. J. Biol. Chem. 2003, 278, 6495–6502. [CrossRef] [PubMed]
Fransson, Å.; Ruusala, A.; Aspenström, P. The atypical Rho GTPases Miro-1 and Miro-2 have essential roles
in mitochondrial trafficking. Biochem. Biophys. Res. Commun. 2006, 344, 500–510. [CrossRef]
Boureux, A.; Vignal, E.; Faure, S.; Fort, P. Evolution of the Rho family of ras-like GTPases in eukaryotes.
Mol. Biol. Evol. 2007, 24, 203–216. [CrossRef]
López-Doménech, G.; Covill-Cooke, C.; Ivankovic, D.; Halff, E.F.; Sheehan, D.F.; Norkett, R.; Birsa, N.;
Kittler, J.T. Miro proteins coordinate microtubule- and actin-dependent mitochondrial transport and
distribution. EMBO J. 2018. [CrossRef]
MacAskill, A.F.; Brickley, K.; Stephenson, F.A.; Kittler, J.T. GTPase dependent recruitment of Grif-1 by
Miro1 regulates mitochondrial trafficking in hippocampal neurons. Mol. Cell. Neurosci. 2009, 40, 301–312.
[CrossRef]
Schwarz, T.L. Mitochondrial trafficking in neurons. Cold Spring Harb. Perspect. Biol. 2013, 5. [CrossRef]
[PubMed]
Guo, X.; Macleod, G.T.; Wellington, A.; Hu, F.; Panchumarthi, S.; Schoenfield, M.; Marin, L.; Charlton, M.P.;
Atwood, H.L.; Zinsmaier, K.E. The GTPase dMiro is required for axonal transport of mitochondria to
Drosophila synapses. Neuron 2005, 47, 379–393. [CrossRef] [PubMed]
Reis, K.; Fransson, A.; Aspenstrom, P. The Miro GTPases: At the heart of the mitochondrial transport
machinery. FEBS Lett. 2009, 583, 1391–1398. [CrossRef] [PubMed]
Tada, H.; Taira, Y.; Morichika, K.; Kinoshita, T. Mitochondrial trafficking through Rhot1 is involved in the
aggregation of germinal granule components during primordial germ cell formation in Xenopus embryos.
Dev. Growth Differ. 2016, 58, 641–650. [CrossRef] [PubMed]
Birsa, N.; Norkett, R.; Wauer, T.; Mevissen, T.E.; Wu, H.-C.; Foltynie, T.; Bhatia, K.; Hirst, W.D.; Komander, D.;
Plun-Favreau, H. Lysine 27 ubiquitination of the mitochondrial transport protein Miro is dependent on
serine 65 of the Parkin ubiquitin ligase. J. Biol. Chem. 2014, 289, 14569–14582. [CrossRef] [PubMed]
Shlevkov, E.; Kramer, T.; Schapansky, J.; LaVoie, M.J.; Schwarz, T.L. Miro phosphorylation sites regulate
Parkin recruitment and mitochondrial motility. Proc. Natl. Acad. Sci. 2016, 113, E6097–E6106. [CrossRef]
[PubMed]
Beal, M.F. Mitochondria and neurodegeneration. Novartis Found. Symp. 2007, 287, 183–192.
Itoh, K.; Nakamura, K.; Iijima, M.; Sesaki, H. Mitochondrial dynamics in neurodegeneration. Trends Cell. Biol.
2013, 23, 64–71. [CrossRef]
Babic, M.; Russo, G.J.; Wellington, A.J.; Sangston, R.M.; Gonzalez, M.; Zinsmaier, K.E. Miro’s N-Terminal
GTPase Domain Is Required for Transport of Mitochondria into Axons and Dendrites. J. Neurosci. 2015,
35, 5754–5771. [CrossRef]
Cai, Q.; Sheng, Z.-H. Mitochondrial Transport and Docking in Axons. Exp. Neurol. 2009, 218, 257–267.
[CrossRef]
Kornmann, B.; Osman, C.; Walter, P. The conserved GTPase Gem1 regulates endoplasmic reticulummitochondria connections. Proc. Natl. Acad. Sci. USA 2011, 108, 14151–14156. [CrossRef] [PubMed]
Hall, B.E.; Bar-Sagi, D.; Nassar, N. The structural basis for the transition from Ras-GTP to Ras-GDP. Proc. Natl.
Acad. Sci. USA 2002, 99, 12138–12142. [CrossRef] [PubMed]
Díaz, J.F.; Escalona, M.M.; Kuppens, S.; Engelborghs, Y. Role of the switch II region in the conformational
transition of activation of Ha-ras-p21. Protein Sci. 2000, 9, 361–368. [CrossRef] [PubMed]
Caruso, M.E.; Jenna, S.; Beaulne, S.; Lee, E.H.; Bergeron, A.; Chauve, C.; Roby, P.; Rual, J.F.; Hill, D.E.;
Vidal, M.; et al. Biochemical clustering of monomeric GTPases of the Ras superfamily. Mol. Cell. Proteomics
2005, 4, 936–944. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2018, 19, 3839

25.
26.
27.

28.
29.
30.
31.

32.

33.
34.
35.

36.
37.
38.
39.

40.
41.
42.
43.
44.
45.

46.

47.

16 of 17

Bourne, H.R.; Sanders, D.A.; McCormick, F. The GTPase superfamily: Conserved structure and molecular
mechanism. Nature 1991, 349, 117–127. [CrossRef] [PubMed]
Babich, A.; Burkhardt, J.K. Coordinate control of cytoskeletal remodeling and calcium mobilization during
T-cell activation. Immunol. Rev. 2013, 256, 80–94. [CrossRef] [PubMed]
Vlahou, G.; Elias, M.; von Kleist-Retzow, J.C.; Wiesner, R.J.; Rivero, F. The Ras related GTPase Miro is
not required for mitochondrial transport in Dictyostelium discoideum. Eur. J. Cell Biol. 2011, 90, 342–355.
[CrossRef]
Walker, S.J.; Brown, H.A. Specificity of Rho insert-mediated activation of phospholipase D1. J. Biol. Chem.
2002, 277, 26260–26267. [CrossRef]
Bustelo, X.R.; Sauzeau, V.; Berenjeno, I.M. GTP-binding proteins of the Rho/Rac family: Regulation, effectors
and functions in vivo. BioEssays 2007, 29, 356–370. [CrossRef]
Zheng, Y.; Quilliam, L.A. Activation of the Ras superfamily of small GTPases: Workshop on Exchange
Factors. EMBO Rep. 2003, 4, 463–468. [CrossRef]
Klosowiak, J.L.; Focia, P.J.; Chakravarthy, S.; Landahl, E.C.; Freymann, D.M.; Rice, S.E. Structural coupling
of the EF hand and C-terminal GTPase domains in the mitochondrial protein Miro. EMBO Rep. 2013,
14, 968–974. [CrossRef] [PubMed]
Klosowiak, J.L.; Park, S.; Smith, K.P.; French, M.E.; Focia, P.J.; Freymann, D.M.; Rice, S.E. Structural insights
into Parkin substrate lysine targeting from minimal Miro substrates. Sci. Rep. 2016, 6, 33019. [CrossRef]
[PubMed]
Patel, G.; MacDonald, M.J.; Khosravi-Far, R.; Hisaka, M.M.; Der, C.J. Alternate mechanisms of ras activation
are complementary and favor and formation of ras-GTP. Oncogene 1992, 7, 283–288. [PubMed]
Zhong, J.M.; Chen-Hwang, M.C.; Hwang, Y.W. Switching nucleotide specificity of Ha-Ras p21 by a single
amino acid substitution at aspartate 119. J. Biol. Chem. 1995, 270, 10002–10007. [CrossRef] [PubMed]
Carr-Schmid, A.; Durko, N.; Cavallius, J.; Merrick, W.C.; Kinzy, T.G. Mutations in a GTP-binding motif
of eukaryotic elongation factor 1A reduce both translational fidelity and the requirement for nucleotide
exchange. J. Biol. Chem. 1999, 274, 30297–30302. [CrossRef] [PubMed]
Jones, S.; Litt, R.J.; Richardson, C.J.; Segev, N. Requirement of nucleotide exchange factor for Ypt1 GTPase
mediated protein transport. J. Cell Biol. 1995, 130, 1051–1061. [CrossRef] [PubMed]
Bartels, C.; Urlaub, H.; Luhrmann, R.; Fabrizio, P. Mutagenesis suggests several roles of Snu114p in
pre-mRNA splicing. J. Biol. Chem. 2003, 278, 28324–28334. [CrossRef]
Guilfoyle, A.; Maher, M.J.; Rapp, M.; Clarke, R.; Harrop, S.; Jormakka, M. Structural basis of GDP release
and gating in G protein coupled Fe(2+) transport. EMBO J. 2009, 28, 2677–2685. [CrossRef]
Guilfoyle, A.P.; Deshpande, C.N.; Schenk, G.; Maher, M.J.; Jormakka, M. Exploring the correlation between
the sequence composition of the nucleotide binding G5 loop of the FeoB GTPase domain (NFeoB) and
intrinsic rate of GDP release. Biosci. Rep. 2014, 34, e00158. [CrossRef]
Grosdidier, A.; Zoete, V.; Michielin, O. Fast docking using the CHARMM force field with EADock DSS.
J. Comput. Chem. 2011, 32, 2149–2159. [CrossRef]
Grosdidier, A.; Zoete, V.; Michielin, O. SwissDock, a protein-small molecule docking web service based on
EADock DSS. Nucleic Acids Res. 2011, 39, W270–W277. [CrossRef] [PubMed]
Traut, T.W. Physiological concentrations of purines and pyrimidines. Mol. Cell. Biochem. 1994, 140, 1–22.
[CrossRef] [PubMed]
Bros, H.; Hauser, A.; Paul, F.; Niesner, R.; Infante-Duarte, C. Assessing Mitochondrial Movement Within
Neurons: Manual Versus Automated Tracking Methods. Traffic 2015, 16, 906–917. [CrossRef] [PubMed]
Niescier, R.F.; Kwak, S.K.; Joo, S.H.; Chang, K.T.; Min, K.-T. Dynamics of Mitochondrial Transport in Axons.
Front. Cell. Neurosci. 2016, 10, 123. [CrossRef] [PubMed]
Fidyk, N.J.; Cerione, R.A. Understanding the catalytic mechanism of GTPase-activating proteins:
Demonstration of the importance of switch domain stabilization in the stimulation of GTP hydrolysis.
Biochemistry 2002, 41, 15644–15653. [CrossRef] [PubMed]
Spoerner, M.; Herrmann, C.; Vetter, I.R.; Kalbitzer, H.R.; Wittinghofer, A. Dynamic properties of the Ras
switch I region and its importance for binding to effectors. Proc. Natl. Acad. USA 2001, 98, 4944–4949.
[CrossRef] [PubMed]
Buhrman, G.; Holzapfel, G.; Fetics, S.; Mattos, C. Allosteric modulation of Ras positions Q61 for a direct role
in catalysis. Proc. Natl. Acad. Sci. 2010, 107, 4931. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2018, 19, 3839

48.
49.
50.
51.
52.

53.
54.

55.
56.
57.

58.
59.

17 of 17

Bos, J.L.; Rehmann, H.; Wittinghofer, A. GEFs and GAPs: Critical Elements in the Control of Small G Proteins.
Cell 2007, 129, 865–877. [CrossRef]
Kötting, C.; Kallenbach, A.; Suveyzdis, Y.; Wittinghofer, A.; Gerwert, K. The GAP arginine finger movement
into the catalytic site of Ras increases the activation entropy. Proc. Natl. Acad. Sci. 2008, 105, 6260. [CrossRef]
Buhrman, G.; Wink, G.; Mattos, C. Transformation efficiency of Q61 Ras mutants linked to structural features
of the switch regions. Structure 2007, 15, 1618–1629. [CrossRef]
Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J.E. The Phyre2 web portal for protein
modeling, prediction and analysis. Nat. Protoc. 2015, 10, 845. [CrossRef] [PubMed]
Bunda, S.; Heir, P.; Srikumar, T.; Cook, J.D.; Burrell, K.; Kano, Y.; Lee, J.E.; Zadeh, G.; Raught, B.; Ohh, M.
Src promotes GTPase activity of Ras via tyrosine 32 phosphorylation. Proc. Natl. Acad. Sci. 2014,
111, E3785–E3794. [CrossRef] [PubMed]
Fetics, S.K.; Guterres, H.; Kearney, B.M.; Buhrman, G.; Ma, B.; Nussinov, R.; Mattos, C. Allosteric effects of
the oncogenic RasQ61L mutant on Raf-RBD. Structure 2015, 23, 505–516. [CrossRef] [PubMed]
Muraoka, S.; Shima, F.; Araki, M.; Inoue, T.; Yoshimoto, A.; Ijiri, Y.; Seki, N.; Tamura, A.; Kumasaka, T.;
Yamamoto, M.; et al. Crystal structures of the state 1 conformations of the GTP-bound H-Ras protein and its
oncogenic G12V and Q61L mutants. FEBS Lett. 2012, 586, 1715–1718. [CrossRef] [PubMed]
Daumke, O.; Weyand, M.; Chakrabarti, P.P.; Vetter, I.R.; Wittinghofer, A. The GTPase-activating protein
Rap1GAP uses a catalytic asparagine. Nature 2004, 429, 197. [CrossRef] [PubMed]
McNicholas, S.; Potterton, E.; Wilson, K.S.; Noble, M.E.M. Presenting your structures: The CCP4mg
molecular-graphics software. Acta Crystallogr. D 2011, 67, 386–394. [CrossRef] [PubMed]
Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF
Chimera—A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612.
[CrossRef]
McWilliam, H.; Li, W.; Uludag, M.; Squizzato, S.; Park, Y.M.; Buso, N.; Cowley, A.P.; Lopez, R. Analysis Tool
Web Services from the EMBL-EBI. Nucleic Acids Res. 2013, 41, W597–W600. [CrossRef]
Robert, X.; Gouet, P. Deciphering key features in protein structures with the new ENDscript server.
Nucleic Acids Res. 2014, 42, W320–W324. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

