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MIRO (mitochondrial Rho GTPase) consists of two GTPase
domains flanking two Ca2+-binding EF-hand domains. A C-
terminal transmembrane helix anchors MIRO to the outer
mitochondrial membrane, where it functions as a general
adaptor for the recruitment of cytoskeletal proteins that con-
trol mitochondrial dynamics. One protein recruited by MIRO
is TRAK (trafficking kinesin-binding protein), which in turn
recruits the microtubule-based motors kinesin-1 and dynein-
dynactin. The mechanism by which MIRO interacts with
TRAK is not well understood. Here, we map and quantitatively
characterize the interaction of human MIRO1 and TRAK1 and
test its potential regulation by Ca2+ and/or GTP binding.
TRAK1 binds MIRO1 with low micromolar affinity. The
interaction was mapped to a fragment comprising MIRO1’s EF-
hands and C-terminal GTPase domain and to a conserved
sequence motif within TRAK1 residues 394 to 431, immedi-
ately C-terminal to the Spindly motif. This sequence is suffi-
cient for MIRO1 binding in vitro and is necessary for MIRO1-
dependent localization of TRAK1 to mitochondria in cells.
MIRO1’s EF-hands bind Ca2+ with dissociation constants (KD)
of 3.9 μM and 300 nM. This suggests that under cellular con-
ditions one EF-hand may be constitutively bound to Ca2+

whereas the other EF-hand binds Ca2+ in a regulated manner,
depending on its local concentration. Yet, the MIRO1-TRAK1
interaction is independent of Ca2+ binding to the EF-hands and
of the nucleotide state (GDP or GTP) of the C-terminal
GTPase. The interaction is also independent of TRAK1
dimerization, such that a TRAK1 dimer can be expected to
bind two MIRO1 molecules on the mitochondrial surface.

Mitochondrial Rho GTPase (MIRO, isoforms 1 and 2; 60%
sequence identity) acts as a general Ca2+- and GTP-regulated
adaptor on the outer mitochondrial membrane. MIRO is
implicated in mitochondrial transport, morphogenesis, inher-
itance, homoeostasis, degradation, and contacts with the
endoplasmic reticulum (1–8). MIRO consists of N- and C-
terminal GTPase domains (nGTPase, residues 1–168 and
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cGTPase, residues 416–579; numbering is for human MIRO1)
that surround two pairs of EF-hands. Each EF-hand pair
consists of a canonical Ca2+-binding EF-hand and a “hidden”
EF-hand that does not bind Ca2+ (9), and hosts in its hydro-
phobic pocket a ligand-mimic helix (10). Together, an EF-hand
pair with its bound ligand-mimic helix is referred to as the
ELM domain (ELM1, residues 183–274; ELM2, residues
303–384) (10) (Fig. 1A). Additionally, MIRO has a C-terminal
transmembrane helix (residues 590–618) that inserts into the
outer mitochondrial membrane, where MIRO is predomi-
nantly localized (1).

One of the proteins MIRO recruits to mitochondria is
trafficking kinesin protein (TRAK, isoforms 1 and 2; 49%
sequence identity), which in turn recruits the microtubule-
based motors kinesin-1 and dynein-dynactin (11). Sequence
identity among TRAK isoforms is somewhat higher (53%) for
the N-terminal �400-amino acid region, which harbors the
dynein-dynactin and kinesin-1-binding sites (12–18). TRAK
belongs to a family of activating adaptors that, while generally
unrelated, share long regions of coiled-coil and are capable of
recruiting and activating dynein and dynactin for long-range
processive motility (19, 20). By analogy with known cryo-EM
structures of other activating adaptors in complex with
dynein and dynactin (21, 22), the region of TRAK involved in
binding dynein-dynactin consists of amino acids 118 to 392
(numbering is for human TRAK1). This region is predicted to
form a long coiled-coil along the F-actin-like dynactin mini-
filament, which forms the core of the dynactin complex, and
includes the CC1-box (residues 125–139) and Spindly (resi-
dues 373–379) motifs at its N- and C-terminal ends, respec-
tively. The CC1-box interacts with the dynein light
intermediate chain, and this interaction is important for
processive dynein motility (23–26). While the binding site of
kinesin-1 has not been precisely mapped, several studies
converge on a fragment comprising TRAK residues 1 to 360
(12–15, 17, 18). Thus, the binding sites of kinesin-1 and
dynein-dynactin may overlap. Yet, both motors have been
localized to a single TRAK adaptor, which suggests the exis-
tence of regulatory mechanisms that avoid a futile tug-of-war
between the two motors during the mitochondrial transport
toward the opposite ends of the microtubule (16, 17).
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Figure 1. MIRO1 binds TRAK1 through a fragment comprising the EF-hands and cGTPase. A, domain diagrams of MIRO1 and TRAK1 (nGTPase and
cGTPase, N- and C-terminal GTPase domains; ELM 1 and 2, EF-hand pair ligand mimic one and two; CC1 box, coiled-coil one box). Each ELM domain consists
of a Ca2+-binding EF-hand (red), a hidden EF-hand that does not bind Ca2+ (pink), and a ligand mimic helix (orange). By analogy with other dynein-dynactin
adaptors (21, 22), the dynein-dynactin-binding region of TRAK1 can be mapped to residues 118 to 392 (purple) and comprises the CC1 box (cyan) and the
Spindly motif (magenta). The binding sites of kinesin-1 and MIRO1 have been approximately mapped to residues 1 to 360 (12, 14, 16–18) and 360 to 532
(17), respectively. B–D, migration of MIRO11-591, MBP-MIRO11-180, MIRO1177-591 alone and together with TRAK199-532 in a 5 to 30% glycerol gradient. The
figures show representative SDS-PAGE analyses of the fractions 4 to 17 (9–20% glycerol) containing these proteins. Densitometric analysis of the gels is
shown at the bottom. For each fraction, the average TRAK1 signal (alone, green or with MIRO1 constructs, black) from N = 3 independent experiments
(Fig. S2) is reported as the percentage of the average signal for the TRAK1 fraction with the maximum intensity. MBP, maltose-binding protein; MIRO,
mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding protein.

Interaction between the adaptors MIRO and TRAK
Moreover, knockdown or inhibition of either motor impairs
mitochondrial motility in both microtubule directions, sug-
gesting functional interdependence of the two motor systems
(14, 27).

TRAK (11, 14, 28) and MIRO (29–33) are both essential for
mitochondrial motility and distribution in neurons. KO studies
in mice identify MIRO1, and not MIRO2, as the main isoform
associated with mitochondrial transport in axons and den-
drites (33). Similarly, TRAK1 appears to play a predominant
role compared to TRAK2 in mitochondrial motility in mature
neurons (11). Perhaps for this reason, most studies have
focused on isoforms MIRO1 and TRAK1. Yet, given a rela-
tively high sequence identity among the isoforms of each
protein, our underlying hypothesis is that they interact
through a conserved mechanism, which nevertheless remains
poorly understood due in part to conflicting evidence in the
literature.

Some studies have implicated MIRO’s nGTPase in the
interaction with TRAK, while specifically excluding the EF-
hands and cGTPase (2, 32, 34, 35). These studies, however,
disagree as to whether the nucleotide state of the nGTPase
(GTP or GDP) is important (32, 34, 35) or not (2) for this
interaction. On the other hand, elevated local Ca2+
2 J. Biol. Chem. (2023) 299(12) 105441
concentrations arrest mitochondrial trafficking in different cell
types (36–38), and this effect is suppressed by mutations in the
EF-hands of MIRO1 (4, 30, 39, 40). While these studies appear
to directly implicate the EF-hands in interactions with either
kinesin-1 or TRAK1 (4, 30, 39), another study suggests that the
effect of the EF-hand mutations is indirect, by reducing Ca2+

entry into mitochondria, which in turn acts as a signal to
control mitochondrial motility (40). A recent study finds that
MIRO1 and TRAK1/2 interact and comigrate in the absence
or the presence of Ca2+ (17). It is therefore unclear which
MIRO domain(s) bind TRAK and whether the interaction is
regulated by Ca2+ and/or nucleotide.

Here, we map and quantitatively characterize the interaction
of MIRO1 with TRAK1 and explore its potential regulation by
Ca2+ and the nucleotide state (GTP or GDP) of MIRO1.
MIRO1 binds TRAK1 through a fragment comprising the EF-
hands and cGTPase. The interaction is independent of Ca2+

binding to the EF-hands and is unaffected by the nucleotide
state of the cGTPase. On TRAK1, the interaction was mapped
to a conserved motif (residues 394–431) C terminal to the
Spindly motif. This sequence is necessary for MIRO1-
dependent localization of TRAK1 to mitochondria in cells.
The interaction is independent of TRAK1 dimerization, such



Interaction between the adaptors MIRO and TRAK
that a TRAK1 dimer can be expected to bind to two MIRO1
molecules on the mitochondrial membrane.
Results

MIRO1 binds TRAK1 through a fragment comprising the EF-
hands and cGTPase

Using pull-down experiments, a recent study found that
MIRO1 forms a quaternary complex with kinesin-1 (KIF5B),
dynein-dynactin, and a TRAK1 fragment comprising residues 1
to 532 (TRAK11-532), but not with a shorter fragment consisting
of residues 1 to 360 (TRAK11-360) (17). These results suggested
that a MIRO1-binding site is located within TRAK1 residues
360 to 532. Moreover, these authors found that the association
and comigration of MIRO1 with TRAK11-532, dynein-dynactin,
and KIF5B was independent of the nucleotide state or the
presence of Ca2+. Based on these results, we designed MIRO1
and TRAK1 constructs to specifically map their interaction
using glycerol gradient cosedimentation. Experiments were
initially performed in the presence of 1 mM CaCl2, 1 mM
MgCl2, 0.1 μM GTP. The longest TRAK1 construct analyzed
consisted of residues 99 to 532 (TRAK199-532), comprising the
previously identified MIRO1-binding region (17), but avoiding
the less conserved N-terminal sequence that precedes the
coiled-coil that binds dynein-dynactin (Figs. 1A and S1). Crystal
structures have been determined of human MIRO1’s nGTPase
(41) and a fragment comprising the EF-hands and cGTPase (42).
These structures and AlphaFold (43) suggest that the nGTPase
is detached from the EF-hands and cGTPase, with the latter two
being more tightly packed against one another. These consid-
erations informed the design of three MIRO1 constructs:
MIRO11-591, a near full-length construct lacking the C-terminal
transmembrane helix that reduces solubility; maltose-binding
protein (MBP)-MIRO11-180, corresponding to MIRO1’s
nGTPase and fused to MBP for enhanced purity and solubility;
and MIRO1177-591, comprising the EF-hands and cGTPase.

MIRO11-591 comigrated with TRAK199-532 in the glycerol
gradient, as indicated by a rightward (higher mass) shift of the
mainpeak ofTRAK199-532 when ran togetherwithMIRO11-591 as
compared to control (TRAK199-532 ran alone) (Figs. 1B and S2A).
The migration profile of TRAK199-532 did not change with or
without MBP-MIRO11-180 (Figs. 1C and S2B). This result sug-
gests a lack of interaction and disagreeswith previous reports that
mapped this interaction to the nGTPase using cellular pull-
downs and point mutations in the catalytic site of the nGTPase
(2, 32, 34, 35). In contrast, TRAK199-532 comigrated with
MIRO1177-591, suggesting that the TRAK1-binding site is con-
tained within the EF-hands and/or cGTPase (Figs. 1D and S2C).

In the sedimentation assays, MIRO11-591 and TRAK199-532
migrated over a broad range of glycerol concentrations, both
alone and together (Fig. 1, A–C), which suggests these proteins
are extended, assume multiple conformations, or form higher
molecular weight oligomers. Mass photometry was used to
explore the oligomerization state of the three MIRO1 con-
structs used above, which by SDS-PAGE migrate as single
bands (Fig. S3A). Of note, this method uses low protein con-
centrations (�20–150 nM), such that weakly interacting
species tend to dissociate. Moreover, mass measurement
become less accurate for proteins with molecular weights
<100 kDa (44). It is nevertheless a useful technique to study
large proteins and protein complexes or to assess sample ho-
mogeneity (45), which is our purpose here. With MIRO11-591,
we observed multiple species, and the distribution profile was
very similar in the presence of 100 μM CaCl2 or 1 mM EGTA,
which chelates Ca2+ (Fig. S3B). This result indicates that
MIRO11-591 tends to oligomerize and that Ca2+ binding to the
EF-hands is unlikely to produce a substantial conformational
change. MBP-MIRO11-180, which does not include the EF-
hands, was only analyzed in 1 mM EGTA and also showed
multiple species (Fig. S3C). Therefore, the nGTPase may be at
least in part responsible for MIRO1’s tendency to oligomerize,
consistent with structural studies showing that the nGTPase
forms dimers (41). In contrast, at this low concentration
(150 nM) MIRO1177-591 displayed a single peak, both in the
presence or the absence of Ca2+, suggesting a rather stable
conformation independent of Ca2+ binding (Fig. S3D). This
result is also consistent with crystal structures of this fragment
showing fundamentally the same conformation independent of
the bound cation or nucleotide (10, 42). MIRO1177-591 is thus
used in most experiments below, as it comprises the TRAK1-
binding site (Fig. 1D) and appears homogeneous (Fig. S3D).

With TRAK199-532, we observed two peaks (Fig. S3E), with
measured masses 66 ± 4.8 kDa and 91 ± 9 kDa (theoretical
mass of monomer: 53.5 kDa). While these mass measurements
are not accurate, this result suggests that by itself and at low
concentration (125 nM) the TRAK1 coiled-coil dimer is un-
stable, and the protein may exist in monomer-dimer equilib-
rium. The coiled-coil is likely stabilized in the complex with
dynein-dynactin, as observed in the cryo-EM structures of
other adaptors (21, 22).
TRAK1 binds MIRO1 through a conserved sequence C terminal
of the Spindly motif

Having identified the region of MIRO1 implicated in
TRAK1 binding, we set out to map the binding site on TRAK1.
As mentioned above, the MIRO1-binding site is expected to be
located within TRAK1 residues 360 to 532 (17), which is also
consistent with our cosedimentation analysis (Fig. 1, B and D).
We focused on this area and designed TRAK1 constructs
taking into consideration sequence conservation and coiled-
coil prediction (Fig. 2A), two factors which may be impor-
tant for the interaction with MIRO1. Because the coiled-coil
prediction drops around residue 352 (Fig. S1), the TRAK1
constructs analyzed here start with residue E342, within the
region of high coiled-coil probability. To further stabilize the
coiled-coil, a 30-amino acid GCN4 leucine-zipper (46) was
added N terminally to E342, ensuring that the heptad repeats
of the leucine-zipper and TRAK1 matched at the point of
fusion (Fig. S4).

The MIRO-TRAK interaction is likely conserved among
TRAK species and isoforms and should therefore involve a
region of high sequence conservation. Other than the Spindly
motif, three regions of high sequence conservation can be
J. Biol. Chem. (2023) 299(12) 105441 3



Figure 2. TRAK1 binds MIRO1 through a conserved sequence C-terminal of the Spindly motif. A, domain diagram (top), sequence conservation
(bottom, gray bars), and coiled-coil prediction (bottom, maroon trace) of construct GCN4-TRAK1342-431 (also Fig. S1). Per-residue conservation scores were
calculated with the program Scorecons (64) from an alignment of 183 vertebrate TRAK sequences, including 93 TRAK1 and 90 TRAK2 sequences. The coiled-
coil prediction used a 28-amino acid window. Three conserved regions (CR1, CR2, and CR3) identified C terminally to the Spindly motif are highlighted. B–D,
representative ITC titrations of MIRO1177-591 into the indicated TRAK1 constructs from N = 3 independent experiments (Table S1). Prior to each titration, the
proteins in the syringe (top) and in the cell (bottom) were codialyzed for 3 days in ITC buffer with 50 μM CaCl2. Listed with each titration are the con-
centrations of the protein in the syringe and in the cell and, for interacting proteins, the parameters of the fit (stoichiometry N and dissociation constant KD)
to a binding isotherm (red line). Errors correspond to the SD of the fits. Open symbols correspond to control titrations into buffer. ITC, isothermal titration
calorimetry; MIRO, mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding protein.

Interaction between the adaptors MIRO and TRAK
identified within TRAK1 residues 360 to 532 (Fig. 2A): CR1
(380–393), CR2 (399–431), and CR3 (480–532). Isothermal
titration calorimetry (ITC) was used to quantitatively test the
interaction of MIRO1177-591 with TRAK1 constructs lacking
either CR3 (GCN4-TRAK1342-431) or CR2 and CR3 (GCN4-
TRAK1342-393) (Fig. S5). Experiments were performed in
50 μM CaCl2, 1 mM MgCl2, 0.1 μM GTP (higher Ca2+ con-
centrations precipitated the GCN4 hybrid constructs).
MIRO1177-591 bound GCN4-TRAK1342-431 with KD = 7.04 μM
and stoichiometry N = 1.93 (Fig. 2B and Table S1) but did not
bind GCN4-TRAK1342-393 (Fig. 2C and Table S1). This finding
suggests the MIRO1 binding site lies within the 33-residue
CR2 region. MIRO1177-591 also bound the monomeric
construct MBP-TRAK1342-431, in which GCN4 was replaced
with MBP, with similar affinity (KD = 2.76 μM) as for GCN4-
4 J. Biol. Chem. (2023) 299(12) 105441
TRAK1342-431 but with stoichiometry N = 1.11 (Fig. 2D and
Table S1). This result suggests that a TRAK1 dimer can
potentially bind to two MIRO1 molecules on the mitochon-
drial surface.

In these ITC experiments, the control titrations of
MIRO1177-591 into buffer (open symbols) displayed a small
amount of dissociation heat (endothermic), which was sub-
tracted from the heats of binding to TRAK1 constructs
(exothermic). Dissociation is not observed when monomeric
TRAK1 constructs are injected into MIRO1177-591 (see below).

The MIRO1-TRAK1 interaction is independent of Ca2+ binding
to the EF-hand domains

Models diverge as to whether the MIRO-TRAK interaction
is regulated by Ca2+ binding to MIRO’s EF-hands (4) or not (2,
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17, 30). This question is addressed here using quantitative ITC
experiments and mutagenesis. The experiments described
above were performed in the presence of 50 μM CaCl2. The
titration of 800 μM CaCl2 into this protein did not reveal
additional Ca2+ binding (Table S1), demonstrating that the EF-
hands are saturated at 50 μM CaCl2. Lowering the CaCl2
concentration in the buffer 10-fold further produced the same
result (Fig. 3A), indicating that the KD for Ca2+ binding to both
EF-hands is below 5 μM. To fully remove the Ca2+ from the
EF-hands, MIRO1177-591 was dialyzed against 5 mM EGTA,
1 mM MgCl2, and 0.1 μM GTP. Most of the EGTA was then
removed in a stepwise manner, to a final concentration of
0.08 μM, to ensure that only a small amount of the Ca2+ was
chelated in subsequent experiments. The titration of 800 μM
CaCl2 into this protein revealed two Ca2+-binding sites, with
affinities differing by >10-fold (KD = 0.3 μM and 3.94 μM)
(Fig. 3C and Table S1). The intracellular concentration of free
A B

E

Figure 3. The MIRO1-TRAK1 interaction is independent of Ca2+ binding
Table S1) of 800 μM CaCl2 into MIRO1177-591. Prior to the titrations, MIRO1177-5
EGTA followed by stepwise removal of EGTA to a final concentration of 0.0
representative ITC titrations from N = 3 independent experiments (Table S1) of
ITC buffer with 5 mM EGTA. E and F, representative ITC titrations from N = 3
mutants E208A (E) and E328A (F). Proteins were dialyzed in ITC buffer with 5 mM
highlight the location of the mutated amino acid (cyan Cα) within the Ca2+-b
figure are the concentrations of the protein (or CaCl2) in the syringe and in the
KD) to a binding isotherm (red line). Errors correspond to the SD of the fits. Open
calorimetry; MBP, maltose-binding protein; MIRO, mitochondrial Rho GTPase;
Ca2+ fluctuates between 0.1 μM at rest and 10 μM during
activation (47, 48), suggesting that one of the Ca2+-binding
sites of MIRO1 may be constitutively occupied by Ca2+

whereas the other site could play a regulatory role, binding
Ca2+ only when its local concentration increases.

These experiments showed that in the presence of 5 mM
EGTA the EF-hands of MIRO1177-591 are free of Ca2+. Under
these conditions, MIRO1177-591 bound dimeric GCN4-
TRAK1342-431 (KD = 5.13 μM, N= 1.84) and monomeric
MBP-TRAK1342-431 (KD = 8.77 μM, N= 1.09) with similar af-
finities and stoichiometries as observed above in the presence
of Ca2+ (compare Fig. 2, B and C and 3, C and D). This result
provides direct evidence that the interaction of MIRO1 with
TRAK1 is independent of Ca2+ binding to MIRO1, which is
consistent with some of the previous findings (2, 17, 30).

The experiments described above were all performed in the
presence of 1 mM MgCl2. Therefore, it must be considered
C D

F

to the EF-hand domains. A and B, representative ITC titrations (see also
91 was dialyzed for 3 days in ITC buffer with either 5 μM CaCl2 (A) or 5 mM
8 μM (B). The titrated CaCl2 was dissolved in the dialysis buffer. C and D,
MIRO1177-591 into the indicated TRAK1 constructs. Proteins were dialyzed in
independent experiments (Table S1) of MBP-TRAK1342-431 into MIRO1177-591
EGTA. Ribbon diagrams (left, color coded as in Figure 1A, Ca2+ ions in green)

inding loop of each ELM domain (42). Shown with each ITC titration in this
cell and the parameters of the fit (stoichiometry N and dissociation constant
symbols correspond to control titrations into buffer. ITC, isothermal titration

TRAK, trafficking kinesin-binding protein.

J. Biol. Chem. (2023) 299(12) 105441 5
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whether Mg2+ occupies the EF-hands of MIRO1 under these
conditions, as previously observed in crystal structures (10,
42). The binding of Mg2+ to MIRO1’s EF-hands likely has
physiological importance, since the free concentration of Mg2+

in cells ranges from 0.5 to 1.0 mM (49). Therefore, at resting
free Ca2+ concentrations, Mg2+ may saturate most EF-hands,
including those of MIRO1, which has led to the proposal
that the Ca2+-dependent activation of EF-hand proteins must
take into account the displacement of Mg2+ (and other diva-
lent cations) from EF-hands (50, 51). Because Mg2+ co-
ordinates the nucleotide in the catalytic site of the cGTPase,
MgCl2 cannot be removed in experiments with MIRO1177-591,
which precipitates in its absence. Therefore, to specifically
disrupt the binding of cations to the EF-hands, the bidentate
cation-coordinating residues E208 and E328 were indepen-
dently mutated to alanine within the first or second Ca2+-
binding EF-hands, respectively (Fig. 3, E and F, left). These
mutants bound monomeric MBP-TRAK1342-431 with similar
affinity and stoichiometry as observed above in the presence or
the absence of Ca2+, indicating that the MIRO1-TRAK1
interaction is independent of cation binding to the EF-hands
(Fig. 3, E and F, right).

Note that the order of the titrations has been deliberately
inverted among the various experiments described in this work
(i.e., MIRO1 and TRAK1 constructs are found sometimes in
the syringe and sometimes in the cell) and each ITC experi-
ment was repeated multiple times with similar results
(Table S1). Of note, the slight endothermic heats of dissocia-
tion observed in control titrations into buffer when MIRO1177-
591 is in the syringe (i.e., Figs. 2D and 3D, open symbols) are
not observed when MBP-TRAK1342-431 is in the syringe (Fig. 3,
E and F, open symbols).
The MIRO1-TRAK1 interaction is independent of the nucleotide
state of the cGTPase

Both GTPase domains of yeast MIRO (Gem1) (52) and the
nGTPase of Drosophila MIRO (53) have been shown to be
catalytically active, but whether mammalian MIRO hydrolyzes
GTP is controversial. While biochemical studies suggest that
mammalian MIRO hydrolyses GTP (54, 55), key catalytic
residues present in Ras-family GTPases are missing in the
GTPase domains of MIRO (55). Moreover, a crystal structure
of the nGTPase of MIRO1 reveals a lack of nucleotide hy-
drolysis in the crystals and a noncatalytic configuration of the
GTP-binding site (41). Therefore, it is unclear whether the
nucleotide state of MIRO1, and particularly that of the
cGTPase, plays a role in target recognition. To determine the
nucleotide state of MIRO1177-591 and its potential role in
TRAK1 binding we used reverse-phase analytical HPLC and
ITC.

First, the nucleotide state of E. coli-expressed MIRO1177-591
was determined using as a reference analytical-grade com-
mercial GDP and GTP. By reverse-phase analytical HPLC, the
commercial GDP sample contains 90.5% GDP and 9.5% GTP
whereas the commercial GTP sample contains 6.5% GDP and
93.5% GTP (Fig. 4A). Using the HPLC elution profile of these
6 J. Biol. Chem. (2023) 299(12) 105441
two samples as reference, E. coli-expressed MIRO1177-591 was
found to contain 37.0% GDP and 63.0% GTP. To exchange the
nucleotide on MIRO1177-591, a 35-M excess of commercial
nucleotide (GDP or GTP) was added and incubated for 1 hour
on ice, followed by 3-days dialysis into a buffer with no extra
nucleotide added. After dialysis and passage through a PD10
column (see Experimental procedures), the sample pre-
incubated with GDP had 66.3% GDP and 33.7% GTP (Fig. 4B),
whereas the sample preincubated with GTP had 4.8% GDP and
95.2% GTP (Fig. 4C). The inefficient incorporation of GDP
contrasts with the nearly complete incorporation of GTP and
suggests that the cGTPase has a marked preference for GTP,
analogous to other Ras-family GTPases (56). Moreover,
because the cellular concentration of GTP is �10-fold higher
than that of GDP (57), purified MIRO1177-591 could have been
expected to be mostly GTP bound. That purified MIRO1177-591
had 37% GDP bound suggests that GTP was being slowly
hydrolyzed during purification, as suggested by studies that
show that the MIRO1 GTPases are catalytically active (54, 55).
MBP-TRAK1342-431 bound the MIRO1177-591 samples pre-
incubated with GDP or GTP with similar affinities and stoi-
chiometries (Fig. 4, D and E), which were also similar to those
observed in other experiments performed here (Figs. 2D and 3,
D–F). From these results, we conclude that the interaction
with TRAK1 is independent of the nucleotide state of the
cGTPase, consistent with studies showing that mutations of
the cGTPase have little effect on mitochondrial trafficking and
TRAK recruitment to mitochondria (2, 35).

MIRO1177-591 contains both the EF hands and cGTPase. We
asked whether the TRAK1-binding site was fully contained
within one of these domains or whether the two domains
contributed together toward the interaction. Therefore, con-
structs MBP-MIRO1177-404 (EF hands) and MBP-MIRO1410-
591 (cGTPase) were expressed to test binding to TRAK1 by
ITC. However, while MBP-MIRO1410-591 was well-behaved,
MBP-MIRO1177-404 could not be used as it was poorly
expressed and prone to aggregation. By ITC, MBP-MIRO1410-
591 did not bind MBP-TRAK1342-431 (Fig. 4F). This result
shows that the presence of the EF-hands is required for
TRAK1 binding, but we cannot rule out participation of the
cGTPase in the interaction via a combined interface with the
EF-hands.
A conserved motif in TRAK1 mediates the interaction with
MIRO1 in vitro and in cells

The interaction with MIRO1 was mapped above to CR2 of
TRAK1 (Fig. 2). Using site directed mutagenesis, we tested the
role of conserved residues within CR2 in the interaction.
Among 183 TRAK sequences from different species and iso-
forms, two segments of high sequence conservation are
observed toward the N- and C-terminal ends of CR2:
399QKRVFETV406 and 425IPGSN429 (Fig. 5A). Two MBP-
TRAK1342-431 mutants, 400KR401 to AA and 425IPG427 to AAA,
were made to test the role of these conserved segments in the
interaction with MIRO1177-591. Because the interaction is in-
dependent of Ca2+ (Fig. 3), experiments were performed in the
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Figure 4. The MIRO1-TRAK1 interaction is independent of the nucleotide state of the cGTPase. A, HPLC analysis of analytical-grade commercial GDP
(pink) and GTP (green) standards (top) and quantifications (bottom). The normalized maximum absorbance at 256 nm (y-axis) is plotted as a function of the
retention time. B and C, HPLC analysis of E. coli-expressed MIRO1177-591 before (black trace) and after addition of 35-M excess of commercial nucleotide
(GDP, pink trace; GTP, green trace) followed by 3-days dialysis into ITC buffer with 5 mM EGTA and no extra nucleotide added (bottom). Quantifications based
on absorbance at 256 nm are shown above each graph and in part A (top). D–F, representative ITC titrations from N = 3 independent experiments (Table S1)
of MBP-TRAK1342-431 into the nucleotide-exchanged MIRO1177-591 samples (GDP, part B and D; GTP, part C and E) or MIRO1410-591 (same buffer as in part C).
Listed with each titration are the concentrations of the protein in the syringe and in the cell and the parameters of the fit (stoichiometry N and dissociation
constant KD) to a binding isotherm (red line). Errors correspond to the SD of the fits. Open symbols correspond to control titrations into buffer. ITC, isothermal
titration calorimetry; MBP, maltose-binding protein; MIRO, mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding protein.

Interaction between the adaptors MIRO and TRAK
presence of 5 mM EGTA, which we have found favors
MIRO1177-591 solubility. Binding of MIRO1177-591 to MBP-
TRAK1342-431 was unaffected by the 400KR401 to AA mutation,
independent of which protein was in the syringe and the cell
(Fig. 5, B and C). In contrast, the 425IPG427 to AAA mutation
eliminated binding of MIRO1177-591 to MBP-TRAK1342-431
(Fig. 5D), and the same result was obtained when the titration
was inverted (Fig. 5E).

Based on these results, we made a shorter TRAK1 peptide
narrowly encompassing CR2 (TRAK1394-434) (Fig. 6A).
TRAK1394-434 bound MIRO1177-591 with stoichiometry and
affinity consistent with other experiments described here
(Fig. 6B), and the interaction was abolished when the 425IPG427

to AAA mutation was introduced into this peptide (Fig. 6C).
Next, we assessed the physiological importance of this

interaction for TRAK1 recruitment to mitochondria in cells.
Two N terminally Halo-tagged constructs, one lacking
(TRAK11-393) and one containing (TRAK11-440) the CR2 re-
gion necessary for MIRO1 binding in vitro, were individually
expressed in HeLa cells and visualized using confocal micro-
scopy. Mitochondria were labeled with Mito-DSRed2, and the
overlap of each TRAK1 construct with mitochondria was
quantified in the presence or the absence of Myc-MIRO1,
whose overexpression is known to be required for efficient
J. Biol. Chem. (2023) 299(12) 105441 7
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Figure 5. A conserved motif in TRAK1 mediates the interaction with MIRO1. A, subgroup of TRAK1/2 sequences extracted from an alignment of 183
TRAK sequences (Fig. S1) and showing residues 373 to 434, including the CR2 region that binds MIRO1 (Fig. 2, B and C). Amino acids conserved in>50% and
>85% of the 183 sequences are highlighted light and dark blue, respectively. Stars highlight residues 400KR401 and 425IPG427 (boxed red) mutated to alanine.
B–E, representative ITC titrations of MIRO1177-591 into the MBP-TRAK1342-431 mutants (B and D) and inverted titrations (C and E) from N = 3 independent
experiments (Table S1). Prior to each titration, the proteins in the syringe (top) and in the cell (bottom) were codialyzed for 3 days in ITC buffer with 5 mM
EGTA. Listed with each titration are the concentrations of the protein in the syringe and in the cell and the parameters of the fit (stoichiometry N and
dissociation constant KD) to a binding isotherm (red line). Errors correspond to the SD of the fits. Open symbols correspond to control titrations into buffer.
ITC, isothermal titration calorimetry; MBP, maltose-binding protein; MIRO, mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding protein.

Interaction between the adaptors MIRO and TRAK
mitochondrial recruitment of exogenously expressed TRAK1
(34). TRAK11-440 but not TRAK11-393 colocalized with mito-
chondria and only with Myc-MIRO1 coexpression (Fig. 6, D, E,
and G). Moreover, TRAK11-440 recruitment to mitochondria
was abolished by the 425IPG427 to AAA mutation (Fig. 6, F and
G). These results suggest that the CR2 of TRAK1 is necessary
for MIRO1-dependent recruitment of TRAK1 to
mitochondria.
Discussion

MIRO plays a central role in mitochondrial trafficking by
recruiting TRAK, which in turn coordinates anterograde and
retrogrademotility alongmicrotubules by kinesin-1 and dynein-
dynactin (8). It is, however, poorly understood andoften debated
how mitochondrial trafficking is regulated and specifically
whether the MIRO-TRAK interaction is responsible for this
regulation. Here, we have mapped the MIRO1-TRAK1 inter-
action and analyzed the effect of MIRO1-binding cofactors
(Ca2+, Mg2+, GTP, and GDP) on TRAK1 binding. While this
8 J. Biol. Chem. (2023) 299(12) 105441
work focused on isoformsMIRO1 and TRAK1, the findings can
likely be extended to MIRO2 and TRAK2, since sequence con-
servation was used as a guiding principle in mapping the inter-
action of the twoproteins. Themainfindings of this study are the
following: (a) MIRO1 binds to a conserved motif on TRAK1,
locatedC terminal to the Spindlymotif and consisting ofTRAK1
residues 394 to 431, (b) mutations in this sequence disrupt
MIRO1 binding in vitro and mitochondrial localization of
TRAK1 in cells, (c) TRAK1 binds to a fragment containing
MIRO1’s EF-hands and cGTPase, (d) deleting MIRO1’s EF-
hands abolishes the interaction, pointing to their direct
involvement inTRAK1 binding either alone or together with the
cGTPase, (e) the MIRO1-TRAK1 interaction is independent of
the nucleotide state of the cGTPase, (f) the interaction is also
independent of Ca2+ orMg2+ binding to MIRO1’s EF-hands, (g)
the interaction has 1:1 stoichiometry, such that one TRAK1
dimer has the potential to bind two MIRO1 molecules on the
mitochondrial surface (Fig. 7). Therefore, this interaction may
be further enhanced through avidity via the formation of MIRO
clusters on themitochondrial membrane (7). These findings are



Figure 6. The CR2 region of TRAK1 is sufficient to bind MIRO1 in vitro and in cells. A, schematic and sequence representation of the MIRO1-binding
region of TRAK1. B and C, representative ITC titrations of TRAK1394-434 into MIRO1177-591 WT (B) and mutant 425IPG427 to AAA (C) from N = 3 independent
experiments (Table S1). Proteins were dialyzed in ITC buffer with 5 mM EGTA and 0.1 μM GTP. Proteins were dialyzed in ITC buffer with 50 μM GTP (F). Listed
with each titration are the concentrations of the protein in the syringe and in the cell and, for interacting proteins, the parameters of the fit (stoichiometry N
and dissociation constant KD) to a binding isotherm (red line). Errors correspond to the SD of the fits. Open symbols correspond to control titrations into
buffer. D–F, representative maximum-intensity projections of Halo-TRAK11-393 (D), Halo-TRAK11-440 (E) or Halo-TRAK11-440

425IPG427 to AAA (F) and Mito-
DsRed2 in HeLa cells, with or without Myc-MIRO1 coexpression. G, ratio of mitochondrial to cytoplasmic intensity for Halo-TRAK1 constructs, with or
without Myc-MIRO1 coexpression. Data points are color-coded by experimental replicate, with smaller points representing individual cells. N = 3 inde-
pendent experiments, with 48 to 63 cells per condition. The center line and bars represent the mean ± SD from independent experiments. p-values from
one-way ANOVA with the Tukey’s multiple comparisons test are shown. The scale bars represent 10 μm (D–F), 1 μm (D–F insets). ITC, isothermal titration
calorimetry; MIRO, mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding protein.

Interaction between the adaptors MIRO and TRAK
consistent with studies that have found that the MIRO-TRAK
interaction is independent of Ca2+ binding to MIRO’s EF-
hands (17, 30, 39).

Local increases in Ca2+ concentration stop mitochondrial
trafficking (36–38), and this effect is suppressed by mutations
in MIRO’s EF-hands (4, 30, 39, 40). Because TRAK acts as an
intermediate scaffold between MIRO and the microtubule-
based motors that drive mitochondrial trafficking (2, 14), it
is reasonable to think that the effect of Ca2+ on mitochondrial
motility could be through regulation of the MIRO-TRAK
interaction (4). However, our finding that the MIRO1-
TRAK1 interaction is independent of Ca2+ binding to
MIRO1 suggests that a different mechanism is responsible for
the Ca2+-dependent arrest of mitochondria. For instance, some
evidence has suggested that kinesin-1 binds MIRO1 directly
and that this interaction is regulated by Ca2+ (30, 39). The
binding of kinesin-1 presumably implicates the EF-hands of
MIRO1 and is thought to be independent of the MIRO1-
J. Biol. Chem. (2023) 299(12) 105441 9



Figure 7. Two MIRO1 molecules bind one TRAK1 dimer on the mitochondrial surface. One TRAK1 dimer binds to two MIRO1 molecules on the
mitochondrial surface, independent of Ca2+-binding to the EF-hands or the cGTPase nucleotide state of MIRO1. The interaction is mediated by a conserved
motif C terminal to the Spindly motif of TRAK1 and directly implicates MIRO1’s EF-hands. MIRO, mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding
protein.

Interaction between the adaptors MIRO and TRAK
TRAK1 interaction demonstrated here. While our data cannot
rule out this possibility, we note that this model cannot explain
why retrograde motility by dynein-dynactin is also arrested by
increases in Ca2+. Moreover, recent results negate the exis-
tence of a direct MIRO1-kinesin-1 interaction (17). Other
models propose that Ca2+ regulates MIRO’s interactions with
other proteins, which in turn control mitochondrial trafficking
and dynamics, such as syntaphilin (17), Armcx (58, 59), and
MFN (60). This may explain why mutations in MIRO’s EF-
hands impair Ca2+ regulation.

Our work implicates the EF-hands of MIRO1 in TRAK1
binding. Most EF-hand proteins undergo major conformational
changes upon Ca2+ binding, with Ca2+ acting as an on/off switch
for target recognition (61). Thus, it may appear surprising that
Ca2+ (or Mg2+) binding to MIRO1’s EF-hands has little effect on
the interaction with TRAK1. Indeed, our data suggests that
MIRO1 acts as a Ca2+ sensor, but probably not through a major
conformational change. Under resting conditions, when the
intracellular free Ca2+ concentration is �0.1 μM, one of the EF-
hands ofMIRO1 is occupied by Ca2+ whereas the other EF-hand
may bind Ca2+ only upon activation, when the free Ca2+ con-
centration can reach �10 μM (47, 48). In other words, the two
pairs of EF-hands ofMIRO1 can be separated into constitutively-
bound and regulatory Ca2+-binding pairs. At rest, the regulatory
pair (which our data does not assign) is likely occupied by Mg2+,
whose free intercellular concentration ranges from0.5 to 1.0mM
(49), such that Ca2+ binding may proceed through the displace-
ment of Mg2+, as proposed for other EF-hand proteins (50, 51).
While MIRO1 may share some of these features with other EF-
hand-containing proteins, other characteristics make it unique.
For instance,MIRO’s EF-hands differ substantially from those of
the prototypical Ca2+-sensing protein calmodulin (62). In
calmodulin, all four EF-hands bind Ca2+, which induces a
conformational change that exposes hydrophobic pockets in the
two pairs of EF-hands for the binding of calmodulin’s cellular
targets (62). InMIRO1, only oneEF-handof eachpair bindsCa2+.
Moreover, in calmodulin, the twopairs of EF-hands are separated
by a long and flexible linker, allowing them tomove with relative
independence of one another to grab the target protein (62). In
MIRO, however, the two pairs of EF-hands are rigidly packed
10 J. Biol. Chem. (2023) 299(12) 105441
against one another (10, 42). Finally, unlike calmodulin, MIRO
already has target peptides bound intramolecularly to the hy-
drophobic pockets of the two pairs of EF-hands, i.e. the ligand-
mimic helices (10) (Figs. 1A and 3, E and F). These differences
suggest that, while in calmodulin the EF-hands are used as a
Ca2+-dependent switch for target recognition, in MIRO the EF-
hands play a structural role, acting as a rigid domain. This may
explain why MIRO1’s EF-hands show fundamentally the same
conformation in crystal structures determined under different
conditions (apo, Ca2+- or Mg2+-bound) (10, 42). In summary,
MIRO seems to function as a Ca2+-dependent sensor, but not a
Ca2+-dependent conformational switch.
Experimental procedures

Proteins

Primers used in this study are listed in Table S2. The com-
plementary DNA coding for human MIRO1 (UniProt ID:
Q81X12) was purchased from Addgene (Plasmid: 127613). The
complementary DNA coding for human TRAK1 (Uniprot ID:
Q9UPV9) and GCN4-TRAK1342-431 were synthesized with
codon optimization for E. coli expression by GenScript (Pis-
cataway, NJ). MIRO11-591 and TRAK199-532 were cloned into
vector pRSFDuet-1 and MIRO1177-591, GCN4-TRAK1342-393,
and GCN4-TRAK1342-431 were cloned into vector pETDuet-1
(Novagen). MBP-MIRO11-180, MBP-MIRO1410-591, MBP-
TRAK1342-431, and TRAK1394-434 (WT and 425IPG427 to AAA)
and were cloned into vector pMAL-c6T (New England Biolabs).
Point mutations in MIRO1177-591 (E208A and E328A) and
MBP-TRAK1342-431 (400KR401 to AA and 425IPG427 to AAA)
were introduced using the QuikChange mutagenesis kit (Agi-
lent Technologies). The Myc-MIRO1 construct was obtained
from Addgene (Plasmid: 47888). Halo-TRAK1 1 to 393 and
Halo-TRAK1 1 to 440 (WT and mutant 425IPG427 to AAA)
were cloned from HA-TRAK1 (a gift from C. Hoogenraad,
Utrecht University) into pFN21A-HaloTag-CMV vector
(Promega). Affinity tags used in purification (see below) are
either part of the vectors or were added during cloning.

All the proteins were expressed in E. coli ArcticExpress(DE3)
cells (Agilent Technologies), grown in terrific broth medium at
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37 �C to an A600 of 1.5 to 2, followed by 24 h at 9 �C with the
addition of 0.35mM IPTG. Cells were pelleted by centrifugation,
resuspended in TRAK1 or MIRO1 buffers (see below) supple-
mented with 1 mM PMSF and lysed using a Microfluidizer
(Microfluidics). Lysates were clarified by centrifugation and su-
pernatants were loaded onto their corresponding affinity col-
umns according to protocols from the manufactures (see below).

All the TRAK1-derived proteins were prepared in TRAK1
buffer (20 mM Hepes pH 7.5 and 200 mM NaCl). TRAK199-532
and GCN4-TRAK1 constructs were affinity-purified on a
Strep-Tactin Sepharose column (IBA Lifesciences) and eluted
with 40 mM biotin pH 8.0 (dissolved in TRAK1 buffer), fol-
lowed by purification on a Ni-NTA column (G-Biosciences).
MBP-TRAK1342-431 constructs (WT and mutants) were
affinity-purified on an amylose column (New England Biolabs),
and further purified through a Strep-Tactin column. MBP-
TRAK1394-434 peptides (WT and mutant) were purified
through an amylose affinity column (New England Biolabs).
The MBP tag was removed by incubation with Tobacco Etch
Virus protease for 48 h at 4 �C. The cleaved peptides were
separated from 6xHis-MBP and 6xHis-Tobacco Etch Virus on
a Ni-NTA column. After tag removal, the peptides were
further purified on an SD75HL 16/60 column (GE HealthCare)
in 20 mM Hepes pH 7.5 and 50 mM NaCl. The peptides were
loaded onto a SourceQ anion exchange column (Cytiva) and
eluted in the flowthrough in 20 mM Hepes pH 7.5.

All the MIRO1-derived proteins were prepared in MIRO1
buffer (20 mM Hepes pH 7.5, 300 mM NaCl, 1 mM CaCl2,
1 mM MgCl2, 5% w/v sucrose, and 0.1 μM GTP). MIRO11-591
was prepared in MIRO1 buffer containing 500 mM NaCl,
30 mM imidazole pH 7.3, and 5% glycerol. The protein was
affinity-purified on a Ni-NTA column and then on a Strep-
Tactin Sepharose column and eluted with 40 mM Biotin pH
8.0 (dissolved in the same buffer). MBP-MIRO11-180 (in
MIRO1 buffer lacking CaCl2) was purified through a Strep-
Tactin column and eluted with 40 mM biotin pH 8.0 and
diluted to a NaCl concentration of 50 mM. The protein was
further purified on a MonoQ anion exchange column (Cytiva)
with Buffer A (20 mM Hepes pH 7.5, 50 mM NaCl, 1 mM
MgCl2, and 5% w/v sucrose) and eluted using a stepwise
gradient of Buffer B (Buffer A + 1 M NaCl). MIRO1177-591 (WT
and mutants) were purified on a Ni-NTA column in MIRO1
buffer supplemented with 30 mM imidazole pH 7.3. Aggre-
gates were removed by centrifugation at 372,000g for 20 min.
The protein was diluted to a NaCl concentration of 75 mM,
loaded onto a SourceQ column, and eluted in the flowthrough
in MIRO1 buffer lacking NaCl (contaminants remain bound to
the column under these conditions). MBP-MIRO1410-591 (in
MIRO1 buffer lacking CaCl2) was affinity purified on an
amylose column (New England Biolabs).
Glycerol gradient cosedimentation

Proteins were mixed at a final concentration of 4 μM in
starting buffer (20 mM Hepes pH 7.5, 500 mM NaCl, 1 mM
MgCl2, 1 mMCaCl2, 1 mMDTT, and 0.1 μMGTP). A 5%–30%
glycerol gradient was prepared by layering 2 ml of light solution
(starting buffer + 5% glycerol) on top of 2 ml of heavy solution
(starting buffer + 30% glycerol) andmixing the solutions using a
BioComp Gradient Master 107 (Biocomp Instruments) set to
rotate for 94 s at 86 degrees. Proteins (250 μl) were pipetted on
top of the gradient and spun using a SW-60 rotor at 165,000g for
16 h at 4 �C. Samples were fractionated and analyzed by SDS-
PAGE. Gels were Coomassie blue-stained, captured with the
program GENESys V1.5.6.0 (Genesys Limited) set to capture a
visible protein gel stained with Coomassie Blue, and band in-
tensities were quantified using ImageLab (Bio-Rad).

Isothermal titration calorimetry

ITC measurements were carried out on a VP-ITC in-
strument (MicroCal). Protein samples were dialyzed against
ITC buffer (20 mM Hepes pH 7.5, 400 mM NaCl, 1 mM
MgCl2, 5% w/v sucrose, 0.125 mM tris(2-chloroethyl) phos-
phate, and 0.1 μM GTP) with the addition of experiment-
specific cofactors (CaCl2, GDP, and EGTA) for at least
3 days. Protein concentrations were determined using the
Bradford method. Peptide concentrations were measured
using fluorescence after labeling with fluorescamine. Proteins
in the syringe were titrated at a concentration 8- to 15-fold
higher than that of proteins in the cell of volume 1.44 ml.
Experiments were carried out at 25 �C. Titrations consisted
of 10 μl injections, lasting for 10 s, with an interval of 200 s
between injections. Heats of binding were determined from
the point-by-point subtraction of the heats of injection into
buffer (control) from the heats of injection into protein.
Experiments were repeated (see Table S1). The program
Origin (OriginLab) was used to analyze the data and fit
binding curves. The experiment-specific cofactors and pa-
rameters of the fits are listed in the figures and Table S1.

Analysis of bound nucleotide

Proteins were loaded onto a Sephadex G-25 PD10 column
(Global Life Science Solutions) with 20 mM Tris pH 7.5 to
remove unbound nucleotide, and fractions (500 μl each) were
collected. Peak fractions were denatured with the addition of
2.5 μl of 10% perchloric acid followed by 2.5 μl of 4 M sodium
acetate pH 4.0. Denatured proteins were pelleted by centrifu-
gation. The supernatants (200 μl), containing the nucleotides,
were mixed with 100 μl of HPLC loading buffer (100 mM
KH2PO4, 100 mM K2HPO4, and 10 mM tetrabutylammo-
nium bromide pH 6.5), and 250 μl was run isocratically
through a Vydac 208MS C8 reverse phase HPLC column
(VWR) with loading buffer supplemented with 8.5% acetoni-
trile. Similarly, commercial nucleotides were solubilized in
20 mM Tris pH 7.5 to a final concentration of 10 μM. A 200 μl
volume was mixed with 100 μl of HPLC loading buffer, and
250 μl were run isocratically through a Vydac 208MS C8
reverse phase HPLC column (VWR) with loading buffer sup-
plemented with 8.5% acetonitrile. To exchange the nucleotide
on MIRO1177-591, a 35-M excess of commercial nucleotide
(GDP or GTP) was added and incubated for 1 hour on ice,
followed by a 3-day dialysis into a buffer with no extra
nucleotide added.
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Mass photometry

Mass photometry experiments were performed on a Refeyn
TwoMP-0220 instrument using programsAcquireMP v2022R1
and DiscoverMP v2022 R1 for analysis. Proteins were dialyzed
for 24 h against 20 mM Hepes pH 7.5, 300 mM NaCl, 1 mM
CaCl2, and 1 mM MgCl2. Two hours before the experiments,
proteins were diluted to a concentration of 600 nM (i.e., a>12-
fold dilution) in a buffer containing 100 mM NaCl, 50 μM
MgCl2, 50 μM GTP and either 1 mM EGTA or 100 μM CaCl2.
The instrument was calibrated with the corresponding buffer
and proteins were applied to a final concentration of 125 to
150 nM.Movies were acquired for 60 s using default parameters.
Ratiometric contrasts were converted to molecular weights
using a mass calibration curve generated from three proteins:
75 nM bovine serum albumin (MW: 66.43 kDa), 75 nM beta-
amylase (MW: 112 kDa dimer and 224 kDa tetramer), and
22.5 nM thyroglobulin (MW: 670 kDa). Gaussian curves were fit
to each histogram distribution, and the masses and normalized
counts were determined. For each fit, the bin width was set to
1 kDa, and the data are reported as the percent relative to the bin
with the highest number of counts.
Sequence analysis

Vertebrate TRAK and MIRO sequences were aligned with
the program Clustal Omega (63) and sequence conservation
scores were calculated with the program Scorecons using the
valdar01 method (64) (Figs. S1, A and B and 2A). Coiled-coil
predictions were performed with the program prabi (65)
(Figs. S1A and 2A). The program Waggawagga was used for
prediction of coiled-coil heptads (66).
TRAK localization to mitochondria

HeLa-M cells (A. Peden, Cambridge Institute for Medical
Research) were maintained in Dulbecco’s modified Eagle’s me-
dium (Corning, 10–017-CM) supplementedwith 1%GlutaMAX
(ThermoFisherScientific, 35050061) and10% fetal bovine serum
(HyClone, SH30071.03). Cells were maintained at 37 �C in a 5%
CO2 incubator. Cells tested negative for mycoplasma contami-
nation and were authenticated by short tandem repeats profiling
at theDNASequencingFacility of theUniversity of Pennsylvania.
For imaging experiments, cells were plated on 35 mm glass-
bottom dishes (MatTek, P35G-1.5–20-C) and transfected using
FuGENE 6 Transection Reagent (Promega, E269A).

Twenty-four hours after transfection,HeLa cellswerefixed for
10 min using warm PBS with 4% paraformaldehyde and 4% su-
crose and washed three times with PBS. Cells were labeled with
100 nM Janelia Fluor 646-Halo ligand (Promega, GA1121) in
PBS for 20min at 37 �C, followed by 30-minwash with PBS at 37
�C.Cells were then permeabilizedwith 0.2%TritonX-100 in PBS
for 15min, andwashed three times with PBS. Cells were blocked
for 1 h in blocking solution (5% goat serum and 1% bovine serum
albumin in PBS) and incubated overnight at 4 �C with α-Myc
antibody (Invitrogen, R950–25) diluted 1:1000 in blocking so-
lution. Cells were then washed three times with PBS, incubated
for 1 h with Alexa Fluor 488 goat anti-mouse IgG (H + L)
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(Invitrogen, A11029) diluted 1:1000 in blocking solution, and
washed three more times with PBS.

HeLa cells were imagedusing aV3 spinning disk confocal on a
Nikon Eclipse Ti Microscope with an Apochromat 100 × 1.49
numerical aperture oil immersion objective (Nikon). Images
were acquired with a Hamamatsu CMOS ORCA-Fusion
(C11440–20UP) driven by VisiView software (Visitron,
https://www.visitron.de/products/visiviewr-software.html). Z-
stacks spanning the height of transfected cells were collected at
200-nm step-size.

Maximum-intensity projections were generated for the Halo-
TRAK1 and Mito-DsRed2 channels in ImageJ (NIH, https://
imagej.net/ij/download.html). The area of the Mito-DsRed2
channel was then converted to a binary mask using the Pixel
classification module of Ilastik, a machine-learning based image
segmentation program (67). The binarized image was used to
make two regions of interest for each cell, one encompassing the
mitochondria and one encompassing everything except the
mitochondria. Themean fluorescence intensity of Halo-TRAK1
was measured in each region to determine the ratio of mito-
chondrial to cytoplasmic signal.
Data availability

All the data described in this work are shown in the main
text and Supporting Information.

Supporting information—This article contains supporting
information.

Acknowledgments—The authors thank Grzegorz Rebowski for help
with the analysis of the ITC data, Malgorzata Boczkowska for help
with data analysis, and David Kast for helpful discussions about the
nucleotide exchange of MIRO1.

Author contributions—E. E. B., E. E. R., and R. D. conceptualization;
E. E. B., E. E. R., and R. D. visualization; E. E. B., E. E. R., A. R. F., and
T. A. P. investigation; E. E. B., E. E. R., and T. A. P. formal analysis;
E. E. B., E. E. R., and A. R. F. methodology; E. E. B. and E. E. R.
writing-original draft; E. E. B., E. E. R., A. R. F., E. L. F. H., and R. D.
writing-review and editing; E. L. F. H. and R. D. funding acquisition;
E. L. F. H. and R. D. resources; R. D. project administration; E. L. F.
H. and R. D. supervision.

Funding and additional information—Supported by National In-
stitutes of Health (NIH) grant RM1 GM136511 (R. D. and E. L. F.
H.) and training grant T32 GM132039 (E. E. B.). The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the NIH.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ITC, isothermal titra-
tion calorimetry; MIRO, mitochondrial Rho GTPase; MBP,
maltose-binding protein; TRAK, trafficking kinesin-binding protein.

https://www.visitron.de/products/visiviewr-software.html
https://imagej.net/ij/download.html
https://imagej.net/ij/download.html


Interaction between the adaptors MIRO and TRAK
References

1. Fransson, A., Ruusala, A., and Aspenstrom, P. (2003) Atypical Rho
GTPases have roles in mitochondrial homeostasis and apoptosis. J. Biol.
Chem. 278, 6495–6502

2. Fransson, S., Ruusala, A., and Aspenstrom, P. (2006) The atypical Rho
GTPases Miro-1 and Miro-2 have essential roles in mitochondrial traf-
ficking. Biochem. Biophys. Res. Commun. 344, 500–510

3. Weihofen, A., Thomas, K. J., Ostaszewski, B. L., Cookson, M. R., and
Selkoe, D. J. (2009) Pink1 forms a multiprotein complex with Miro and
Milton, linking Pink1 function to mitochondrial trafficking. Biochemistry
48, 2045–2052

4. Saotome, M., Safiulina, D., Szabadkai, G., Das, S., Fransson, A., Aspen-
strom, P., et al. (2008) Bidirectional Ca2+-dependent control of mito-
chondrial dynamics by the Miro GTPase. Proc. Natl. Acad. Sci. U. S. A.
105, 20728–20733

5. Birsa, N., Norkett, R., Higgs, N., Lopez-Domenech, G., and Kittler, J. T.
(2013) Mitochondrial trafficking in neurons and the role of the Miro
family of GTPase proteins. Biochem. Soc. Trans. 41, 1525–1531

6. Kanfer, G., Courtheoux, T., Peterka, M., Meier, S., Soste, M., Melnik, A.,
et al. (2015) Mitotic redistribution of the mitochondrial network by Miro
and Cenp-F. Nat. Commun. 6, 8015

7. Modi, S., Lopez-Domenech, G., Halff, E. F., Covill-Cooke, C., Ivankovic,
D., Melandri, D., et al. (2019) Miro clusters regulate ER-mitochondria
contact sites and link cristae organization to the mitochondrial trans-
port machinery. Nat. Commun. 10, 4399

8. Eberhardt, E. L., Ludlam, A. V., Tan, Z., and Cianfrocco, M. A. (2020)
Miro: a molecular switch at the center of mitochondrial regulation.
Protein Sci. 29, 1269–1284

9. Stathopulos, P. B., Zheng, L., Li, G. Y., Plevin, M. J., and Ikura, M. (2008)
Structural and mechanistic insights into STIM1-mediated initiation of
store-operated calcium entry. Cell 135, 110–122

10. Klosowiak, J. L., Focia, P. J., Chakravarthy, S., Landahl, E. C., Freymann,
D. M., and Rice, S. E. (2013) Structural coupling of the EF hand and C-
terminal GTPase domains in the mitochondrial protein Miro. EMBO Rep.
14, 968–974

11. Brickley, K., and Stephenson, F. A. (2011) Trafficking kinesin protein
(TRAK)-mediated transport of mitochondria in axons of hippocampal
neurons. J. Biol. Chem. 286, 18079–18092

12. Smith, M. J., Pozo, K., Brickley, K., and Stephenson, F. A. (2006) Mapping
the GRIF-1 binding domain of the kinesin, KIF5C, substantiates a role for
GRIF-1 as an adaptor protein in the anterograde trafficking of cargoes. J.
Biol. Chem. 281, 27216–27228

13. Glater, E. E., Megeath, L. J., Stowers, R. S., and Schwarz, T. L. (2006)
Axonal transport of mitochondria requires milton to recruit kinesin
heavy chain and is light chain independent. J. Cell Biol. 173,
545–557

14. van Spronsen, M., Mikhaylova, M., Lipka, J., Schlager, M. A., van den
Heuvel, D. J., Kuijpers, M., et al. (2013) TRAK/Milton motor-adaptor
proteins steer mitochondrial trafficking to axons and dendrites. Neuron
77, 485–502

15. Randall, T. S., Moores, C., and Stephenson, F. A. (2013) Delineation of the
TRAK binding regions of the kinesin-1 motor proteins. FEBS Lett. 587,
3763–3769

16. Fenton, A. R., Jongens, T. A., and Holzbaur, E. L. F. (2021) Mitochondrial
adaptor TRAK2 activates and functionally links opposing kinesin and
dynein motors. Nat. Commun. 12, 4578

17. Canty, J. T., Hensley, A., Aslan, M., Jack, A., and Yildiz, A. (2023) TRAK
adaptors regulate the recruitment and activation of dynein and kinesin in
mitochondrial transport. Nat. Commun. 14, 1376

18. [preprint] Tan, Z., Yue, Y., da Veiga Leprevost, F., Haynes, S. E., Basrur,
V., Nesvizhskii, A. I., et al. (2023) Autoinhibited kinesin-1 adopts a hi-
erarchical folding pattern. bioRxiv. https://doi.org/10.1101/2023.01.26.
525761

19. McKenney, R. J., Huynh, W., Tanenbaum, M. E., Bhabha, G., and Vale, R.
D. (2014) Activation of cytoplasmic dynein motility by dynactin-cargo
adapter complexes. Science 345, 337–341
20. Schlager, M. A., Hoang, H. T., Urnavicius, L., Bullock, S. L., and Carter,
A. P. (2014) In vitro reconstitution of a highly processive recombinant
human dynein complex. EMBO J. 33, 1855–1868

21. Urnavicius, L., Zhang, K., Diamant, A. G., Motz, C., Schlager, M. A., Yu,
M., et al. (2015) The structure of the dynactin complex and its interaction
with dynein. Science 347, 1441–1446

22. Urnavicius, L., Lau, C. K., Elshenawy, M. M., Morales-Rios, E., Motz, C.,
Yildiz, A., et al. (2018) Cryo-EM shows how dynactin recruits two dy-
neins for faster movement. Nature 554, 202

23. Gama, J. B., Pereira, C., Simões, P. A., Celestino, R., Reis, R. M., Barbosa,
D. J., et al. (2017) Molecular mechanism of dynein recruitment to ki-
netochores by the Rod–Zw10–Zwilch complex and Spindly. J. Cell Biol.
216, 943–960

24. Lee, I. G., Olenick, M. A., Boczkowska, M., Franzini-Armstrong, C.,
Holzbaur, E. L. F., and Dominguez, R. (2018) A conserved interaction of
the dynein light intermediate chain with dynein-dynactin effectors
necessary for processivity. Nat. Commun. 9, 986

25. Celestino, R., Henen, M. A., Gama, J. B., Carvalho, C., McCabe, M.,
Barbosa, D. J., et al. (2019) A transient helix in the disordered region of
dynein light intermediate chain links the motor to structurally diverse
adaptors for cargo transport. PLoS Biol. 17, e3000100

26. Lee, I. G., Cason, S. E., Alqassim, S. S., Holzbaur, E. L. F., and Dominguez,
R. (2020) A tunable LIC1-adaptor interaction modulates dynein activity
in a cargo-specific manner. Nat. Commun. 11, 5695

27. Pilling, A. D., Horiuchi, D., Lively, C. M., and Saxton, W. M. (2006)
Kinesin-1 and Dynein are the primary motors for fast transport of
mitochondria in Drosophila motor axons. Mol. Biol. Cell 17, 2057–2068

28. Stowers, R. S., Megeath, L. J., Gorska-Andrzejak, J., Meinertzhagen, I. A.,
and Schwarz, T. L. (2002) Axonal transport of mitochondria to synapses
depends on milton, a novel Drosophila protein. Neuron 36, 1063–1077

29. Guo, X., Macleod, G. T., Wellington, A., Hu, F., Panchumarthi, S.,
Schoenfield, M., et al. (2005) The GTPase dMiro is required for axonal
transport of mitochondria to Drosophila synapses. Neuron 47, 379–393

30. Macaskill, A. F., Rinholm, J. E., Twelvetrees, A. E., Arancibia-Carcamo, I.
L., Muir, J., Fransson, A., et al. (2009) Miro1 is a calcium sensor for
glutamate receptor-dependent localization of mitochondria at synapses.
Neuron 61, 541–555

31. Russo, G. J., Louie, K.,Wellington, A.,Macleod,G. T., Hu, F., Panchumarthi,
S., et al. (2009) Drosophila Miro is required for both anterograde and
retrograde axonal mitochondrial transport. J. Neurosci. 29, 5443–5455

32. Babic, M., Russo, G. J., Wellington, A. J., Sangston, R. M., Gonzalez, M.,
and Zinsmaier, K. E. (2015) Miro’s N-terminal GTPase domain is
required for transport of mitochondria into axons and dendrites. J.
Neurosci. 35, 5754–5771

33. Lopez-Domenech, G., Higgs, N. F., Vaccaro, V., Ros, H., Arancibia-
Carcamo, I. L., MacAskill, A. F., et al. (2016) Loss of dendritic complexity
precedes neurodegeneration in a mouse model with disrupted mito-
chondrial distribution in mature dendrites. Cell Rep. 17, 317–327

34. MacAskill, A. F., Brickley, K., Stephenson, F. A., and Kittler, J. T. (2009)
GTPase dependent recruitment of Grif-1 by Miro1 regulates mitochon-
drial trafficking in hippocampal neurons.Mol. Cell Neurosci. 40, 301–312

35. Davis, K., Basu, H., Izquierdo-Villalba, I., Shurberg, E., and Schwarz, T. L.
(2023) Miro GTPase domains regulate the assembly of the mitochondrial
motor-adaptor complex. Life Sci. Alliance 6, e202201406

36. Yi, M., Weaver, D., and Hajnoczky, G. (2004) Control of mitochondrial
motility and distribution by the calcium signal: a homeostatic circuit. J.
Cell Biol. 167, 661–672

37. Brough, D., Schell, M. J., and Irvine, R. F. (2005) Agonist-induced regu-
lation of mitochondrial and endoplasmic reticulum motility. Biochem. J.
392, 291–297

38. Quintana, A., Schwarz, E. C., Schwindling, C., Lipp, P., Kaestner, L., and
Hoth, M. (2006) Sustained activity of calcium release-activated calcium
channels requires translocation of mitochondria to the plasma mem-
brane. J. Biol. Chem. 281, 40302–40309

39. Wang, X., and Schwarz, T. L. (2009) The mechanism of Ca2+ -dependent
regulation of kinesin-mediated mitochondrial motility. Cell 136, 163–174
J. Biol. Chem. (2023) 299(12) 105441 13

http://refhub.elsevier.com/S0021-9258(23)02469-9/sref1
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref1
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref1
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref2
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref2
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref2
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref3
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref3
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref3
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref3
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref4
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref4
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref4
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref4
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref5
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref5
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref5
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref6
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref6
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref6
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref7
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref7
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref7
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref7
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref8
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref8
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref8
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref9
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref9
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref9
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref10
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref10
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref10
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref10
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref11
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref11
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref11
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref12
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref12
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref12
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref12
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref13
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref13
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref13
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref13
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref14
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref14
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref14
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref14
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref15
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref15
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref15
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref16
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref16
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref16
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref17
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref17
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref17
https://doi.org/10.1101/2023.01.26.525761
https://doi.org/10.1101/2023.01.26.525761
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref19
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref19
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref19
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref20
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref20
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref20
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref21
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref21
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref21
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref22
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref22
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref22
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref23
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref23
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref23
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref23
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref24
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref24
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref24
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref24
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref25
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref25
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref25
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref25
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref26
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref26
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref26
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref27
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref27
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref27
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref28
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref28
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref28
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref29
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref29
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref29
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref30
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref30
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref30
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref30
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref31
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref31
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref31
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref32
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref32
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref32
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref32
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref33
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref33
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref33
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref33
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref34
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref34
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref34
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref35
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref35
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref35
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref36
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref36
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref36
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref37
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref37
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref37
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref38
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref38
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref38
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref38
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref39
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref39


Interaction between the adaptors MIRO and TRAK
40. Chang, K. T., Niescier, R. F., and Min, K. T. (2011) Mitochondrial matrix
Ca2+ as an intrinsic signal regulating mitochondrial motility in axons.
Proc. Natl. Acad. Sci. U. S. A. 108, 15456–15461

41. Smith, K. P., Focia, P. J., Chakravarthy, S., Landahl, E. C., Klosowiak, J. L.,
Rice, S. E., et al. (2020) Insight into human Miro1/2 domain organization
based on the structure of its N-terminal GTPase. J. Struct. Biol. 212,
107656

42. Klosowiak, J. L., Park, S., Smith, K. P., French, M. E., Focia, P. J., Frey-
mann, D. M., et al. (2016) Structural insights into Parkin substrate lysine
targeting from minimal Miro substrates. Sci. Rep. 6, 33019

43. Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
et al. (2021) Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583–589

44. Young, G., Hundt, N., Cole, D., Fineberg, A., Andrecka, J., Tyler, A., et al.
(2018) Quantitative mass imaging of single biological macromolecules.
Science 360, 423–427

45. Sonn-Segev, A., Belacic, K., Bodrug, T., Young, G., VanderLinden, R. T.,
Schulman, B. A., et al. (2020) Quantifying the heterogeneity of
macromolecular machines by mass photometry. Nat. Commun. 11,
1772

46. O’Shea, E. K., Klemm, J. D., Kim, P. S., and Alber, T. (1991) X-ray
structure of the GCN4 leucine zipper, a two-stranded, parallel coiled coil.
Science 254, 539–544

47. Berridge, M. J., Bootman, M. D., and Lipp, P. (1998) Calcium–a life and
death signal. Nature 395, 645–648

48. Berridge, M. J., Lipp, P., and Bootman, M. D. (2000) The versatility and
universality of calcium signalling. Nat. Rev. Mol. Cell Biol. 1, 11–21

49. Romani, A., and Scarpa, A. (1992) Regulation of cell magnesium. Arch.
Biochem. Biophys. 298, 1–12

50. Grabarek, Z. (2011) Insights into modulation of calcium signaling by
magnesium in calmodulin, troponin C and related EF-hand proteins.
Biochim. Biophys. Acta 1813, 913–921

51. Senguen, F. T., and Grabarek, Z. (2012) X-ray structures of magnesium
and manganese complexes with the N-terminal domain of calmodulin:
insights into the mechanism and specificity of metal ion binding to an EF-
hand. Biochemistry 51, 6182–6194

52. Koshiba, T., Holman, H. A., Kubara, K., Yasukawa, K., Kawabata, S.,
Okamoto, K., et al. (2011) Structure-function analysis of the yeast
mitochondrial Rho GTPase, Gem1p: implications for mitochondrial in-
heritance. J. Biol. Chem. 286, 354–362

53. Lee, S., Lee, K. S., Huh, S., Liu, S., Lee, D. Y., Hong, S. H., et al. (2016)
Polo kinase phosphorylates miro to control ER-mitochondria contact
14 J. Biol. Chem. (2023) 299(12) 105441
sites and mitochondrial Ca(2+) homeostasis in neural stem cell devel-
opment. Dev. Cell 37, 174–189

54. Suzuki, M., Danilchanka, O., and Mekalanos, J. J. (2014) Vibrio cholerae
T3SS effector VopE modulates mitochondrial dynamics and innate im-
mune signaling by targeting Miro GTPases. Cell Host Microbe 16,
581–591

55. Peters, D. T., Kay, L., Eswaran, J., Lakey, J. H., and Soundararajan, M.
(2018) Human miro proteins act as NTP hydrolases through a novel,
non-canonical catalytic mechanism. Int. J. Mol. Sci. 19, 3839

56. Lenzen, C., Cool, R. H., Prinz, H., Kuhlmann, J., and Wittinghofer, A.
(1998) Kinetic analysis by fluorescence of the interaction between Ras and
the catalytic domain of the guanine nucleotide exchange factor
Cdc25Mm. Biochemistry 37, 7420–7430

57. Traut, T. W. (1994) Physiological concentrations of purines and pyrim-
idines. Mol. Cell Biochem. 140, 1–22

58. Lopez-Domenech, G., Serrat, R., Mirra, S., D’Aniello, S., Somorjai, I.,
Abad, A., et al. (2012) The Eutherian Armcx genes regulate mitochon-
drial trafficking in neurons and interact with Miro and Trak2. Nat.
Commun. 3, 814

59. Cartoni, R., Norsworthy, M. W., Bei, F., Wang, C., Li, S., Zhang, Y., et al.
(2016) The mammalian-specific protein Armcx1 regulates mitochondrial
transport during axon regeneration. Neuron 92, 1294–1307

60. Fatiga, F. F., Wang, L. J., Hsu, T., Capuno, J. I., and Fu, C. Y. (2021) Miro1
functions as an inhibitory regulator of MFN at elevated mitochondrial
Ca(2+) levels. J. Cell Biochem. 122, 1848–1862

61. Kawasaki, H., and Kretsinger, R. H. (2017) Structural and functional di-
versity of EF-hand proteins: evolutionary perspectives. Protein Sci. 26,
1898–1920

62. Chin, D., and Means, A. R. (2000) Calmodulin: a prototypical calcium
sensor. Trends Cell Biol. 10, 322–328

63. Sievers, F., and Higgins, D. G. (2021) The clustal Omega multiple align-
ment package. Methods Mol. Biol. 2231, 3–16

64. Valdar, W. S. (2002) Scoring residue conservation. Proteins 48,
227–241

65. Combet, C., Blanchet, C., Geourjon, C., and Deleage, G. (2000) NPS@:
network protein sequence analysis. Trends Biochem. Sci. 25, 147–150

66. Simm, D., Hatje, K., and Kollmar, M. (2015) Waggawagga: comparative
visualization of coiled-coil predictions and detection of stable single
alpha-helices (SAH domains). Bioinformatics 31, 767–769

67. Berg, S., Kutra, D., Kroeger, T., Straehle, C. N., Kausler, B. X., Haubold,
C., et al. (2019) ilastik: interactive machine learning for (bio)image
analysis. Nat. Methods 16, 1226–1232

http://refhub.elsevier.com/S0021-9258(23)02469-9/sref40
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref40
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref40
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref41
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref41
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref41
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref41
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref42
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref42
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref42
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref43
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref43
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref43
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref44
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref44
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref44
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref45
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref45
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref45
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref45
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref46
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref46
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref46
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref47
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref47
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref48
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref48
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref49
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref49
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref50
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref50
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref50
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref51
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref51
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref51
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref51
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref52
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref52
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref52
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref52
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref53
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref53
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref53
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref53
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref54
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref54
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref54
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref54
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref55
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref55
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref55
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref56
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref56
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref56
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref56
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref57
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref57
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref58
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref58
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref58
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref58
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref59
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref59
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref59
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref60
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref60
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref60
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref61
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref61
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref61
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref62
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref62
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref63
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref63
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref64
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref64
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref65
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref65
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref66
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref66
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref66
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref67
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref67
http://refhub.elsevier.com/S0021-9258(23)02469-9/sref67

	Interaction between the mitochondrial adaptor MIRO and the motor adaptor TRAK
	Results
	MIRO1 binds TRAK1 through a fragment comprising the EF-hands and cGTPase
	TRAK1 binds MIRO1 through a conserved sequence C terminal of the Spindly motif
	The MIRO1-TRAK1 interaction is independent of Ca2+ binding to the EF-hand domains
	The MIRO1-TRAK1 interaction is independent of the nucleotide state of the cGTPase
	A conserved motif in TRAK1 mediates the interaction with MIRO1 in vitro and in cells

	Discussion
	Experimental procedures
	Proteins
	Glycerol gradient cosedimentation
	Isothermal titration calorimetry
	Analysis of bound nucleotide
	Mass photometry
	Sequence analysis
	TRAK localization to mitochondria

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


