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Conformational changes in Dnm1 support a contractile
mechanism for mitochondrial fission

Jason A Mears!, Laura L Lackner?, Shunming Fang!, Elena Ingerman®3, Jodi Nunnari? & Jenny E Hinshaw!

Mitochondria are dynamic organelles that undergo cycles of fission and fusion. The yeast dynamin-related protein Dnm1 has been
localized to sites of mitochondrial division. Using cryo-EM, we have determined the three-dimensional (3D) structure of Dnm1 in
a GTP-bound state. The 3D map showed that Dnm1 adopted a unique helical assembly when compared with dynamin, which is
involved in vesicle scission during endocytosis. Upon GTP hydrolysis, Dnm1 constricted liposomes and subsequently dissociated
from the lipid bilayer. The magnitude of Dnm1 constriction was substantially larger than the decrease in diameter previously
reported for dynamin. We postulate that the larger conformational change is mediated by a flexible Dnm1 structure that has
limited interaction with the underlying bilayer. Our structural studies support the idea that Dnm1 has a mechanochemical role

during mitochondrial division.

Mitochondria regulate various cellular processes, including the gene-
ration of ATP, maintenance of Ca?* levels and induction of apoptosis.
These tasks require dynamic mitochondria that depend on cycles of
fission and fusion!2. Inhibition of mitochondrial division leads to
unopposed fusion, which results in an extensively interconnected and
collapsed mitochondrial network in the cell>3. Conversely, exces-
sive fission or inhibition of mitochondrial fusion produces small,
fragmented organelles, which are associated with aging, neuro-
degeneration* and apoptosis®. Conserved dynamin-related proteins
(DRPs) regulate mitochondrial fission in mammals?, plants® and
yeast” and have been localized to sites of mitochondrial division®#.
During mitochondrial division in yeast (Saccharomyces cerevisiae),
the yeast DRP Dnml is recruited to the outer mitochondrial mem-
brane by a conserved integral membrane protein (Fis1)? and the
adaptor proteins Mdv1 and Caf4 (refs. 10,11). Both Dnm1 and Mdv1
are essential for mitochondrial fission in yeast. In mammals, Fisl
(ref. 12) and the Dnm1 homolog Drpl (ref. 2) are conserved; how-
ever, mammalian adaptor proteins homologous to Mdvl and Caf4
have not been identified.

Proteins in the dynamin family localize to sites of membrane fission
and fusion throughout the eukaryotic cell'*!4, They contain a unique
GTPase domain (Fig. 1a) that is stimulated by self-assembly through
interactions with the GTPase effector domain (GED)'>~!8. Dynamins
also contain a middle domain, which promotes self-assembly and
oligomerization through interactions with the GED and through
intermolecular middle domain interactions!®-?%, In addition to their
conserved domain architecture (GTPase, middle and GED), dynamins
contain supplementary sequences that are essential for their specific
cellular functions. Dynamin, the most extensively studied family

member, contains a lipid-interacting pleckstrin homology (PH)
domain?>2¢ and a proline-rich domain (PRD). The PRD contains
several SH3-binding motifs that interact with additional endocytic
factors!>!*. Dnm1 lacks the PRD and PH domains but contains
an uncharacterized B-insert? between the middle domain and the
GED (Fig. 1a).

Several dynamin family members have been shown to oligomerize
in low-salt conditions®2%27-2% or in the presence of nucleotide
analogs?%30-32, For example, dynamin formed spirals in low salt?®
or in the presence of GDP and BeF*’, and Dnm1 forms spirals in the
presence of non-hydrolyzable GTP analogs?. However, the Dnm1
spirals were considerably larger than the dynamin spirals, suggesting
that sequence variation leads to oligomers with different dimensions.
Interaction with liposomes also drives self-assembly of dynamin family
members. Dynamin forms helical tubes with an outer diameter of
50 nm (refs. 33,34) that rely on PH domain interactions with nega-
tively charged liposomes*. Addition of GTP to dynamin-lipid tubes
leads to constriction of the tubes, followed by the dissociation of
the protein from the lipid bilayer3>3¢. Dnm1 and other dynamin
family members have been shown to tubulate liposomes in a similar
fashion?%21:27:32, However, to our knowledge, no GTP-induced con-
formational change of these protein oligomers has been observed.

The 3D structure of dynamin in the non-constricted and constricted
states has been solved using cryo-EM and image-reconstruction
methods®”38, The main conformational change upon the addition
of GTP occurred in the region of the middle domain and the GED?’.
Subsequent modeling studies examined the spatial arrangement of
GTPase and PH domains in the constricted and non-constricted
states and showed that changes in the middle-GED region drive
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Figure 1 Three-dimensional reconstructions a
of Dnm1 helices. (a) The primary sequence of
Dnm1 contains four domains: GTPase, middle,

GTPase
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B-insert and GED. (b) A cryo-ET reconstruction
of Dnm1-lipid tubes from two orthogonal
perspectives. The cylindrical shape of the
helices is highlighted adjacent to a central z
slice by an end view of the tomogram of Dnm1
(blue box). Scale bar, 100 nm. (¢) The 3D
structure of the Dnm1 tube with a wedge of the
helix removed to show a representative cross-
section. The protein is colored with a radial
gradient (blue near the lipid to green at the
periphery). The lipid bilayer is gray. The outer
diameter (129 nm), inner lumen (89 nm),
helical pitch (28.8 nm), two helical starts
(labeled 1 and 2) and the spacing between
each start (14.4 nm) are highlighted. The lipid
bilayer, ridge and cleft features are indicated.
(d) A representative raw image of the Dnm1
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tubes. (e) One side of the raw image highlights the gap between lipid and protein. (f) An average 2D projection of the final Dnm1 reconstruction. (g) One
side of the 2D projection. (h) End view of the final 3D structure. Scale bar, 20 nm. (i) A cross-section of the final 3D map highlights the gap between

Dnm1 and the lipid bilayer (compare with e and g). Scale bar, 10 nm.

reorientation of the GTPase domains. These conformational changes
support a model wherein a corkscrew motion within each repeating
subunit of the dynamin helical array mediates constriction®.

Here we present the 3D structure of Dnm1-lipid tubes, solved
using cryo-EM. We found noteworthy differences between this
structure and that of assembled dynamin. Dnm1-lipid tubes con-
stricted by ~50 nm upon addition of GTP. Unique features of the 3D
structure of Dnm1 suggested how this large conformational change
was mediated. First, the helical symmetry and spacing of the Dnm1
oligomer leads to a more flexible structure. Second, we found no sub-
stantial interactions between the protein and the lipid bilayer. Dnm1
constriction reduced the underlying lipid membrane to ~20% of the

4

starting diameter. Therefore, Dnm1 can impart a large contractile
force during mitochondrial membrane fission.

RESULTS

3D reconstruction of Dnm1 helical oliogomers using cryo-EM
Purified Dnm1 self-assembles into large helical assemblies when incub-
ated with liposomes?®4%4!, Here we measured the outer diameter
of Dnm1-lipid tubes in the absence of nucleotide (121 £ 25 nm,
n = 486) and in the presence of GMP-PCP (118 + 9 nm,
n = 617; Supplementary Fig. 1). These average diameters of Dnm1-
lipid tubes are consistent with the previously determined diameters
of Dnm1 spirals formed in vitro and mitochondrial constriction sites
observed in vivo®?. The diameters of tubes in the presence of GMP-
PCP were less variable and were therefore used to determine the 3D
structure of Dnm1-lipid tubes using cryo-EM.

Before calculating a 3D volume, we first determined that the
Dnm1l-lipid tubes were cylindrical and not flattened using cryo-
electron tomography (cryo-ET; Fig. 1b and Supplementary Fig. 2).
An orthogonal slice through the tomogram (Fig. 1b, right) showed
that the cylindrical helices were not compressed, and therefore were
amenable to helical reconstruction methods. Next, we determined
the 3D map of Dnml-lipid tubes using the iterative helical real-
space reconstruction (IHRSR) algorithm*? to a resolution of 30 A

Figure 2 Analysis of helical packing of Dnm1. (a) Comparison between
Dnm1 and APRD-dynamin (Dyn-1) structures3”. The helical pitch is
28.8 nm for Dnm1 and 10.6 nm for dynamin. The axial spacing between
the two starts of the Dnm1 helix is 14.4 nm. The outer diameters

(129 nm and 50 nm, respectively), radial path lengths (16.9 nm and
11.1 nm, respectively), ridge and cleft features are also indicated.

The outer radial density (green) and the inner radial density (blue) are
where the GTPase domains and the middle-GED domains, respectively,
are predicted to reside. (b) Four GTPase domain crystal structures from
dyn A (PDB ID: 1JX2, chain B) were manually fitted to one asymmetric
subunit of the Dnm1 helical structure. Two dimers in separate helical
starts of the asymmetric subunit are colored purple and orange,
respectively. Two density thresholds are presented (low threshold,
blue-green; high threshold, yellow). The dashed box highlights the
region presented in c (left) after a 90° rotation. (c) Fittings of GTPase
domains are compared between Dnm1 (left) and Dyn-1 (right; ref. 39).
A 3-4-nm gap between Dnm1 and the lipid bilayer (gray) exists where
the PH domain (orange ribbon, yellow mesh) of Dyn-1 resides.
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(see Methods). The final Dnm1 structure

Table 1 Comparison of helical properties of Dnm1 and Dynamin

(Fig. 1) has an outer diameter of 129 nm,
an inner lumen of 89 nm and 24 repeat-

ing asymmetric subunits in one turn of the
helical array. It has a pattern of alternating
ridges and clefts similar to cryo-EM struc-
tures of dynamin37-3® (Fig. 1c). However,
Dnml forms an unexpected two-start
helical structure (Fig. 1c, labeled 1 and 2;
Supplementary Fig. 3a) in contrast to the

Dnm1l Dnm1l APRD-dynamin? APRD-dynamin?
(non-constricted)  (constricted) (non-constricted) (constricted)
Outer diameter (nm) 129 67 (59)° 50 40
Lumen diameter (nm) 89 25 (19)° 17 7
Helical pitch (nm) 28.8 >28.8¢ 10.6 9.4
No. subunits per turn (n) 24.0 12.44 14.2 13.2
Monomers per turn 96 (48)° 50 (25)f 28 26
Circumference (C=nD, nm) 405 210 157 126
Path length (p = C/n, nm) 16.9 16.94 11.1 9.1

single-start helix of dynamin (Fig. 2a). As
a result of the double helix, the pitch of the
Dnm1 helix is almost three times as large as
that of dynamin (28.8 nm versus 10.6 nm;
Fig. 2a), and the asymmetric unit of the Dnm1 helix is a tetramer,
instead of a dimer as in dynamin3® (Fig. 2b).

Another striking difference between the helical structures of
Dnml and dynamin is the interaction with the underlying lipid
bilayer. Unlike with dynamin, both leaflets of the lipid bilayer
are clearly identifiable in the raw images of Dnml-lipid tubes
(Fig. 1d,e) and in the final reconstruction (Fig. 1f-i). Consistent
with this, there is a gap of 3-4 nm (highlighted in Fig. 2¢) between
Dnml and the lipid in the 3D structure. There was a comparable
gap in the cryo-ET reconstruction of Dnm1-lipid tubes that had
not undergone averaging (Supplementary Fig. 2e,f). Thus, unlike
the PH domain of dynamin, the B-insert of Dnm1 does not inte-
grate into the lipid bilayer (Fig. 2¢). Although it is feasible that the
B-insert, or another lipid-binding region, could interact directly

aValues taken from ref. 37. PThe average value is taken from Figure 3j, and the median diameter is shown in parentheses.
The pitch of the constricted helix varies, but it does not decrease (no compression). 9The predicted number of subunits per
turn is based on the average measured circumference and the assumption that the helical path length does not change. ®Value
in parentheses indicates number of monomers in 1-start helix. Value based on the predicted number of subunits per turn.

with the lipid bilayer, this interaction would have to be disordered
or imperceptible, as it was not seen in the averaged 3D structure.
From the raw data, it was also apparent that the gap between the
outer leaflet of the lipid bilayer and the Dnml protein varied,
consistent with a weak interaction between the lipid and Dnm1.

To further examine the subunit organization of the helical array,
we manually fitted the crystal structure of the GTPase domain of
dynamin A from Dictyostelium discoidum®? (54% identical to Dnm1)
in the repeating asymmetric unit (Fig. 2b,c). At the current resolution
of the 3D map, we can only tentatively predict the orientation of the
GTPase domains. However, the outer radial density of each asym-
metric unit could easily accommodate four D. discoidum GTPase
domain structures (Fig. 2b), and our fitting indicated that 96 Dnm1
monomers occupied one helical turn (Table 1).
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Figure 3 Dnm1-lipid tubes constrict upon addition of GTP. (a—i) Dnm1-lipid tubes were imaged using negative stain EM (a—c) and cryo-EM (d-i).

Dnm1 tubes in the absence of nucleotide (a,d,g), in the presence of GMP-PCP (b,e) and after addition of 1 mM GTP (c,f,h,i). Scale bars, 50 nm (a-f)
and 100 nm (g—i). Asterisk in h, bare lipid tubes; arrows in i, regions where Dnm1 filaments are loosely packed; arrowheads and insets in i indicate
Dnm1 filaments that have dissociated from the membrane. (j) Distributions of tube diameters for Dnm1 tubes treated with or without 1 mM GTP for 5 s.
(k) 90° light scattering of Dnm1 tubes decreased upon addition of 1 mM GTP (red arrowhead).
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Figure 4 The diameters of Dnm1-lipid tubes 25 |
recover after an initial constriction.

(a-d) Cryo-EM images of Dnm1-lipid tubes 20 A
in the absence of GTP (a,b) and 5 s after 15
addition of 0.1 mM GTP (c,d). Scale bar,

100 nm. (e-g) Distribution of Dnm1 tube 10 4
diameters before (e) and after (f, 5s; g, 30 s)

addition of 0.1 mM GTP. Corresponding outer 51
tube diameters are highlighted by dashed o
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blue lines (no GTP) in a (110 nm) and
b (150 nm) and by dashed red lines (0.1 mM
GTP, 5s)inc (65 nm) and d (50 nm).

GTP addition leads to constriction of the Dnm1-lipid tube
Addition of 1 mM GTP to Dnm1-lipid tubes caused a significant
conformational change within seconds (P = 0.001; Fig. 3). Dnm1-
lipid tubes had an average diameter of ~120 nm in the absence of
nucleotide (Fig. 3a,d,g) or under saturating amounts of a non-
hydrolyzable GTP analog (1 mM GMP-PCP; Fig. 3b,e). Hydrolysis
of GTP led to constriction of the underlying lipid membrane by Dnm1
(Fig. 3¢,fh,i), resulting in tubes with an average outer diameter of 68 +
22 nm (n = 551) and a median score of 59 nm (Fig. 3j). We further
quantified the GTP-dependent changes to the Dnm1-lipid tubes by
90° light-scattering measurements. Addition of GTP to Dnm1-lipid
tubes resulted in an immediate and sizable decrease in light scatter-
ing (Fig. 3k), whereas adding GMP-PCP had little effect. Therefore,
GTP hydrolysis was required to mediate these large conformational
changes, consistent with previous findings that the Dnm1 GTPase
activity is stimulated by assembly on a lipid template*

EM analysis also indicated that Dnm1 rapidly dissociated from the
lipid after GTP-induced constriction. When we made Dnm1-lipid
tubes in the absence of nucleotide, 92% of all lipid tubules were deco-
rated with Dnm1. Five seconds after addition of GTP, 69% of lipid
tubes were undecorated. Several narrow (constricted) lipid tubules
were devoid of protein (Fig. 3h), and others were less densely popu-
lated with closely associated, curved filaments of Dnm1 (Fig. 3i). By
comparison, dynamin remains largely associated with lipid 5 s after
addition of GTP3¢. When we lowered the GTP concentration to 0.1 mM,
we were able to observe Dnm1 structural intermediates. Under these
conditions, Dnm1-lipid tubes were largely decorated with protein
(39% undecorated) and constricted to an average diameter of
71 + 23 nm within 5 s of GTP addition (n = 235; Fig. 4). After 30 s,
there was a mixed population of constricted and non-constricted
Dnm1-lipid tubes with an average diameter of 93 + 25 nm (n = 385,
Fig. 4g). The fraction of undecorated Dnm1-lipid tubes (30%) did not
increase after 30 s, which suggests that Dnm1 can either reassemble on
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lipid or revert to a non-constricted state in vitro. Overall, these results
suggest that preformed Dnm1-lipid tubes undergo a large conforma-
tional change upon addition of GTP and support a model in which
Dnml can actively constrict the outer mitochondrial membrane to
mediate fission in vivo (Fig. 5a).

Comparison of helical constriction of Dnm1 and dynamin

The conformation change of Dnm1 is markedly larger than the constric-
tion that has been characterized for dynamin. Upon addition of GTP,
dynamin helices constrict from 50 to 40 nm (refs. 33,36). This radial
constriction is mediated by a slight ratchet motion (sliding between
adjacent strands), causing a decrease in the number of subunits per
turn (14.2 to 13.2)%” and a reorientation of dynamin domains®®, which
leads to a shortened radial path length (a decrease from 11.1 nm to
9.1 nm; Table 1). By contrast, Dnm1 helices constricted by ~50 nm in
diameter when GTP was added. The radial path length of Dnml1 in the
GTP-bound state measured 16.9 nm, so the radial spacing was 150% of
that of dynamin in the non-constricted state. We could not determine
the radial spacing for Dnm1 after GTP-induced constriction because
the number of subunits per turn was unknown. However, a constric-
tion of this magnitude probably requires a substantial ratchet motion.
If the path length remained constant, then the number of subunits per
turn would decrease by half (Table 1). Without a ratchet motion, the
radial spacing would have to decrease from 16.9 nm to 8.7 nm upon
constriction, which seems unlikely. Unlike for dynamin, with Dnm1
the driving force for constriction is probably a large decrease in the
number of subunits per turn.

In addition to a decrease in radial spacing, the distance between
adjacent strands in the dynamin helix decreases (10.6 nm to 9.4 nm,
Table 1; axial compression, Fig. 5b) as the structure becomes more
tightly packed during constriction3”°. The pitch of the Dnm1 helix
in the GTP-bound state was 28.8 nm, but the axial spacing between
adjacent strands was 14.4 nm. As with the radial measurements, the
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Figure 5 A model for mitochondrial fission. (a) An active contractile
force is proposed to have a role in mitochondrial fission, in which Dnm1
is recruited to mitochondria and constricts the underlying membrane(s),
which leads to fission and release of the protein. (b) Differences in helical
packing and GTP-induced conformational changes between Dnm1 and
Dyn-1. Unlike Dyn-1, Dnm1 assembles as a two-start helix and shows no
axial compression upon addition of GTP. The inner lumen of Dnm1 tubes
decrease from ~80 nm to ~25 nm, whereas that of dynamin decreases
from ~20 nm to ~10 nm.

spacing between adjacent strands of the Dnm1 helix was larger than
that of dynamin. To determine how constriction affects the axial spac-
ing (distance between strands; Fig. 5b) of the Dnm1 array, we calcu-
lated the power spectra of several constricted Dnm1-lipid tubes. The
average axial spacing increased from 14 nm to 21 +4 nm (n=28)5s
after addition of 1 mM GTP and measured 18 + 3 nm (n = 26) 5 s after
addition of 0.1 mM GTP (Supplementary Fig. 4). Thus, Dnm1 helical
constriction was associated with increased axial spacing, which could
permit the sliding of adjacent strands that is needed to mediate the
large decrease in tube diameter.

DISCUSSION

Here we present the 3D structure of Dnm1 helical tubes and describe a
large conformational change that generates a contractile force on lipid
bilayers. The magnitude of constriction is large enough to explain how
a ~120-nm Dnm1 helical array can facilitate the fission of the outer
mitochondrial membrane. Furthermore, we observed Dnm1-lipid
tubes over a wide range of diameters in different nucleotide states
(121 £25 nm in the absence of nucleotide and 118 + 9 nm in the pres-
ence of GMP-PCP). These variations suggest that the Dnm1 oligomer
has an inherent plasticity that allows it to generate helical structures
with a wide range of diameters. This is in contrast to dynamin-lipid

tubes, where the diameter is less diverse (52 + 4 nm)33. The diameters
of the necks of budding vesicles, where dynamin is targeted, are more
defined, and a host of cofactors might shape this structure before
dynamin binds*4-4. The structural variability of Dnm1 may be an
essential feature that is required to accommodate the heterogeneity
of mitochondrial sizes in vivo. In addition, this helical plasticity may
have a fundamental role in the constriction event. The Dnm1 oligo-
mer must undergo large domain reorientations during constriction
to allow the considerable bending of the Dnm1 filament (the strand
of the helical array). The final 3D structure of the Dnm1 helix shows
two key features that could facilitate constriction: the helical struc-
ture is more loosely packed than comparable structures of dynamin
(Table 1), and the protein is not anchored in the underlying lipid
bilayer (Fig. 2c).

Comparison of the sequences of Dnm1 and dynamin suggests that
the mechanochemical core (GTPase, middle and GED regions) of
Dnml is preserved. As with dynamin, a GTP-dependent conforma-
tional change may reorient the protein domains to trigger a ratchet
motion, but the magnitude of the constriction would be much larger
for Dnml. X-ray structures of a dynamin GTPase-GED fusion
protein! and the middle-GED regions of dynamin-like MxA!® have
provided clues to the mechanisms of oligomerization and assembly-
stimulated GTPase activity. Amino acids in both the GTP-binding
pocket and GTPase-GED bundle are conserved in Dnm1, which
suggests that these residues are crucial for dynamin and Dnm1. The
dimer structure of the dynamin GTPase-GED fusion protein repre-
sents a transition state, and the dimer interface was not observed in the
GTP-bound state. Therefore, our Dnm1 structure in the GTP-bound
state represents a different conformation that precedes hydrolysis.
Because the domain architectures of Dnm1 and dynamin are similar,
the middle and GED domains from Dnm1 are predicted to fit in the
middle radial density at the cleft (highlighted in Fig. 2b). The Dnm1
middle domain-GED helices are probably similar to the structures
observed in the MxA stalk structure!®. However, the relative orienta-
tion between adjacent subunits may be different owing to the larger
radius of curvature and radial spacing in the Dnm1 structure. The
B-insert could also fit in this area, which might affect the intra- and
intermolecular interactions between the middle domain and GED and
increase the size of this radial density. Note that the strongest feature
of the 3D map is the middle radial density.

In the dynamin structure!5, GTPase domain interactions are pre-
dicted to occur between sequential turns of the dynamin helix!®.
Because the Dnm1 structure is a 2-start helix, the GTPase domain
interactions occur between the two strands of the helix. GTP bind-
ing leads to a decrease in the variability in diameters of Dnm1-lipid
tubes, which is consistent with an enhanced stability provided by
interactions between adjacent GTPase domains. GTP hydrolysis may
trigger conformational changes in the GTPase domains that desta-
bilize lateral (or axial) interactions in the helix. The larger distances
observed between the ridges of the Dnm1 helix would allow sliding of
adjacent strands (Figs. 2a and 5b) and thereby permit the large ratchet
motions that would be needed to constrict the underlying membrane
to a diameter that approaches the size needed for fission. This large
sliding motion would require strong radial interactions, facilitated
by the middle-GED assembly, to preserve the Dnm1 filament in each
turn of the helix. Consistent with this idea, the middle radial density
in the Dnm1 structure is the strongest feature of the map, and a muta-
tion in the middle domain abolishes filament formation2°. Moreover,
we observed large Dnm1 filaments dissociating from the lipid upon
GTP hydrolysis (inset panels in Fig. 3i), which is consistent with
the idea that strands of Dnml remain intact during constriction.
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The large distribution of diameters for Dnml-lipid tubes after
addition of GTP (Figs. 3j and 4f,g) also shows that several filament
curvatures exist during intermediate states of constriction.

Dnml lacks a predicted lipid-binding domain. In place of a PH
domain?>3>, Dnm1 contains an uncharacterized B-insert (Fig. 1a),
which the secondary structure analysis suggests is disordered.
Although we cannot resolve the position of the B-insert in our 3D
structure, our results suggest that Dnm1 is not strongly anchored
in the outer leaflet of the lipid bilayer (Fig. 2c). Because the Dnm1
middle radial density is appreciably larger than that of dynamin, it
is possible that the B-insert is contained within the middle radial
density and affects the interactions between the middle domain and
GED. Therefore, the large diameter of the Dnm1-lipid tubes could
be related to the presence of the B-insert in the self-assembly region
(middle-GED) of the Dnm1 oligomer. The B-insert could also contain
a flexible loop between the middle domain and GED and may have an
affinity for lipids that reflects nonspecific electrostatic interactions.
Regardless, the lipid bilayer nucleates Dnm1 oligomers that grow into
larger helical structures in vitro. Consistent with this idea, we found
that the Dnm1 helices often extended beyond the underlying lipid
tubules. Thus, conformational changes in Dnm1 are not dictated by
lipid restraints, and the protein can glide over the lipid bilayer during
helical constriction (Fig. 5b).

The distance that is necessary for spontaneous membrane fission
between juxtaposed leaflets of a lipid bilayer has been calculated to
be 1-2 nm*7+#8, At first, it appears that the average luminal diameter
of Dnm1-lipid tubes in the constricted state (~20 nm, Table 1) is not
sufficient to complete fission. However, mitochondria have a double
membrane, and consequently the lumen of the inner mitochondrial
membrane could approach the required diameter for fission upon
Dnml-mediated constriction of the outer membrane. Furthermore,
after addition of GTP, ~15% of DnmI1-lipid tubes had outer radial
diameters approaching 40 nm. This size is comparable to the diameter
of dynamin in the constricted state, and dynamin alone can medi-
ate membrane fission*”4%50, Thus, a small subset of the Dnm1 con-
striction events that we observed in vitro showed luminal diameters
approaching the distance needed for fission (consistently <10 nm).
Moreover, Dnm1 could undergo multiple rounds of constriction, and
only when the inner lumen approaches a diameter of less than 10 nm
does the lipid resist additional constriction.

In vivo, additional factors and forces probably regulate and facilitate
this membrane fission event. For example, after targeting Dnm1 to
membranes, Mdvl nucleates Dnm1 assembly on the lipid surface0,
This interaction with Mdv1 may tether Dnm1 to the outer mitochon-
drial membrane and allow multiple rounds of constriction in vivo, and
thereby enhance the contractile force of Dnm1 during mitochondrial
division. Consistent with this role for adaptors, the 3-4-nm gap
between Dnm1 and the lipid membrane in our 3D map could easily
accommodate protein cofactors required for mitochondrial fission.
For dynamin, the PH domain is found at the interface between the
lipid and the conserved core of dynamin and anchors the protein
in the bilayer during constriction. In place of the PH domain, the
cytoplasmic domain of Fisl (ref. 51), or the WD repeat domain®? in
Mdv1 and Caf4 that interacts with Dnm1, could fit in the gap between
Dnm1 and the lipid bilayer, and thereby anchor Dnm1 near the lipid
during constriction. In the future, in vitro studies of Dnm1 and these
partners will address their roles in regulating the structure of the
mitochondrial fission machinery.

In conclusion, our results provide insight into the mechanism of mito-
chondrial fission and support the idea that Dnm1 has an active role in
the constriction of mitochondrial membrane(s). This model is broadly

ARTICLES

applicable given the conservation of dynamin-related proteins involved
in mitochondrial fission throughout all eukaryotes. Furthermore, Dnm1
is required for peroxisomal fission, which suggests that a similar mecha-
nism probably mediates this process. Dnm1 constriction also provides
evidence that a common mechanism exists for dynamin family mem-
bers involved in membrane fission. Both dynamin and Dnm1 have now
been shown to actively constrict the underlying lipid bilayer upon GTP
hydrolysis, and the magnitude of constriction for both is ideally suited
for their distinct cellular functions.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Protein expression and purification. Dnm1 was expressed and purified as
described®. In brief, high-titer virus containing the Dnm1 expression plasmid
was used to infect Hi5 insect cells for protein expression. Infected cells were
collected after 48 h of infection and were stored at —80 °C. Infected cells were
thawed at room temperature and resuspended in wash buffer (25 mM HEPES,
25 mM PIPES, pH 7.0, 500 mM NaCl and 80 mM imidazole, pH 7.4) containing
protease inhibitor cocktail 1 (Calbiochem). Resuspended thawed cells were lysed
and the lysate was centrifuged at 60,000¢ for 30 min. Dnm1 was purified from
the supernatant using a HiTrap metal-chelating column attached to an AKTA
prime system (GE Healthcare). Dnm1 was eluted from the column using a linear
gradient of 25 mM HEPES, 25 mM PIPES, pH 7.0, 500 mM NaCl and 500 mM
imidazole, pH 7.4. DMSO was added to purified Dnm!1 to a final concentration of
20% (v/v), rendering the freezing buffer 20 mM HEPES, 20 mM PIPES, 400 mM
imidazole and 20% (v/v) DMSO. Purified protein was frozen in liquid nitrogen
and stored at —80 °C.

Dnm1-lipid tube formation. To begin, a 50-pul mixture of phosphatidyl-
ethanolamine (0.45 mg) and phosphatidylinositol 4-phosphate (0.05 mg) in
chloroform (Avanti Polar Lipids) was dried under nitrogen gas. On occasion,
100% (v/v) phosphatidylserine was used with no difference in results. Dried
lipid was resuspended in HCB150 buffer (20 mM Hepes, pH 7.2, 1 mM MgCl,,
2 mM EGTA and 150 mM NaCl) to a final concentration of 2 mg ml~!. To make
Dnm1-lipid tubes, the protein was diluted (~0.1 mg ml~!, 1.2 uM) in HCB150,
resuspended lipid was added to a final concentration of 0.1-0.2 mg ml~! and the
mixtures were incubated at room temperature for 2 h. For samples with nucleo-
tide, GTP- or GMP-PCP (Sigma) was added to a final concentration of 0.1 or
1.0 mM. P values were calculated by one-way ANOVA (GraphPad Prism 5).

EM sample praparation. For negative stain, samples were stained with 2% (w/v)
uranyl acetate (EM Sciences) on carbon-coated grids. For cryo-EM preparations,
samples were applied to holey carbon grids (R3.5/1, Quantifoil), blotted and
frozen in liquid ethane using a Vitrobot (FEI Co.) system. Negative stain and
cryo-EM images not used for high-resolution reconstructions were recorded
on a CM120 (Philips) microscope operating at 100 kV using a Gatan 1k x 1k
CCD camera.

Cryo-ET reconstruction. A single-axis tilt series was collected on a Tecnai-12
electron microscope (FEI) operating at 120 keV. The microscope was equipped
with an energy filter (Gatan GIF 2002) that was operated in the zero-energy-loss
mode with a slit width of 20 eV. Images were recorded on a 2,048 x 2,048-pixel
CCD camera (Gatan) at 45,000x magnification (0.67-nm pixels) and 4-6 um
defocus. Data were recorded at 1° steps, covering ranges of approximately —56° to
+56° under low-dose conditions, using SerialEM software™ to conduct automatic
tilting, tracking, focusing and image acquisition. Projections were aligned without
fiducial markers and the tomogram was calculated using IMOD>,

Three-dimensional reconstruction and representation. High-resolution
cryo-EM images were recorded at 50,000x magnification using film (Kodak
SO163) on a CM200 FEG (Philips) microscope operating at 120 kV. Films were
digitized using a Leafscan 45 scanner at a step size of 12.5 um, and the images were
binned twice to 5 A per pixel. Selected Dnm1-lipid tubes with good diffraction
and minimum astigmatism and drift were initially boxed into helical segments
using the helixboxer and boxer programs in the EMAN suite®>. The segments
used in the final reconstruction were 300 x 300 pixels. Projection matching was
used to sort 4,323 boxed segments based on tube diameter. The average diameter
for the complete dataset was comparable to the values shown in Supplementary
Figure 1. It was determined that the helical segments with diameters approaching
130 nm were most homogeneous. We used 600 manually screened segments for
final refinement. During each of the 50 iterative cycles of the THRSR*? refine-
ment, a 3° limit was used for in-plane tilt correction, and a cross-correlation
threshold was used to ensure a homogeneous dataset. We used 430 images with
~125 asymmetric subunits in each boxed segment in the final reconstruction,
corresponding to 53,750 repeating subunits. The final reconstruction resolved
to a 2-start structure with 24.0 subunits per turn and a helical pitch of 288 A
(Fig. 1c and Supplementary Fig. 3e). The resolution was determined to be
~30 A (0.5 FSC criterion). Chimera® was used for representation of the 3D
volumes and to manually fit dyn A GTPase domains (PDB ID: 1JWY, chain B)
into the Dnm1 structure. See Supplementary Methods for more detail.

Tube morphology and decoration. Tube diameters and the amount of Dnm1
decoration on lipid tubules were measured using the Image]J software (available
at http://rsb.info.nih.gov/ij). The amount of protein decoration was measured per
length of all lipid tubules (protein decoration on liposomes was not counted).
The total distances measured were 16.6 um for tubes formed in the absence of
nucleotide, 16.4 pm for tubes treated with 1 mM GTP for 5 s, and 5.7 um and
8.3 um for tubes treated with 0.1 mM GTP for 5 s and 30 s, respectively.

90° light scattering. Dnm1-lipid tubes were diluted 1:4 with HCB150 to a final
concentration of ~25 ig mI~! (0.3 uM). A Photon Technology International (PTI)
Model 814 photomultiplier was used at 350 nm excitation and 355 nm
emission with excitation and emission slit widths set at 3 mm. Measurements were
collected at 0.1-s intervals. After obtaining a stable background, GTP (1 mM
final) was added to Dnm1 samples. Data were collected and analyzed using the
Felix 32 software (PTI).
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