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SUMMARY

Mitochondrial fission requires recruitment of dyna-
min-related protein 1 (Drp1) to the mitochondrial sur-
face and activation of its GTP-dependent scission
function. The Drp1 receptors MiD49 and MiD51 re-
cruit Drp1 to facilitate mitochondrial fission, but their
mechanism of action is poorly understood. Using
X-ray crystallography, we demonstrate that MiD51
contains a nucleotidyl transferase domain that binds
ADP with high affinity. MiD51 recruits Drp1 via a sur-
face loop that functions independently of ADP bind-
ing. However, in the absence of nucleotide binding,
the recruited Drp1 cannot be activated for fission.
Purified MiD51 strongly inhibits Drp1 assembly
and GTP hydrolysis in the absence of ADP. Addition
of ADP relieves this inhibition and promotes Drp1
assembly into spirals with enhanced GTP hydrolysis.
Our results reveal ADP as an essential cofactor for
MiD51 during mitochondrial fission.

INTRODUCTION

Mitochondrial dynamics requires a balance between the
opposing processes of fusion and fission and serves to protect
mitochondrial function (Chan, 2012; Westermann, 2010; Youle
and van der Bliek, 2012). Disruption of either process causes
midgestational lethality in mice and neurologic disease in
humans (Chen et al., 2003; Ishihara et al., 2009; Wakabayashi
et al., 2009).

Drp1, a dynamin-related GTPase, is the central player in
mitochondrial fission (Bleazard et al., 1999; Labrousse et al.,
1999; Sesaki and Jensen, 1999; Smirnova et al., 2001). A pool
of Drp1 exists in the cytosol and can be recruited to the surface
of mitochondria, where it assembles into highly ordered struc-
tures that wrap around mitochondrial tubules. Assembly of
Drp1 increases its GTP hydrolysis activity, leading to conforma-
tional changes that mediate constriction and scission of the
mitochondrial tubule (Ingerman et al., 2005; Mears et al., 2011).
In mammals, four proteins on the mitochondrial outer membrane
act as Drp1 receptors: Fis1, Mff, MiD49, and MiD51 (Gandre-
Babbe and van der Bliek, 2008; Palmer et al., 2011; Stojanovski
etal., 2004; Yoon et al., 2003; Zhao et al., 2011). Overexpression

of Mff causes mitochondrial fragmentation (Otera et al., 2010),
and depletion of Mff causes mitochondrial elongation (Gandre-
Babbe and van der Bliek, 2008). Fis1 behaves similarly, but the
degree of mitochondrial elongation upon depletion depends on
the study (Loson et al., 2013; Otera et al., 2010; Yoon et al.,
2003; Yu et al., 2005).

MiD49 and MiD51 appear to operate in a more regulated
manner. As Drp1 receptors, overexpression of either causes
increased recruitment of Drp1 to the mitochondrial surface.
Paradoxically, this increased recruitment is not normally accom-
panied by increased fission rates. The mitochondria instead
dramatically elongate, indicating inhibition of the recruited
Drp1 (Liu et al., 2013; Palmer et al., 2013; Palmer et al., 2011;
Zhao et al., 2011). Cells treated with carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP) causes rapid activation of fission and
mitochondrial fragmentation, with a greater effect on MiD51
than on MiD49 (Loson et al., 2013).

To address the structural biology of MiD51 function, we
used X-ray crystallography to solve the atomic structure of the
cytosolic domain of MiD51. Structural and biophysical analyses
indicate that MiD51 contains a variant nucleotidyl transferase
fold that binds ADP with high affinity. Although ADP binding is
dispensable for Drp1 recruitment, it is essential for activation of
Drp1 in vitro and in vivo. These results identify ADP as an essen-
tial cofactor for MiD51 function.

RESULTS

MiD51 Has a Nucleotidyl Transferase Domain that Binds
ADP

Like other Drp1 receptors on mitochondria, MiD51 is an integral
outer membrane protein, with most of the protein exposed to the
cytosol. Initial attempts to crystallize the entire cytoplasmic
portion of mouse MiD51 failed to yield promising hits. Secondary
structure prediction indicated that the membrane-proximal
region is likely to be disordered (Figure 1A). Limited trypsin pro-
teolysis of the cytosolic domain produced a stable product
(Figure S1A available online). N-terminal peptide sequencing
combined with mass spectrometry revealed that proteolysis
removed almost all the predicted unstructured region, with the
C terminus of MiD51 remaining intact (Figure S1B). Using a
recombinant form of this shorter polypeptide (MiD51A1-133),
we readily obtained crystals that diffract to high resolution and
solved the structure by multiwavelength anomalous diffraction
(MAD) analysis (Table 1) of a selenomethionine-substituted
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Figure 1. The Cytosolic Region of MiD51
Has a Nucleotidyl Transferase Domain

(A) Schematic of MiD51. The region determined by
X-ray crystallography is indicated and color-coded
as in (B). The red squiggle indicates a region pre-
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dicted to have low probability of regular secondary
structure. Boxes highlight residues important

for nucleotide binding and the dimer interface.
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crystal. The native structure was solved at a resolution of 2.2 A
(Table 1; Figure 1B). Model building and refinement produced
a final structure with excellent stereochemistry, with an Rsee Of
27.4% and an Rk Of 21.9%.

MiD51A1-133 has a compact, globular structure consisting of
two a-helical regions separated by a central B strand region (Fig-
ure 1B). To find structurally related proteins, we used the DALI
server to search the MiD51 structure against structures depos-
ited in the Protein Data Bank (PDB). Proteins belonging to the
nucleotidyl transferase (NTase) family had the highest Z scores.
Cyclic GMP-AMP synthase (PDB 4K99; Gao et al., 2013) showed
the greatest similarity, with a Z score of 27.7 and a root-mean-
square deviation (rmsd) of 2.4 A for backbone atoms (Figure 1C).
NTase proteins typically catalyze the polymerization of nucleic
acids from triphosphate nucleotides. They bind nucleotide
triphosphates in the cleft located between the central B sheet
and the C-terminal a-helical segment (Kristiansen et al., 2011).
Intriguingly, the corresponding region of MiD51A1-133 con-
tained additional electron density, suggesting partial occupancy
by aligand (see Experimental Procedures). Structural alignments
show that residues canonically used for nucleotide binding are
partially conserved in MiD51. These same residues are more
divergent in MiD49 (Figure S1C).

To identify potential MiD51 ligands, we used a fluorescence-
based thermal shift assay to screen a broad panel of nucleotides
(Figures S2A-S2D). Contrary to what would be expected for
a canonical NTase, MiD51A1-133 shows no stabilization when
incubated with NTPs, except for a modest stabilization with
ATP. Instead, MiD51A1-133 shows substantial stabilization
with ADP (4-6 degrees) and modest stabilization with GDP. No
potential ligands were identified for MiD49 (Figure S2E).

Because MiD51 showed the greatest stabilization with ADP,
we performed crystallization trials in the presence of ADP and
determined the structure of MiD51A1-133 bound to ADP at a
resolution of 2.0 A (Table 1; Figures 2A and 2B). NTases use a
triad of negatively charged residues (either Asp or Glu) from
the central B sheet to coordinate two Mg?* ions that buffer the

TMD, transmembrane domain. Cylinders represent
a-helical segments and triangles strand segments.
o helices and B strands from the crystallized
segment are numbered.

(B) Ribbon representation of mouse MiD51A1-133.
Orange, N-terminal domain; gray, interdomain
linker; blue, C-terminal domain. o helices and
strands are numbered according to (A). Dashed
lines denote residues missing from the model.
N and C denote the N and C termini. The circle
indicates the predicted nucleotide-binding pocket.
(C) Structural overlay of MiD51 (colored as in B) and
cyclic GMP-AMP synthase (cGAS) (green).

negative charges of the  and y phosphate groups of NTPs (Kris-
tiansen et al., 2011). Our structure revealed that MiD51 uses a
related triad of residues (H201, Q203, and D311) in the central
B sheet, but two of these residues (H201 and Q203) directly con-
tact ADP and do not coordinate Mg®*. H201 forms a hydrogen
bond with the B-phosphate group of ADP, and Q203 has hydro-
phobic interactions with carbons in the ribose and base rings
(Figure 2B). Like other NTases, a serine (S189) from the N-termi-
nal domain and a lysine (K368) from the C-terminal domain help
to coordinate the negative charge from the phosphate groups of
the nucleotide. Specifically, S189 forms hydrogen bonds with
both the a- and B-phosphates of ADP, and K368 forms a salt
bridge with the B phosphate.

To measure the binding affinities of MiD51 to nucleotides, we
monitored changes in the fluorescence anisotropy of 2'/3'-O-
(N-methyl-anthraniloyl) (MANT)-labeled nucleotides upon incu-
bation with MiD51 (Rome et al., 2013). MiD51 has the highest
affinity for ADP (Kg4 of 0.5 uM = 0.008 uM). We found no detect-
able binding to ATP, despite its ability to modestly stabilize
MiD51 in the thermal shift assay. MiD51 binds guanine-based
nucleotides more weakly, but still exhibits a strong preference
for GDP (Kgq = 8 uM = 0.9 pM) relative to GTP (not detectable)
(Figure 2C). Binding to ADP does not require Mg?*. Mutation of
the residues structurally implicated in nucleotide binding
(H201, S189, and K368) greatly reduces the affinity of MiD51
for ADP. Mutations H201A and S189A abolish nearly all nucleo-
tide binding, whereas K368A (K4 = 2.6 uM = 0.4 uM) causes
a 5-fold reduction (Figure 2D). Taken together, these results
show that MiD51 has a nucleotidyl transferase domain but differs
substantially from other proteins with this motif. It uses a variant
set of nucleotide binding residues to directly contact ADP rather
than using a Mg®* cofactor to bind a nucleotide triphosphate.
MiD49 does not bind ADP (Figure 2D), and we have not identified
an alternative ligand. With MiD51, we have not detected
nucleotide transfer reactions with ATP or GTP (data not shown),
suggesting that although MiD51 has an NTase fold, it may not
possess enzymatic activity.
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Table 1. Data Collection and Refinement Statistics

Data Se-Met Native ADP Bound H201A Mutant CDM Mutant

Space group P1211 P1211 P1211 P1211 P212121

Unit cell (,Z\, °) 81.42,79.22,103.17, 91.07, 78.59, 102.31, 62.07, 80.81,65.38, 82.43,79.15, 103.45, 63.68, 67.1, 79.41,
90, 97.86, 90 90, 96.61, 90 90, 105.74, 90 90, 98.04, 90 90, 90, 90

Number of molecules 4 4 2 4 1

(in ASU)
Resolution (A)

39.4-2.6 (2.74-2.60)%

39.3-2.2 (2.32-2.2)

Rmerge (%)° 7.9 (60.5) 7.2 (64.0)
Completeness (%) 95.8 (95.9) 96.1 (95.4)
Mean I/ 16.4 (3.4) 10.5 (2.3)
Number of measured 272,481 (39,317) 200,830 (28,326)

reflections

Number of unique 38,509 (5,598) 70,056 (10,157)
reflections
Redundancy 7.1 (7.0) 2.9 (2.8
Rwork (%6)° 20.2 21.9
Riree (%) 25.7 27.4
Average B-factor (A9 44.8 56.4
Rmsd from ideal values
Bonds (A) 0.010 0.009
Angle (°) 1.37 1.39
Ramachandran
statistics (%)
Favored 97.7 97.3
Allowed 2.1 2.5
Outliers 0.2 0.2

38.43-2.0 (2.11-2.0)

39.58-2.0 (2.11-2.0)

34.17-2.0 (2.11-2.0)

5.7 (37.1) 6.2 (51.5) 7.3(65.2)
97.7 (97.4) 98.1 (98.7) 98 (99.8)
16.6 (3.4) 12.8 (2.4) 17.1 (2.8)

141,942 (20,295)

282,928 (41,589)

116,233 (17,069)

41,061 (5,957) 87,318 (12,772) 23,493 (3,379)
3.5 (3.4) 3.2 (3.3) 4.9 (5.1)

17.8 17.7 17.7

22.5 21.9 21.8

30.4 31.0 26.1

0.009 0.009 0.008

1.312 1.289 1.155

96.9 97.8 97.2

3.1 2.1 2.8

0 0.1 0

3Values in parentheses are for the highest-resolution shell.

meerge =YYl — <1>|/3 < 1>, where < | > is the mean intensity of N reflections with intensities |; and common indices h, k, and /.
°Rwork = Y _nkil|Fobs| — K|Fcalll/ > ki [Fobs|, Where Fops and Fcq are the observed and calculated structure factors, respectively.

MiD51 Forms a Dimer through Electrostatic Interactions
in the N-Terminal «-Helical Segment

MiD51A1-133 crystallizes as a dimer (Figure 3) using the N-ter-
minal a-helical segments from two monomers as an interaction
interface. The interface is largely composed of electrostatic
interactions between charged residues from a loop, and the
interface has a buried surface area of 1,184.1 A2 (Figure 3B).
Additionally, the guanidinium groups from a pair of Arg169 resi-
dues from a-helix number 2 adopt a planar stacking conforma-
tion (Neves et al., 2012), and their interaction is bridged through
hydrogen bonds with a sulfate group. The interaction surface of
MiD51 is distinct from that of other NTase family members
known to dimerize. To determine the biological relevance of
this interface, we designed a series of mutants to disrupt the
dimer interface and tested their ability to self-associate in a
coimmunoprecipitation assay (Figure 3C). Compared to wild-
type MiD51, several mutants showed a moderately reduced
ability to self-associate. A mutant (hereafter referred to as the
“compound dimer mutant”) combining five substitutions in the
dimer interface showed a severe ablation of self-association.

MiD51 Does Not Undergo a Significant Structural
Change upon ADP Binding or Dimerization

Interestingly, the structures of MiD51 in its apo form (crystallized
without added ADP) and in the ADP complex are identical (Fig-

ure S3A). This observation suggests that MiD51 does not un-
dergo a conformational change upon ADP binding. However,
this interpretation is complicated by the possibility of low levels
of ADP being present in our apo MiD51 crystals. To address
this issue, we crystallized the MiD51 H201A mutant, which is
incapable of nucleotide binding. Upon structure determination,
we found that the H201A mutant has no significant structural
changes compared to the ADP-bound form of MiD51 (Figures
S3B and S3D). Importantly, the H201A mutant had no apparent
electron density in the putative nucleotide-binding pocket.
These results indicate that, although ADP stabilizes MiD51, it
does not induce a conformational change. Moreover, we solved
the structure of the compound dimer mutant (Figure S3C)
and found that this monomer is identical to the monomers
within the dimeric structures of wild-type MiD51 and H201A
(Figure S3D).

Identification of a Surface Loop Necessary for Drp1
Binding

We tested whether ADP binding or dimerization of MiD51 is
necessary for its recruitment of Drp1 to mitochondria. MiD51
mutants defective for either function are fully active in recruiting
Drp1 puncta to mitochondria (Figure S4A). Furthermore, the
MiD51 mutants coimmunoprecipitated with Drp1 from cells
as efficiently as wild-type (Figure S4B). These results clearly
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Figure 2. MiD51 Binds ADP with High
Affinity

(A) Ribbon representation of mouse MiD51A1-133
bound to ADP.

(B) Details of the nucleotide-binding pocket. The 2
Fo-Fc map for ADP (red) is contoured at 1.2 ¢. Key
residues are depicted, and interactions with the
ADP are denoted with black dashed lines.

(C) Binding of MiD51 to ADP. Equilibrium titrations
were performed with MANT-labeled nucleotides to
determine the affinity of MiD51A1-133 for MANT-
ATP (no binding), MANT-GTP (no binding), MANT-
ADP (K4 = 0.5 pM + 0.008 pM) and MANT-GDP
(8.0 uM + 0.9 uM).

(D) Mutational analysis of residues structurally
implicated in ADP binding. Note that MiD51

c 2 < MIDST W1 MiDS1 K368A S189A, H201A, and MiD49 do not bind MANT
MiD51 S189A -=- MiD49 WT g » and Wi 0 not bin -
_ ADP -s-ATP -s- GDP -+~ GTP 209 i
0.20q - .= - 0.209__ MiD51 H201A ADP. MiD51 K368A has a Kq of 2.6 uM + 0.4 uM.
.. 015 5. 0.151
Q o
2 ]
50.10 S 0.101
E E Mff, because it occurs in mouse embry-
0.05 0.054 e onic fibroblasts (MEFs) deleted for Fis1
| and Mff (Figures 5C and 5D). Mitochon-
06 5 2 5 3 10 OO > 4 8 10 12 14 drial fragmentation induced by antimycin
MiD51 [uM] MiD51 [uM] A is specific to MiD51-expressing cells

indicate that Drp1 binding is independent of ADP binding or
dimer formation.

To determine the Drp1 binding surface on MiD51, we designed
16 mutants, each containing a cluster of three to four point mu-
tations, to systematically sample the solvent-exposed surface of
MiD51 (Figures S4C and S4D). As assessed by yeast two-hybrid
analysis, mutants 6 and 8 show nearly complete loss of Drp1
binding, and mutant 7 shows substantially reduced binding (Fig-
ure 4A). Remarkably, all three clusters converge onto a single,
exposed loop on the top surface of MiD51 (green residues, Fig-
ure 4B). The residues within this loop are well conserved be-
tween MiD51 and MiD49 (Figures S1C and S1D). We expressed
mutants 6 and 7 in 293T cells and found that neither can coim-
munoprecipitate Drp1 (Figure 4C). Mutant 6, but not 7, shows
reduced expression. Furthermore, these mutants are defective
in recruiting Drp1 puncta to mitochondria, even though they
localize properly to mitochondria (Figure 4D).

Inhibition of Respiration Stimulates Mitochondrial
Fission by MiD51

Cells overexpressing MiD51 have severely elongated and inter-
connected mitochondria (Palmer et al., 2011; Zhao et al.,
2011). We previously showed that overexpressed MiD51 recruits
Drp1 to the mitochondrial outer membrane in an inactive form
(Loson et al., 2013). Treatment of MiD51-overexpressing cells
with CCCP (a proton ionophore that dissipates the mitochondrial
membrane potential) activates the recruited Drp1 and promotes
rapid mitochondrial fragmentation independently of Fis1 or Mff
(Loson et al., 2013).

We found that treatment with antimycin A (an inhibitor of com-
plex Ill of the electron transport chain) also induces rapid mito-
chondrial fission in MiD51-overexpressing cells (Figures 5A
and 5B). This fragmentation occurs independently of Fis1 and

and does not occur with MiD49-express-

ing cells (Figure 5B). CCCP treatment
causes enhanced processing of OPA1 (Ishihara et al., 2006),
but antimycin A treatment does not (Figure S5D).

These observations allowed us to use CCCP or antimycin
A treatment to assess the mitochondrial fission activity of
MiD51 mutants. When expressed in MEFs, MiD51 mutants
defective in ADP binding or dimerization promote Drp1 recruit-
ment (Figures S4A and S4B) and robust elongation of
mitochondria (Figures S5A-S5C). However, upon addition of
CCCP or antimycin A, all the nucleotide-binding mutants
show little or no stimulation of mitochondrial fission. For the
dimerization mutants, the fission defects correlate well with
the dimerization defect. The Q212A/N213A mutant, which has
normal dimerization, stimulates fission as well as wild-type.
The compound dimer mutant has the most severe fission defect
among the dimer mutants, and the rest have intermediate
defects. Taken together, these results indicate that MiD51 mito-
chondrial fission activity, but not Drp1 recruitment, requires
ADP binding and dimerization.

ADP Binding to MiD51 Stimulates Drp1 Oligomerization

Like dynamin (Ferguson and De Camilli, 2012; Schmid and
Frolov, 2011), Drp1 and its yeast homolog dynamin 1 (Dnm1)
polymerize into ordered oligomers (Frohlich et al., 2013; Inger-
man et al., 2005; Mears et al., 2011) that have enhanced GTP
hydrolysis activity. To test whether MiD49 or MiD51 can regulate
Drp1 oligomerization, we performed sedimentation experi-
ments using recombinant Drp1 and either recombinant MiD49
or MiD51. In the absence of ADP, both MiD49A1-124 and
MiD51A1-133 moderately stimulate Drp1 sedimentation in the
presence of GTPyS (a nonhydrolyzable form of GTP). Remark-
ably, MiD51A1-133, but not MiD49A1-124, further stimulates
Drp1 sedimentation upon addition of ADP (Figure 6A). In
contrast, the MiD51 nucleotide-binding mutant S189A s
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Figure 3. MiD51 Forms a Dimer through
Electrostatic Interactions

(A) MiD51 crystallizes as a dimer through an
interface found in the N-terminal domain. The two
molecules are differentially colored gray (left) and
as in Figure 1B (right). In the bottom figure, the
dimer has been rotated to view the interface from
the top. The right panels are a 2-fold axis rotation.
Red arrows indicate the o helix and loop shown in
(B). Drp1 binding residues are colored green.

(B) Detailed view of residues important for the
dimer interface. Interactions are indicated with
dashed lines. The color scheme is the same as in
(A). Electrostatic interactions were determined
using the PDBePISA server. R169 self-associates
by hydrogen bonding with a sulfate ion (not
depicted).

(C) Mutational analysis of dimer formation. MiD51-
GFP mutants were cotransfected with either
empty vector or Myc tagged MiD51 constructs.
For each reaction, the same mutant was used for

B C INPUTS both the GFP and Myc tagged constructs. Cells
£ MiD51-M were treated with a reversible crosslinker and
mpty = D91 ycv solubilized before immunoprecipitation against
q:\'b \Q;b?\;\. q;\“’ ,\%"32, the Myc epitope. Top: expression of MiD51-GFP
% 0 V\‘ 0 A\ and MiD51-Myc in cell lysates. Actin is a loading
& @V’\q’?%q’v%m?é‘q @V'\q’v%q’v@v@q control. Bottom: anti-Myc immunoprecipitates
SIS L8 e s

analyzed for MiD51-GFP. Comp Mut, compound

e e W

dimerization mutant.

kDa

Myc |

ADP relieves this inhibition and stimulates

Helix 2

incapable of enhancing Drp1 sedimentation upon addition of
ADP. The compound dimer mutant also does not promote any
sedimentation of Drp1 in the presence of ADP (Figure 6B). These
results demonstrate that both MiD49 and MiD51 can basally pro-
mote Drp1 oligomerization. This function of MiD51 requires
dimerization and is enhanced by ADP binding.

Binding of ADP to MiD51 Stimulates Assembly of Drp1
Tubules and GTP Hydrolysis

We used negative stain transmission electron microscopy to
examine the effects of MiD51 on Drp1 oligomeric structures at
high resolution. In the presence of GTPyS, recombinant Drp1
forms tubules with a repeating spiral pattern (Figure 7A). Interest-
ingly, in samples incubated with MiD51 in the absence of ADP,
these tubules are replaced with short, ring-like structures (Fig-
ure 7B). In the presence of both MiD51 and ADP, Drp1 forms spi-
ral tubules that are slightly wider than those formed from Drp1
alone. The nucleotide-binding mutant S189A is completely
defective in stimulation of tubule formation by ADP. Moreover,
the compound dimerization mutant prevents any Drp1 assembly
with or without ADP (Figure 7B). Our ultrastructural analysis
demonstrates that MiD51 without ADP inhibits formation of
Drp1 tubules and promotes a different form of Drp1 assembly.

Drp1 tubule formation in a dimerization-
dependent manner.

We further determined how the struc-
tural states of Drp1 correlate with its
GTP hydrolysis activity (Figure 7C). Under
physiological salt concentration and
saturating GTP (1 mM), recombinant Drp1 hydrolyzes approxi-
mately 1.5 molecules of GTP per minute. Like other dynamins
(Praefcke and McMahon, 2004), mutation of a putative catalytic
threonine (T59) abolishes GTP hydrolysis (Figure 7C). Incubation
of Drp1 with MiD51A1-133 causes a dramatic suppression of
GTP hydrolysis. Remarkably, addition of ADP to the reaction
relieves this inhibition, resulting in a 20-fold stimulation of Drp1
GTP hydrolysis between the ADP-free and the ADP-containing
reactions. The S189A and compound dimer mutants similarly
inhibited GTP hydrolysis in the absence of ADP, but addition of
ADP had no stimulatory effect. Analogously, MiD49A1-124
inhibited the GTPase activity of Drp1 and did not respond to
ADP. Thus, both apo-MiD49 and apo-MiD51 inhibit the GTPase
activity of Drp1, but in the case of MiD51, ADP binding relieves
this inhibition and promotes GTP hydrolysis.

DISCUSSION

Our results indicate that MiD51 has a variant nucleotidyl
transferase domain that binds ADP instead of a nucleotide
triphosphate. A previous bioinformatics study using sensitive
protein-fold recognition algorithms greatly expanded the
number of putative nucleotidyl transferase family members,
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cluster 7

(A) A yeast two-hybrid screen to identify MiD51 regions necessary for Drp1 binding. The top panel shows the diploid selection plate, and the bottom panel shows
the interaction selection plate. Three mutational clusters (6, 7, and 8) perturb MiD51 binding to Drp1.

(B) The three clusters localize to a loop at the top surface of MiD51. Mutated residues are colored green and depicted as sticks.

(C) Analysis of MiD51-Drp1 binding in 293T cells. Wild-type or mutant MiD51-Myc was coexpressed with mouse Drp1 and Myc-immunoprecipitates were
analyzed for Drp1. Top: expression of MiD51-Myc and Drp1 in cell lysates. Actin is a loading control. Bottom: anti-Myc immunoprecipitate analyzed for Drp1

levels. Loading of immunoprecipitates was normalized to Myc levels.

(D) MiD51 cluster mutants 6 and 7 fail to rescue mitochondrial Drp1 recruitment in Fis 7/Mff null cells. Drp1 was visualized with anti-Drp1 immunofluorescence, and
transfected cells were Myc positive. Fis1/Mff null cells are used because they have severely reduced recruitment of Drp1 to mitochondria, allowing the

recruitment activity of MiD51 to be readily assessed (Loson et al., 2013).

suggesting that this family may have diverse functions in the cell.
This study also suggested that MiD49 and MiD51 may be distant
members of the NTase family (Kuchta et al., 2009). Our results
raise the possibility that some noncanonical members of the
NTase family may not catalyze nucleotide transfer but instead
use metabolites as cofactors. Based on their sequence similar-
ity, MiD49 is expected to be structurally similar to MiD51.
MiD49 has also been shown to stimulate Drp1 assembly (Koirala
et al., 2013). However, it does not bind ADP and shows only par-
tial conservation in the key residues used by MiD51 for nucleo-
tide binding (Figure S1C). In future studies, it will be important
to determine whether MiD49 indeed binds another cofactor.
Our results identify ADP as an essential cofactor for MiD51. In
the absence of ADP binding, MiD51 can still recruit Drp1 via a
binding loop we have identified by mutational analysis. In dimeric
MiD51, the adjacent binding loops form an extended interface on

the top surface, which would be expected to protrude furthest
from the mitochondrial outer membrane (Figure 3A). Although
capable of recruiting Drp1, nucleotide-binding mutants of
MiD51 are unable to activate mitochondrial fission in cells.
In vitro, apo-MiD51 strongly suppresses the assembly of Drp1
into spirals and its GTP hydrolysis activity. Upon addition of
ADP, suppression of both activities is relieved. Drp1 spirals are
tailored to the diameter of mitochondrial tubules and are thought
to wrap around mitochondria to mediate constriction (Ingerman
et al., 2005). Drp1 spirals also have enhanced GTP hydrolysis,
which is critical for mitochondrial fission (Mears et al., 2011).
Rather than inducing a conformational change, ADP appears
to act as a structural cofactor that stabilizes the folding of
MiD51. Our results favor a model in which ADP binding is neces-
sary to stabilize MiD51 so that Drp1 can assemble properly.
Dimerization of MiD51 is also necessary for mitochondrial
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Figure 5. ADP Binding and Dimerization Are
Required for the Fission Activity of MiD51
(A) ADP and dimerization mutants localize to
mitochondria but are defective for mitochondrial
fission. Wild-type MEFs were transfected with
empty vector or MiD51-Myc constructs and
treated with antimycin A. NM, nucleotide-binding
site mutant (S189A); DM, compound dimer mutant.
(B) Quantification of results in (A). Mitochondrial
morphologies were scored as described previ-
ously (Loson et al., 2013).

(C) Mitochondrial morphology in Fis1/Mff null
- MEFs transfected with empty vector or MiD51-
Myc and treated with vehicle (DMSO) or antimycin
A. Transfected cells were visualized with anti-
Myc immunofluorescence, and mitochondria were
highlighted with anti-Tom20 immunofluorescence.
(D) Quantification of results in (C).

In (B) and (D), data are averages from three
independent experiments +SD. Mitochondrial
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C, collapsed. Scale bars, 10 um. Regions within
the white boxes are shown in greater magnification
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fission, and further work will be necessary to understand whether
there is a relationship between ADP binding and dimerization.
Because of the unexpected role for ADP, it will also be interesting
to explore the possibility that cellular metabolism, by regulating
ADP levels, can impact MiD51 function.

EXPERIMENTAL PROCEDURES

Materials

Antibody sources included Drp1 (BD Biosciences), Tom20 (Santa Cruz),
MiD51 (also known as SMCRYL; Thermo Pierce), Actin (Millipore), Myc (mouse
monoclonal 9E10 from Covance, and rabbit polyclonal from Sigma-Aldrich),
and OPA1 (in-house mouse monoclonal). CCCP (Sigma-Aldrich) was used at
50 puM. Antimycin A (Sigma-Aldrich) was used at 10 uM in cell culture experi-
ments. Cells were grown in LabTek chambered glass slides (Nunc) for fixed
cell imaging. Dithiobis (succinimidyl propionate) (DSP) was purchased from
Thermo-Pierce. MANT-labeled nucleotides were from Jena Biosciences.

Recombinant Protein Production, Purification, and Crystallization

Recombinant mouse MiD49A1-51, MiD49A1-124, MiD51A1-48, MiD51A1-
133, and Drp1 variant 2 were produced in Rosetta (DE3) BL21 E. coli (Invitro-
gen). In a typical purification, 1 | of terrific broth containing 100 pg/ml
ampicillin and 50 pg/ml chloramphenicol was grown at 37°C to an optical
density 600 (ODggo) of 1.5. Cultures were cooled on ice for 30 min and
induced with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) overnight
at 16°C. The cells were harvested and stored at —80°C. A total of 10 g of
cells expressing MiD proteins were lysed in 50 ml glutathione S-transferase
(GST) buffer (50 mM HEPES, 300 mM NaCl, 10% glycerol, and 2 mM dithio-
threitol [DTT] [pH 7.4]) using sonication. A total of 10 g of cells expressing
Drp1 were lysed in 50 ml Hisx6 buffer (50 mM KH,PO,, 300 mM NaCl,
5 mM imidazole, and 10% glycerol [pH 8.0]) using sonication. Lysates

Antimycin A

were cleared by centrifugation at 43,000 x g for
30 min at 4°C. GST-tagged MiD49 and MiD51
proteins were captured with glutathione Sephar-
ose (GE Healthcare) and washed with GST buffer.
Hisx6-tagged Drp1 was captured with Ni-NTA
Sepharose (QIAGEN) and washed with Hisx6
wash buffer (20 mM Tris, 300 mM NaCl, 40 mM
imidazole, 10% sucrose, 10% glycerol, pH 8.0).
Beads for MiD49 and MiD51 protein purification
were exchanged into protease buffer (50 mM HEPES, 150 mM NaCl, and
2 mM DTT [pH 7.4]). PreScission Protease (80 units, GE Healthcare) was
incubated for 20 hr at 4°C with continuous end-over-end mixing. The eluted
protein was further purified by size exclusion on a Hi-Load Superdex 200 16/
60 column (GE Healthcare) pre-equilibrated with GST column buffer (50 mM
HEPES, 150 mM NaCl, and 2 mM DTT [pH 7.4]) and driven by an AKTA
Purifier (Amersham). Eluted Drp1 protein was further purified by size exclu-
sion on a Hi-load Superdex 200 16/60 column pre-equilibrated with Hisx6
column buffer (10 mM Tris, 100 mM NaCl, 2 mM DTT, and 1 mM EDTA
[pH 8.0]) and driven by an AKTA Purifier. Drp1 protein was additionally puri-
fied by binding to a Hi-Load HiTrapQ column (GE Healthcare) pre-equili-
brated with Hisx6 column buffer and driven by an AKTA Purifier. The protein
was then eluted with a NaCl gradient. Peak fractions were collected and
concentrated to approximately 1 mM for MiD49 and MiD51 proteins and
0.5 mM for Drp1 proteins using Amicon Ultra-15 concentrators (Millipore)
with a molecular weight cutoff of 30 kDa. Proteins were flash-frozen in liquid
nitrogen and stored at —80°C.

Selenomethionine-labeled MiD51A1-133 was produced by growing cells in
M9 minimal media at 37°C to ODggp of 1.0 and then incubating with amino
acids (lysine, phenylalanine, and threonine at 100 mg/l; isoleucine, leucine,
and valine at 50 mg/I; and selenomethionine at 60 mg/Il) for 15 min, cooling cells
on ice for 30 min, and finally inducing with 1 mM IPTG overnight at 16°C. Pro-
tein purification was carried out as described above.

Limited proteolysis of MiD51A1-48 was performed with 1 ng/ul recombinant
protein and 0.001 ug/ul trypsin (Promega) at 4°C. Time points were taken by
diluting aliquots in Laemmli buffer (25 mM Tris, 10% glycerol, 1% SDS,
0.01% bromophenol blue, and 2% B-mercaptoethanol [pH 6.8]) and boiling
samples immediately.

Crystallization, Data Collection, and Structure Determination
Crystallization trials by hanging drop-vapor diffusion at room temperature
identified a condition (100 mM HEPES [pH 7.0], 200 mM LiSO,4, 20%
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polyethylene glycol (PEG) 3,350 [w/v]] that yielded rod-shaped crystals for
wild-type, selenomethionine-substituted, and H201A mutant proteins. The
compound dimer mutant crystallized in a differential condition [200 mM
NaH,PO4, 20% PEG 3,350 (w/v)]. Diffraction data were collected from vitri-
fied crystals on beamline 12-2 at the Stanford Synchrotron Radiation Light-
source. All data were processed with XDS (Kabsch, 2010) and merged using
SCALA (Evans, 2006) as implemented in CCP4 (Bailey, 1994). Selenomethio-
nine-substituted MiD51A1-133 was used for phasing. Using intensity data at
2.6 A from three wavelengths, all four selenium sites were located by
PHENIX (Adams et al., 2002). After solvent flattening and density modifica-
tion in PHENIX, the map revealed clear density for the protein. Manual
model building in COOT (Emsley and Cowtan, 2004) using the 2.6 A
experimental map generated a starting model. Refinement was carried out
using PHENIX, with an initial round of rigid body refinement followed by a
round of simulated annealing. The selenomethionine-substituted crystal is
nonisomorphic to the native crystal. However, molecular replacement in
PHENIX with the 2.2 A native data set produced an excellent map, and
refinement produced density for most of the side chains. After a few rounds
of manual model building and refinement with translation/libration/screw
obtained from the TLSMD server (Painter and Merritt, 2006), the Ryork
converged to 21.9% and the Rgee to 27.4% for the apo structure. For the
ADP-bound structure, Ryox Was 17.8% and Rgee Was 22.5%. Ryork Was
17.7% and Rgpee Was 21.9% for the H201A mutant structure, and Ryork
was 17.7% and Ryee Was 21.8% for the compound dimer mutant structure.
After refinement of the native model, significant density was present in the
binding cleft. ADP was fitted into this density, and the final model and refine-
ment statistics were produced with ADP in the binding cleft. With the excep-
tion of a stretch of three prolines (residues 290-291), the final models
include residues 134-463 of MiD51 and have excellent stereochemistry
with no/few Ramachandran outliers, as assessed by MOLPROBITY (Davis
et al., 2007). To determine the structure of the MiD51-ADP complex,
MiD51A1-133 was mixed with 10 mM ADP and 5 mM MgCl, and incubated
on ice for 1 hr before setting crystallization trials. Molecular replacement in
PHENIX for a 2.0 A MiD51-ADP complex data set produced an excellent
map, and refinement produced clear density for the nucleoside and phos-
phate groups of ADP.

Fluorescence Anisotropy and Determination of Ky Values
Fluorescence measurements were performed using a Fluorolog-3-22 spectro-
fluorometer (Jobin Yvon) at 25°C (50 mM HEPES, 150 mM NaCl, 10 mM MgCl,,
and 2 mM DTT [pH 7.5]). Samples were excited at 355 nm, and fluorescence
emission was monitored at 448 nm. For titrations, MANT-nucleotide was
held constant at 300 nM and the protein concentration was varied as indicated.
To determine K4 values, observed anisotropy values (Aopsq) Were plotted as a
function of MiD concentration and fit to Equation 1
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Figure 6. ADP Promotes Drp1 Oligomerization by MiD51

(A) Effect of MiD51 and ADP on Drp1 sedimentation. Recombinant
mouse MiD49A1-124 or MiD51A1-133 was incubated with recombinant
mouse Drp1 in the presence of GTPyS with or without ADP. Reactions were
incubated for 30 min, and Drp1 oligomers were sedimented at 100,000 x g.
Equivalent volumes of the supernatant (S) and pellet (P) were loaded and
resolved by SDS-PAGE. Dashed boxes indicate key comparison groups.

(B) Analysis of MiD51 mutants on Drp1 sedimentation. The MiD51 nucleotide
binding mutant (NM, S189A) and the compound dimer mutant (DM) were
assessed for their ability to facilitate Drp1 sedimentation in the presence of
GTPyS and ADP.

All fluorescence imaging was performed using a Plan-Apochromat 63x/1.4
oil objective on a Zeiss LSM 710 confocal microscope driven by Zen 2009 soft-
ware (Carl Zeiss). Image cropping and global adjustments to brightness and
contrast were performed using Photoshop (Adobe).

Cell Culture

All cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum and supplemented with 100 U/ml penicillin
and 100 pg/ml streptomycin. Treatment with 50 uM CCCP occurred for 1 hr,
and treatment with 10 uM antimycin A occurred for 2 hr.

Cloning and Transfection

MiD49, MiD51, and Drp1 variant 2 transcripts were amplified from an MEF
cDNA library using PCR. MiD49 and MiD51 were cloned into the Xhol and
BamHI sites of a pcDNA3.1(—) plasmid containing a C-terminal 4xMyc tag

A:Ao + (A1 — Ao)

2
Co + D) 0 + K — \/ (co+ IMiD] ey +Ka ) = 4C0IMID)]

R (Equation 1)

in which Ay is the anisotropy value of free MANT-nucleotide, A4 is the anisot-
ropy when MANT-nucleotide is bound to protein, c, is the concentration of
total MANT-nucleotide, and K, is the equilibrium dissociation constant of
MiD for MANT-nucleotide.

Immunofluorescence and Imaging

For immunofluorescence, cells were fixed in 4% formaldehyde for 10 min at
37°C, permeabilized with 0.1% Triton X-100 at room temperature, and incu-
bated with antibodies in 5% fetal calf serum in PBS. Bound antibody was visu-
alized with Alex Fluor-conjugated secondary antibodies (Life Technologies).
Scoring of mitochondrial network morphology was performed blind to geno-
type and treatment. All quantifications were done in triplicate, and 100 cells
were scored per experiment.

2Co

and were also cloned into the Xhol and BamHI sites of pEGFP-N2 (Invitro-
gen) for C-terminal GFP tagging. For the generation of an MiD51-Myc consti-
tutively expressing cell line, MiD51 was cloned into the Notl and EcoRl sites
of the retroviral vector pQCXIP (Invitrogen). The entire open reading frames
were confirmed by DNA sequencing. For recombinant protein expression
in bacteria, mouse MiD49A1-51, MiD49A1-124, MiD51A1-48, and
MiD51A1-133 were cloned into the BamHI and Xhol sites of plasmid
pPGEX6P1 (GE Healthcare). Mouse Drp1 variant 2 was cloned into the Ndel
and BamHI sites of a modified pET21b vector (Novagen). All mutants for
MiD51 and Drp1 were constructed by PCR using oligonucleotides encoding
mutations.

Plasmids were transfected using Lipofectamine 2000 (Invitrogen).
Cells transfected with plasmids were assessed 24 hr posttransfection.
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MiD49/51-Myc-positive cells were visualized with Myc immunofluorescence
and mitochondria were visualized with Tom20 immunofluorescence.

Immunoprecipitation

To assess MiD51 dimerization or MiD51 interaction with Drp1, mouse
MiD51-Myc was cotransfected with either mouse MiD51-GFP or mouse
Drp1 into 293T cells growing in 35 mm plates. Then 24 hr posttransfection,
cells were trypsinized, washed once with PBS, and crosslinked with 250 uM
DSP in PBS for 20 min at room temperature. Crosslinker was quenched by
the addition of Tris (pH 7.4) to a 100 mM final concentration, and cells were
washed once with PBS containing 100 mM Tris (pH 7.4). Cells were lysed in
immunoprecipitation (IP) buffer (1% Triton X-100, 150 mM NaCl, 25 mM
Tris-HCI, and 1 mM EDTA [pH 7.4]) and lysates were cleared with a
21,000 x g spin at 4°C for 10 min. Immunoprecipitations were performed
in IP buffer, and immune complexes were captured with protein A/G
agarose (Thermo-Pierce). Beads were washed with IP buffer and cross-
linker reversed by boiling samples in Laemmli buffer containing 5%
B-mercaptoethanol.

Drp1 Sedimentation Assay

A total of 5 uM Drp1 was incubated in sedimentation assay buffer (10 mM
HEPES, 110 mM NaCl, 2 mM MgCl,, and 1 mM GTPyS [pH 7.0]) for
30 min at 25°C. Where indicated, MiD49 or MiD51 protein was added to
10 pM and ADP to 100 pM. The reactions were centrifuged at 100,000 x

Drp1+MiD51 NM

WT WT  WT

NM DM -

Figure 7. MiD51 and ADP Promote Drp1
Spiral Assembly and GTP Hydrolysis

(A and B) Negative stain transmission electron
microscopy of Drp1 oligomers. Images are
representative of three independent experi-
ments. (A) Recombinant mouse Drp1 forms
regular spiral-tubular structures in the presence
of a nonhydrolyzable analog of GTP, GTPyS.
White arrow highlights the thin edge of
spiral-tubular structures. (B) Effects on Drp1
spiral-tubular formation upon addition of MiD51
proteins with and without ADP. GTPyS was
present in all reactions. Dashed boxes indicate
inset boundaries. Scale bar, 100 nm; inset scale
bar, 50 nm.

(C) Effect of MiD51 and ADP on GTP hydrolysis
by Drp1. Initial GTP hydrolysis rates were
measured with the indicated proteins, with or
without ADP. Reactions were performed at satu-
rating GTP (1 mM) with 150 mM NaCl. NM,
nucleotide-binding site mutant (S189A); DM,
compound dimer mutant. T59A is a Drp1 catalytic
mutant. Results are the average of three inde-
pendent experiments +SD.

Drp1+MiD51 DM

O-ADP H +ADP

g (TLA100.3 rotor) in a Beckman Optima MAX
Ultracentrifuge for 20 min at 4°C. Supernatants
were removed, and pellet fractions were resus-
pended in an equal volume of buffer. Supernatant
and pellet fractions were resolved on gradient
(4%-20%) SDS/PAGE gels and stained with
Coomassie brilliant blue dye.

GTPase Assay

All reactions were performed in GTPase assay
buffer (10 mM HEPES, 150 mM NaCl, 2 mM
MgCl,, and 1 mM GTP [pH 7.0]) at 37°C with
50 nM [y-32P]-GTP (MP Biomedicals). Drp1 pro-
teins were used at 3 uM, and MiD49 and MiD51
proteins were used at 15 pM. Where indicated,
ADP was added to 100 pM. Reactions were
quenched in 0.75 M potassium phosphate (pH 3.3), resolved by polyethy-
lenimine cellulose thin-layer chromatography in 1 M formic acid/0.5 M LiCl,
and quantified by autoradiography. Initial rates were derived from a linear fit
to the initial stage of reactions, in which <40% [y-32P]-GTP had been
hydrolyzed.

Electron Microscopy

For negative-stain electron microscopy (EM), carbon-coated copper grids
were glow discharged for 60 s. A total of 3 ul of sample was added to the
surface and then blotted and stained with 2% uranyl acetate. Images were
acquired using an FEI Tecnai T12 electron microscope equipped with a
LaB6 filament and operated at 120 kV. Magnifications of 15,000x and
42,000x were recorded on a Gatan CCD. Samples for EM were prepared by
incubating 2.5 uM Drp1 alone or with 12.5 pM MiD51 in reaction buffer
(10 mM HEPES, 150 mM NaCl, 2 mM MgCl,, 1 mM GTPvS, pH 7.0) for 2 hr
at 25°C. Where indicated, ADP was added to 100 uM. Samples were diluted
5-fold in reaction buffer before application to grids.

Thermal Shift Assay

Sypro Orange (Sigma-Aldrich) was used at 1x to report protein unfolding.
Fluorescence measurements were taken in a Bio-Rad CFX96 thermal cycler
using the FRET mode and performed in assay buffer (50 mM HEPES,
150 mM NaCl, 1 mM DTT, and 2 mM MgCl, [pH 7.5]). MiD49A1-51 and
MiD51A1-133 were used at 1 uM.
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