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Allosteric control of dynamin-relatedprotein
1 through a disordered C-terminal Short
Linear Motif

Isabel Pérez-Jover 1,2,9, Kristy Rochon 3,9, Di Hu 4,9, Mukesh Mahajan 4,

Pooja Madan Mohan4, Isaac Santos-Pérez5, Julene Ormaetxea Gisasola1,2,

Juan Manuel Martinez Galvez1,2, Jon Agirre 6, Xin Qi 4,7, Jason A. Mears3,7,8,

Anna V. Shnyrova 1,2 & Rajesh Ramachandran 4,8

The mechanochemical GTPase dynamin-related protein 1 (Drp1) catalyzes
mitochondrial and peroxisomalfission, but the regulatorymechanisms remain
ambiguous. Here we find that a conserved, intrinsically disordered, six-residue
Short Linear Motif at the extreme Drp1 C-terminus, named CT-SLiM, con-
stitutes a critical allosteric site that controls Drp1 structure and function
in vitro and in vivo. Extension of the CT-SLiM by non-native residues, or its
interaction with the protein partner GIPC-1, constrains Drp1 subunit con-
formational dynamics, alters self-assembly properties, and limits cooperative
GTP hydrolysis, surprisingly leading to the fission of model membranes
in vitro. In vivo, the involvement of the native CT-SLiM is critical for productive
mitochondrial and peroxisomal fission, as both deletion and non-native
extension of the CT-SLiM severely impair their progression. Thus, contrary to
prevailing models, Drp1-catalyzed membrane fission relies on allosteric com-
munication mediated by the CT-SLiM, deceleration of GTPase activity, and
coupled changes in subunit architecture and assembly-disassembly dynamics.

Intrinsically disordered proteins (IDPs) and structured proteins that
contain intrinsically disordered regions (IDRs) are ubiquitous com-
prising nearly half of the human proteome1–3. In contrast to the rela-
tively stationary loops and turns that connect secondary structure
elements in compactly folded protein domains, IDRs persist as a highly
dynamic conformational ensemble, which in many instances under-
goes a localized disorder-to-order structural transition upon partner
interactions (with protein, lipid, or nucleotide) and/or via various post-
translational modifications (PTMs)4–6. Consequently, IDRs function as

regulatory nodes or hubs that govern host protein function by tran-
scribing biological information from multiple interactions and mod-
ifications into discernible alterations in local protein fold, dynamics,
and macromolecular assembly, including protein condensation via
liquid-liquid phase separation (LLPS)7–10.

This generalized description of IDR structure and function also
pertains to dynamin-related protein 1 (Drp1), a self-assembling, multi-
domain GTPase thatmechanochemically constricts tubularmembrane
intermediates en route to mitochondrial fission11,12. Drp1 contains
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multiple IDRs, ranging up to 134 amino acid (aa) residues in length,
which make up >20% of its overall sequence11,13,14 (Supplementary
Fig. 1a). Yet, many of these IDRs are either absent or unresolved in any
available Drp1 X-ray13 or cryo-EM structure15,16 to date (Fig. 1a and
Supplementary Fig. 1b), obscuring further functional characterization.
These include: (i) Molecular Recognition Features (MoRFs)8,10 of
~10–25 aa residues, such as MoRFs-1 and −2 embedded within the

largely disordered variable domain (VD), enabling direct Drp1-
membrane interactions17 and (ii) Short Linear Motifs (SLiMs)8,10 of
~3–12 aa residues nested within highly structured domains, such as the
G-domain ‘80-loop’ and stalk ‘L1N’ loop that direct protein-protein
interactions during Drp1 self-assembly14. One such IDR is a unique
stretch of ~6 aa residues at the Drp1 extreme C-terminus, which we call
the CT-SLiM (Fig. 1a and Supplementary Fig. 1a, b) that, unlike other
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IDRs in Drp1, is highly conserved among metazoans (Supplementary
Fig. 1a). However, its function(s) remain largely unexplored.

Recent studies have indicated that this CT-SLiM constitutes an
atypical PDZ domain binding motif (PBM) that specifically interacts
with the PDZ domain-containing adaptor protein GIPC-1 (GAIP inter-
acting protein, C-terminus 1)18,19. CT-SLiM-bound GIPC-1, in turn,
associates with the F-actin minus-end-directed motor myosin VI
(MYO6) to guide Drp1 presumably to F-actin-pre-constricted mito-
chondrial division sites18–21. However, whether or how direct GIPC-1-
Drp1 interactions via the CT-SLiM influence Drp1 structure and/or
function remains unknown.

Here, using a comprehensive toolkit of structural, cell biological,
and in vitro reconstitution approaches, we show that a deletion (ΔCT)
or a non-native extension (CT + ) of the CT-SLiM distinctly alters Drp1
conformational dynamics, oligomerization propensity, self-assembly
geometry, and cooperativeGTPase activity, in addition todifferentially
affecting Drp1 capacity to remodel target membranes. We demon-
strate that whereas the ΔCT variants exhibit a predictable loss-of-
function by either altering or inhibitingmembrane fission both in vitro
and in vivo, the CT+ variants display an aberrant gain-of-function by
robustly catalyzing membrane fission in vitro, while remaining
repressed in mediating mitochondrial fission in vivo. By contrast, WT
Drp1, which is limited to constricting membranes on its own in vitro,
remarkably progresses toward membrane fission upon native CT-
SLiM-effected GIPC-1 interactions. Taken together, our data indicate a
critical role for the native CT-SLiM in governing Drp1 structure, con-
formational dynamics, andmechanoenzymaticmembrane remodeling
activity. Furthermore, key protein partner interactions of Drp1, such as
that of the CT-SLiM, emerge as an essential regulatory element in the
allosteric control of Drp1 function during mitochondrial fission.

Results
CT-SLiM modifications alter Drp1 self-assembly propensity and
geometry
To discern the role of the CT-SLiM, we generated a host of Drp1 var-
iants with either truncated or extended C-termini (Supplementary
Fig. 1c). The truncated variants had the last four (ΔCT4) or six (ΔCT6)
residues of the native CT-SLiM removed in order to separate the
potential electrostatic (R694E695) and hydrophobic (L698W699) contribu-
tions of this segment to Drp1-partner protein interactions18. Con-
versely, the extended variants (CT + ) had non-native sequences of
different lengths and composition, including affinity and epitope tags,
appended to the CT-SLiM. These non-native extensions were intro-
duced to isolate the backbone carboxylate moiety of the C-terminal
residue, a requirement for high-affinity PDZ domain binding22, from
the predicted PDZ domain recognition sequence in Drp1
(696THLW699)18. In addition, we sought to determine the influence of
non-native C-terminal extensions on Drp1 structure and function,
which in past studies have produced confounding and conflicting
results23–25. To enable purification,WTDrp1 and selectCT variantswere

modified at the N-terminus with a His6 affinity tag (see Methods),
which as previously shown26,27 did not affect Drp1 self-assembly or
GTPase activity in vitro. Besides, N-terminally epitope (Myc)-tagged
Drp1 effectively restored mitochondrial fission in Drp1 knockout (KO)
cells17,26 indicating that these N-terminal modifications neither affect
Drp1 function in vivo.

Negative-stain electron microscopy (NS-EM) analysis revealed
considerable alterations in the Drp1 oligomer structure due to the CT-
SLiM modifications. In the presence of the non-hydrolyzable GTP
analogue, GMP-PCP, which mimics GTP binding and promotes Drp1
helical self-assembly in solution26, WT Drp1 characteristically formed a
mixture of oligomeric rings and higher-order spirals of a consistent
diameter and length (Fig. 1b–d). In contrast, the ΔCT4 and ΔCT6 var-
iants failed to assemble into any such regular higher-order structures.
Instead, the ΔCT4 and ΔCT6 variants predominantly constituted tri-
angularly shaped nubs of much smaller dimensions with little to no
indication of further higher-order self-assembly (Fig. 1b, c). Con-
versely, the CT+ variant formed consistently longer supramolecular
helical assemblies, although similar in overall helical diameter to WT
(Fig. 1b–d).

Size-exclusion chromatography-coupled multi-angle light scat-
tering (SEC-MALS) analyses of these variants in the nucleotide-free
apo state at physiologically relevant concentrations in solution28

(~0.5 µM at peak detection upon ~10-fold SEC dilution) revealed fur-
ther differences in their oligomerization properties relative to WT
(Fig. 1e). The ΔCT4 and ΔCT6 variants exhibited a sharp dimer-
tetramer equilibrium similar to WT, albeit tending marginally toward
minimal dimers under the conditions. In contrast, the extended CT+
variant largely favored higher-order oligomers consistent with its
enhanced helical self-assembly in the presence of GMP-PCP (Fig. 1b,
Supplementary Fig. 2a, b). This greater oligomerization propensity of
the CT+ variant relative to WT was evident over a wide range of
protein concentrations (Supplementary Fig. 2c). Besides, it was
independent of the non-native CT+ sequence as this tendency was
also manifest in a CT+* variant containing an extension of a different
length (14 aa residues) and composition (Supplementary Fig. 2d).
Shortening the non-native CT sequence of the CT+ variant from 24 to
9 aa residues by proteolytic cleavage (CT+sh) reduced its higher-order
oligomerization propensity (Supplementary Fig. 2e), although this
remained noticeably greater than that ofWT Drp1. On the other hand,
shortening the N-terminal tag sequence from 36 to 7 aa residues had
no palpable effect on Drp1 oligomerization (Supplementary Fig. 2f).

These data indicated that the disorderedDrp1 CT-SLiM is a critical
determinant of Drp1 self-assembly and helical propagation.

CT-SLiMmodifications alter Drp1 conformational dynamics and
structure
To gain insight into the molecular mechanisms underlying CT-SLiM
function, we used NS-EM and performed 2D image classification to
assess the impact of the various CT modifications on Drp1 subunit

Fig. 1 | CT-SLiM modifications affect Drp1 oligomerization propensity and

helical geometry. aThe location and polypeptide sequenceof the CT-SLiM inDrp1
isoform3 primary structure is shown. The crystal structure beneath corresponds to
the Drp1ΔVD dimer with a color-coded representation of domain arrangement in a
monomer. BSE (purple) is the bundle signaling element. The stalk comprises a four-
helical bundle composed of discontinuousmiddle (blue) andGED (GTPase effector
domain; orange) regions. GTPase (G) domain is shown in green. Connecting black
lines represent a fewprominent IDRs in Drp1. The VD connects themiddle and GED
regions, whereas the 80-loop and LIN loops are nested within the G and stalk
(middle) domains, respectively. The inset is a zoomed-in view of the BSE showing
the well-resolved Drp1 N-terminal BSE helix (beginning from aa residue 1). The last
six residues of theDrp1 C-terminus (R694-W699), an IDRwhichwe call the CT-SLiM
and represented here by a curved black line, remain disordered. I693, the last
resolved residue of the C-terminal BSE helix is highlighted.b Representative NS-EM

images of WT Drp1 and CT variants in the presence of the non-hydrolyzable GTP
analogue, GMP-PCP. Scale bar, 200nm. The left inset under each panel shows a
zoomed-in view of the boxed region in the above micrograph, whereas 2D class
averages of the predominant oligomer (ring) morphology are shown to their right.
Insets scale bar, 50nm. Data shown here are formouse CT+Drp1. HumanCT+ Drp1
data are shown in Supplementary Fig. 2a. Histograms showing the distribution of
assessed ring diameter (c) and helical polymer length (d) for WT Drp1 and CT
variants. ΔCT4/6 Drp1 do not form helical polymers. Mean± SD (SEM) is indicated.
n is the number of particles. e SEC-MALS elution andmolarmass profiles of human
WT Drp1 and CT variants sieved through a Superose 6 10/300 GL column. When
injected at 5 µM, Drp1 is diluted to ~0.5 µM peak concentration on arrival at the LS
and dRI detectors. Horizontal lines indicate the theoretical masses of a Drp1 dimer
(2-mer) and tetramer (4-mer).
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conformational dynamics and self-assembly under different
nucleotide-bound states (Fig. 2a, Supplementary Fig. 3a, b).

In the apo state, we detected two different orientations for the
WT Drp1 dimer—an S-shaped top-down (or bottom-up) orientation
and a V-shaped side-on orientation with prominent densities evident
for the dimeric stalk and the two individual GTPase (G) domains
(Fig. 2a, Supplementary Fig. 3b, c). Notably, in the S-shaped orien-
tation, the G domains were set far apart, whereas in the V-shaped
orientation, the G domains appeared to be positioned in close

proximity. Remarkably, the S-shaped structure was never found for
the CT+ variant in the apo state and was relatively poorly sampled by
theΔCT4/6 variants (Fig. 2a, Supplementary Fig. 3b, c). As differential
grid deposition or preferred orientations were unlikely to be influ-
ential factors owing to the minimal nature of the CT modifications
involved (CT-SLiM deletion or a short non-native extension), we
reasoned that these two orientations likely correspond to two dif-
ferent solution conformations of the Drp1 dimer that interconvert
dynamically (Fig. 2a, Supplementary Fig. 3c).
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For the apo WT Drp1 dimer, the extended S-shaped conformer
was detected at a ~4-fold greater incidence than the compact V-
shaped conformer, indicating a greater residence time for the native
dimer in the extended conformation (Fig. 2a). These data indicated
that the native CT-SLiM restricts Drp1 conformational dynamics in
solution and retains Drp1 predominantly in the extended conforma-
tion, whereas its absence or non-native extension in the ΔCT4/6 and
CT+ variants, respectively, differentially relieves this auto-inhibition
favoring their conversion, to varying extents, to the alternate compact
conformation. Moreover, in the presence of GMP-PCP, the oligomeric
rings formed by the ΔCT4/6 and CT+ variants were largely irregular or
poorly ordered (Fig. 2a) suggesting that the native CT-SLiM also
functions as a spacer that sets the register and geometry of inter-
subunit interactions during nucleotide-dependent helical self-
assembly. Furthermore, unlike WT, which reverted to the extended
dimer conformation upon GTP hydrolysis, the CT+ and ΔCT4/6 var-
iants largely remained in the compact conformation (Fig. 2a, Supple-
mentary Fig. 3d). These data indicated that the compact CT+ Drp1
conformer likelymimics an assembly-primed state based on its greater
higher-order oligomerization propensity relative to WT both in
absence and presence of nucleotide.

3D reconstruction from2D class averages of the extendedWT and
compact ΔCT6 Drp1 conformations further allowed us to dock the
available crystal structure of the ΔVD Drp1 dimer and examine the
nature of the conformational rearrangements (Fig. 2b, Supplementary
Fig. 3c).With the extended conformation, theGdomains of thedocked
ΔVDDrp1dimer stretchedbeyond the computed edgedensities. These
data suggested that either the ΔVD variant is in an alternate con-
formation compared toWT14, with theWTGdomains tucked in toward
the stalk as recently indicated16, or that our reconstructed structure
remains partially unresolvedowing to inherent dynamics aroundhinge
1 at the BSE-stalk intersection (Fig. 1a). Fitting of the ΔVD Drp1 dimer
structure into the computed 3D volume of the compact conformation,
however, required a large-scale repositioning of the Gdomains around
hinge 1 (Fig. 2b). Modeling of these two conformations using the
crystal structure (Fig. 2b) and back projection of 2D class averages
from the computed 3D volumes (Fig. 2b) revealed that the compact
conformation sampled by ΔCT6 Drp1 is not observed in any of the
projected 2D class averages for the extended WT Drp1 dimer. These
data indicated that the observed extended and compact Drp1 forms
are indeed conformationally distinct.

To confirm the large-scaleflexibility of theDrp1dimer as indicated
by the EMdata,wemapped the conformational landscape of aminimal
Drp1 dimer in solution using small-angle X-ray scattering (SAXS)29 as an
orthogonal approach (Fig. 2c and Supplementary Fig. 4). The hetero-
genous mix of dimers, tetramers, and higher-order oligomers present
in dynamic equilibrium for WT Drp1 and the CT variants is incompa-
tible with SAXS and cannot be analyzed. Therefore, we employed a
R403A mutation in Drp1 (R399A in Dyn130) (Fig. 1a) that restricts Drp1
predominantly to aminimal dimer in solution (Supplementary Fig. 4a),
similar to the minimal Dyn1 dimer previously assessed by SAXS31.
Remarkably, ab initio reconstruction of the most probable low-

resolution molecular envelope for the R403A Drp1 dimer revealed an
overall shape that was compatible with both the extended and com-
pact conformations (Fig. 2c), with sufficient volume present between
the G domains and below the stalk of the overlaid ΔVD Drp1 dimer
crystal structure to accommodateboth shapes. Thus, theminimal Drp1
dimer in solution is highly dynamic and capable of interconversion
between extended and compact states.

To understand the molecular basis of the CT+ Drp1 variant’s dis-
tinctively compact conformation and gain-of-function in self-assem-
bly, we used AlphaFold32 to predict the influence of the CT+ sequence
extension on Drp1 structure. Remarkably, the computational data
suggested that whereas the N-terminal His6 affinity tag in ourWT Drp1
was mostly disordered, the non-native CT extension in CT+ Drp1
propagated as a α-helix in close apposition to the top of the G domain,
potentially constraining dynamics at the adjacent nucleotide-sensitive
Gdomain-BSE interface (Supplementary Fig. 5a). Consistentwith this, a
direct comparison of the top-ranked structures in isolation (Supple-
mentary Fig. 5b) and upon superposition into the available Drp1
polymer cryo-EM structure (Supplementary Fig. 5c), revealed a slight
inward buckling of the G domain toward the BSE in CT+ Drp1 com-
pared to WT Drp1. In addition, given the proximity of the CT-SLiM to
the stalk of the adjacent monomer in the Drp1 polymer (Supplemen-
tary Fig. 5c), the modeling data further indicated that the CT+ exten-
sion may influence Drp1 subunit-subunit interactions during higher-
order helical self-assembly.

We used intrinsic Tryptophan (Trp) Fluorescence Spectroscopy
(iTFS)33,34 to experimentally validate these in silico predictions
(Fig. 2d). Trp emission is highly sensitive to its microenvironment and
therefore serves as an accurate probe of protein conformation or
conformational changes25,26. When excited selectively at λ = 295 nm,
the Trp emission spectrum is blue-shifted (peaking at shorter wave-
lengths) when present in a nonpolar environment, and red-shifted
(peaking at longer wavelengths) when exposed to a polar or aqueous
milieu. Drp1 contains three native Trp residues at positions 90, 552 and
699 (ubiquitous isoform 3 numbering; Fig. 1a). Of these, only W90
present in the G domain is structurally resolved13 (Supplementary
Fig. 5d), whereasW552 andW699 are located in the disordered VD and
CT-SLiM, respectively (Supplementary Fig. 1a). Using site-directed
Drp1 mutants that retained only one of the three native Trp or
that contained only a single native Trp-to-Phe substitution, we ascer-
tained that Drp1 Trp emission primarily originates from W699, the
terminal residue of the CT-SLiM.

Consistent with the partial burial of W90 in the Drp1 G domain
structure13 (Supplementary Fig. 5d), the W90-only mutant displayed a
pronounced blue shift in Trp emission relative to WT (Fig. 2d). Simi-
larly, theW552-onlymutant also exhibited a significant blue shift, albeit
less than that of the W90-only mutant, indicating that W552 is also
partially occluded from solvent in the VD conformational ensemble
(Fig. 2d). By contrast, the W699-only mutant was pronouncedly red-
shifted and was identical to WT in emission spectra (Fig. 2d). These
data indicated that W699 in WT Drp1 is solvent accessible, and is the
primary emitter largely owing to its location within Trp-Trp homo-

Fig. 2 | CT-SLiMmodifications alter Drp1 conformational dynamics. aNS-EM 2D
class averages of dimers and oligomeric rings in the apo, GMP-PCP-bound, andGTP
hydrolysis states for humanWT Drp1 and CT variants. Drp1 dimer conformation in
the apo and GTP hydrolysis states is classified as either extended or compact, with
the latter classified further into open-compact or closed-compact states. Oligo-
meric ring morphology in the presence of GMP-PCP is classified into wide and
collapsed ring states. Top-down and side-on views of the ΔVD Drp1 dimer crystal
structure (PDB ID: 4BEJ) as well as color-coded cartoon illustrations of domain
rearrangements between the extended and compact states are shown at the far-
right corner. G refers to the G domain, whereas S refers to the stalk. The number of
particles in the extended (E) and compact (C) conformations in the apo and +GTP
states, anddisplayingWideRing (WR) andCollapsedRing (CR)morphologies in the

+GMP-PCP state are shown in Methods. b i) WT and ΔCT6 Drp1 3D densities ren-
dered from cryoSPARC homogeneous refinement processing, ii) WT and ΔCT6
Drp1 idealized models generated from the ΔVD Drp1 dimer crystal structure (PDB
ID: 4BEJ) by thresholding the structure to 40Å for WT and by repositioning the G
domains and thresholding to 40 Å for ΔCT6 Drp1, and iii) 2D class averages gen-
erated from theWT and ΔCT6 Drp1 idealizedmodels are shown in rows. c Views of
the SAXS-derived ab initio envelope of dimeric R403A Drp1 overlaid with the ΔVD
Drp1 dimer crystal structure (PDB ID: 4BEJ). d Normalized Trp emission spectra of
human WT Drp1 in comparison to single W-only mutants, single W-to-F mutants,
and theCT+Drp1 variant are shown, respectively, from left to right. Thewavelength
of maximum emission (λmax) is indicated.
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FRET distance (~24 Å)33 of the high-energy FRET donor, W90 (Supple-
mentary Fig. 5d). Consistent with this assessment, the W90F mutant
was red-shifted (by 11 nm) compared to theW90-onlymutant, whereas
the W699F mutant was blue-shifted (by 8 nm) relative to the W699-
only mutant (Fig. 2d). The W552F mutant, on the other hand, did not
experience any such change (Fig. 2d). Thesedata confirmed thatW699
in theWTDrp1 CT-SLiM is exposed towater and is highly responsive to
its local environment. Notably, by contrast to WT Drp1, CT+ Drp1
emission was blue-shifted (by 5 nm) indicating that W699 in CT+ Drp1
is instead buried and relatively solvent inaccessible (Fig. 2d). No such
change in Trp emission was observed when the 36 aa-residue N-
terminal His6 tag of WT Drp1 was replaced by a relatively short 7-aa
residue overhang (Supplementary Fig. 5e), indicating that the differ-
ence in the environment of CT-SLiM inCT+Drp1 is primarily due to the
non-native CT extension. Thus, together with the cryo-EM data and
AlphaFold predictions, the iTFS data demonstrated that non-native CT
extension of CT+ Drp1 alters CT-SLiM microenvironment and overall
Drp1 conformation. WT and CT+ Drp1 thus populate distinct con-
formational states.

CT-SLiM modifications differentially affect Drp1 cooperative
GTP hydrolysis
We next determined the impact of the various CT-SLiM modifications
on Drp1 GTPase activity under basal conditions in solution and upon
helical self-assembly on CL-containing membranes. In the apo state,
the CT variants retained the characteristic capacity of WT Drp1 to self-
assemble on, and tubulate, large CL-containing liposomes to narrow
diameters (Supplementary Fig. 6a, b). Similarly, the CT variants also
assembled on highly curved and preformed galactosylceramide-laden
CL-containing lipid nanotubes (GalCer CL-NTs) identically to WT
(Supplementary Fig. 6c). These data indicated that the various CT
modifications do not adversely affect stalk-mediated Drp1 self-
assembly on membranes.

Surprisingly, however, the ΔCT4 and ΔCT6 variants both exhib-
ited a ~3-fold greater rate of GTP hydrolysis in solution compared to
the CT+ variant and WT, which were similar in basal GTPase activity
(Fig. 3a). By contrast, the CT+ variant displayed a ~2-fold lower activity
compared to the ΔCT4/6 variants and WT when assayed on CL-
containing liposomes (Fig. 3b). Analysis of the pre-steady state ‘burst’

kinetics revealed that the ΔCT4/6 variants hydrolyzed GTP at a sig-
nificantly faster rate than WT under both conditions (Fig. 3c). Similar
trends also held up for the CT variants on GalCer CL-NTs on which
ΔCT4/6Drp1 hydrolyzedGTPat a significantly faster rate thanbothWT
and CT+ Drp1 in the order: ΔCT6>ΔCT4 >WT>CT+ (Supplementary
Fig. 6d, e). Co-sedimentation analysis of the Drp1 variants on GalCer
CL-NTs, in the absence and presence of GTP, demonstrated a greater
steady-state association of the faster GTP-hydrolyzingΔCT4/6 variants
with the lipid templates thanWT or CT+ Drp1 (Supplementary Fig. 6f).
Consistent with this, NS-EM on GalCer CL-NTs in the presence of GTP
revealed persistent self-assembly of the ΔCT6 variant on the lipid
templates. Such phenotype was absent for both WT and CT+ Drp1,
which showed widespread disassembly and membrane dissociation
withGTP (Supplementary Fig. 7). Interestingly, in the presenceofGMP-
PCP, the ΔCT6 variant, relative to WT and CT+ Drp1, formed highly
processive helical polymers, which in many instances extended
beyond the lipid template (Supplementary Fig. 7).

Collectively, these data indicated that in the absence of the CT-
SLiM, transition state-dependent inter-subunitG-domaindimerization,
cooperative GTP hydrolysis, GDP/Pi release, and G-domain dimer dis-
assembly critical for progressive rounds of GTP binding and hydrolysis
are all significantly accelerated for the ΔCT4/6 variants, manifested in
faster recycling and greater steady-state association with membranes.
Conversely, for the same reasons, in the presence of a non-native CT
extension that non-physiologically stabilizes inter-subunit Drp1 inter-
actions and exaggeratedly promotes helical self-assembly in CT+ Drp1,
GTP turnover and recycling on membranes appears to be decreased.
Thus, faster dynamics in the absence of the CT-SLiM, and altered,
slower dynamics in the presence of a non-native CT extension dis-
tinctively affect Drp1 cooperative GTPase activity relative to WT.

Together with its impact on Drp1 dimer structure, these data
therefore raised the intriguing prospect that the native CT-SLiM
functions as a ‘kinetic timer’ of Drp1’s GTP hydrolysis rate and coupled
membrane remodeling activity.

CT-SLiM controls Drp1-catalyzed membrane fission in vitro
We therefore addressed whether the differential GTPase activity, and
altered conformational and self-assembly dynamics of the CT variants
relative to WT translated to distinct membrane remodeling
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phenotypes. To this end, we tested the efficacy of our CT variants in
directing the scission of suspended lipid nanotubes (NTs) mimicking
the mitochondrial outer membrane at pre-constricted mitochondrial
division sites. NTs ranging from tens to hundreds of nanometers in
diameter were formed between polymer micropillars in a microfluidic
chamber35 (see Methods). WT Drp1 and CT variants at 0.5 µM final
concentration, corresponding to the estimated cytosolic concentra-
tion of Drp128, as well as the concentration at which the catalytic
activity (kcat) of WTDrp1 nears saturation26, were then infused into the
chamber in the presence of 1mM GTP, while NT constriction and/or
scission was monitored in real-time by fluorescence microscopy.

As previously shown17,25, WT Drp1 did not effectively catalyze NT
fission on its own (Fig. 4a, b). Instead, WT scaffold assembly on the
NT resulted in NT constriction to a stable final radius of 14 ± 2 nm
(measured at the membrane midplane) independent of the initial NT
radii (Fig. 4a, Supplementary Movie 1). Surprisingly, both ΔCT4 and
ΔCT6 Drp1 selectively mediated the fission of NTs with the highest
initial curvatures (i.e., with radii < ~30 nm), with the ΔCT4 variant
exhibiting the greater fission efficiency of the two (Fig. 4a, b, Sup-
plementary Movies 2, 3). For both variants, the area of membrane
constriction prior to fission appeared to be highly limited and nar-
row, being barely detectable by fluorescence microscopy (Fig. 4a).
Thus, a partial or complete deletion of the CT-SLiM limits
Drp1 scaffolding on membranes, probably due to the greater GTP
hydrolysis rate of the ΔCT4/6 variants (Fig. 3 and Supplementary
Fig. 6d, e), causing rapid oligomer disassembly and recycling on
membranes (Supplementary Fig. 7).

In stark contrast to the ΔCT4/6 deletion variants, the CT+ exten-
sion variants elicited a robust constriction and fission of a broad range
of initial NT curvatures (Fig. 4a, b, Supplementary Fig. 8a, Supple-
mentary Movie 4). Notably, the scission efficiencies of these variants
directly corresponded to their higher-order oligomerization

propensities with CT+ ≈ CT+ * > CT+sh (Supplementary Figs. 8a, 2d, e).
Thus, the markedly improved stability of the CT+ variants on mem-
branes directly correlated with their improved membrane fission
activities. Remarkably, fission efficiency was directly proportional to
the preponderance of the assembly-primed, compact dimer con-
former in solution in the presence of GTP, sampled almost exclusively
by the CT+ variants, but not WT (Fig. 2a). Importantly, contrary to
prevailing models, membrane fission activity was inversely correlated
with the assembly-stimulated GTP hydrolysis rate onmembranes, with
CT+ variants of lower GTPase activity being more efficient in fission
(Supplementary Fig. 8a, b).

To further assess the impact of the CT-SLiM modifications and
imposed structural alterations on membrane remodeling, we used
cryo-EM to analyze the self-assembly of WT Drp1 and CT variants on
preformedmembraneNTs in the constant presence of GTP (Fig. 4c). In
agreementwith the real-timefluorescencemeasurements, the cryo-EM
data revealed that WT Drp1 formed organized helical polymers that
constricted theNTs to a radius of ~15 nm.Bycontrast, CT+Drp1 formed
disorganized, fuzzy coats that further constricted the membranes to
critical radii of <7 nm, frequently resulting in fission and consequent
retraction of the cut NTs to the membrane reservoirs located on the
EM grid. Interestingly, ΔCT4 Drp1 displayed helical polymers with
highly variable diameter (Fig. 4c) consistent with a near complete loss
of CT-SLiM-imposed inter-subunit helical register and polymer geo-
metry. Notably, under these conditions, WT Drp1 polymers were
observed on both highly curved and relatively flat membrane regions,
whereas the CT+ variant was curvature-selective with an acute pre-
ference for binding the curved NTs (Fig. 4c).

Together, these data indicate that the CT-SLiM governs both Drp1
polymer geometry and dynamics on membranes, and that CT mod-
ifications differentially affect membrane curvature selectivity and fis-
sion activity.

c

a b

Fig. 4 | CT-SLiM modifications differentially affect membrane remodeling and

fission. a Representative kymographs showing the remodeling of freely suspended
NTs upon addition of 0.5 μM of WT Drp1 or CT variants in the presence of 1mM
GTP. NT membrane fluorescence is displayed in cyan pseudocolor for clarity. Left
images correspond to the initial frame of the kymographs. Right image sequences
correspond to the framed region of the kymographs. Purple arrows indicate NT
fission.bDistributions of the radii of free-standingNTs that underwent fission (yes)
orwereonly constricted (no) upon addition of0.5μMWTDrp1 or CT variants in the

presenceof 1mMGTP. The numbers on top of each box represent the total number
of NTs for each condition. Error bars are SD, n = 3 independent experiments. Box
plots indicate median (middle line), 25th and 75th percentile (box) and outliers
(whiskers). c Cryo-EM images showing WT Drp1, CT+ Drp1, and ΔCT4 Drp1
assembled on preformed NTs in the presence of 1mM GTP. White arrowheads
indicate Drp1 scaffolds on highly curved NT membranes. Black arrowhead shows
curvature-adaptable assembly of WT Drp1 also on relatively flat (low curvature)
membrane regions, not observed with CT+ Drp1.
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CT-SLiM interactions with GIPC-1 regulate Drp1-mediated
membrane fission
Next, we determined how Drp1-GIPC-1 interactions via the CT-SLiM
affect Drp1 structure, assembly, dynamics, and function.

GIPC-1 contains an N-terminal IDR in addition to a centrally loca-
ted PDZ domain flanked by two unique GIPC homology domains (GH1
and GH2)36 (Supplementary Fig. 9a). The GH1 and PDZ domains are
involved in GIPC-1 multimerization37, whereas GH2 bindsMYO6. In the
absence of the N-terminal IDR and a PBM (PDZ domain ligand), GIPC-1
forms an auto-inhibited, PDZ domain-swapped dimer that occludes
both the PBM and MYO6 binding sites36 (Supplementary Fig. 9b).
However, consistent with a previous report37, we found that in the
unliganded state, and at relatively low concentrations in solution,
purified full-length GIPC-1 exists in a fast, dynamic monomer-dimer
equilibrium that largely favors monomers (Supplementary Fig. 9c, d).
Conversely, at very high concentrations experienced during purifica-
tion, GIPC-1 also formed long filamentous sedimentable polymers in
solution (Supplementary Fig. 10) indicative of its capacity to multi-
merize when sequestered locally. Purified GIPC-1 at low bulk con-
centrations in solution however remains soluble (Supplementary
Fig. 10) and does not associate with, or remodel, membranes (Sup-
plementary Fig. 10). Together, these data indicated that Drp1 CT-SLiM

binding may function to relieve GIPC-1 auto-inhibition, elicit GIPC-1
multimerization, and promote cooperative Drp1-GIPC-1 co-assembly
on membranes. Consistent with this notion, multimeric GIPC-1 has
previously been localized to membranes37 indicating a role for the
GIPC-1 multimerization in ligand protein (e.g. Drp1) confinement at
target membrane sites.

GIPC-1 robustly inhibited the assembly-stimulated GTPase activity
of WT Drp1 on CL-containing membranes in a concentration-
dependent manner (Fig. 5a, b). ΔCT6 and CT+ Drp1, by contrast, were
modestly inhibited, indicating weakened binding. The modest, but
considerable, inhibition for these variants also indicated the presence
of additional GIPC-1 interaction sites besides the CT-SLiM (Fig. 5a, b).

GIPC-1 also potently inhibited the GMP-PCP-induced self-
assembly of WT Drp1 into rings and spirals in solution in NS-EM
experiments, indicating that GIPC-1 binding hinders the helical pro-
pagation of Drp1 (Fig. 5c). As expected, GIPC-1 did not considerably
affect the GMP-PCP-induced helical self-assembly of the CT+ variant
(Fig. 5c). Nevertheless, GIPC-1 still reduced the GMP-PCP-induced for-
mation of triangular nubs by the ΔCT6 variant probably owing to the
presence of additional binding sites (Fig. 5c).

Likewise, GIPC-1 potently inhibited the WT Drp1-mediated tubu-
lation of CL-containing liposomes (Supplementary Fig. 10b). ΔCT6
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ratio (0.5 μM each) in the presence of 1mM GTP. NT membrane fluorescence is
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docolor is used for clarity.
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Drp1 membrane remodeling activity, conversely, was not significantly
affected (Supplementary Fig. 10c). Interestingly, at equimolar con-
centrations (1:1) under these conditions, WT Drp1 and GIPC-1 formed
amorphous assemblies in solution, whereas at higher GIPC-1 ratios
(1:4), linear and bundled filaments of assembled protein in solution,
reminiscent of Drp1 co-assembly with the adaptor mitochondrial
dynamics protein of 49 kDa or MiD4938 were evident (Supplementary
Fig. 10b). Together, these data indicated that GIPC-1 interactions via
the CT-SLiM alters Drp1 self-assembly geometry, with pronounced
effects onmembrane remodeling asdeterminedby the lackof ordered
helical self-assembly and resultant membrane tubulation. A similar
inhibition of CL-stimulated GTPase activity and helical self-assembly
was observed for WT Drp1 in the presence of GIPC-1 on GalCer CL-NTs
indicating that GIPC-1 regulation of Drp1 activity does not vary with
membrane curvature (Supplementary Fig. 11a, b).

Surprisingly, NS-EM2Dclassificationof apoWTDrp1 dimers in the
presence of GIPC-1 revealed the presence of the assembly-primed,
compact Drp1 conformer in solution (Fig. 5c), in contrast to the auto-
inhibited, extended Drp1 conformer predominantly found in GIPC-1’s
absence (Fig. 2a). Additional density representing GIPC-1, however,
was not readily evident reflecting either a dynamic interaction ofGIPC-
1 with WT Drp1 in the apo state or a substantial overlap of GIPC-1
density with the closely spaced G domains of the compact WT Drp1
conformer. In the case of ΔCT6 and CT+ Drp1, however, various extra
densities and altered subunit arrangementswere observed attesting to
the presence of additional GIPC-1 binding sites and alternate Drp1-
GIPC-1 interactions (Supplementary Fig. 11c, d).

The reduced assembly-stimulated GTPase activity observed for
Drp1 in the presence of GIPC-1 seemingly potentiates the membrane
remodeling events leading to fission, as WT Drp1 in the presence of
GIPC-1 catalyzed fission in >30%of free-standingNTsover awide range
of membrane curvatures (Fig. 5e, f, Supplementary Movie 5). Inter-
estingly, at 0.5 μM Drp1 concentration and a 1:1 GIPC-1:Drp1 ratio, we
detected the formationof short Drp1 scaffolds on theNTs immediately
prior to fission. Besides, these scaffolds were highly mobile on the NT
surface (as observed in the kymograph in Fig. 5e, Supplementary
Movie 5), suggesting that in the presence of GIPC-1, Drp1 initially
assembles into small pre-curved units, and not into complete rings, on
the NT surface. Thus, GIPC-1 association withWTDrp1 via the CT-SLiM
appears to disengage Drp1 inter-subunit interactions that promote
higher-order Drp1 self-assembly.

This differential behavior of WT Drp1 in the presence of GIPC-1
was better evidenced at higher protein concentrations (2 µM, Fig. 5g).
Whereas WT Drp1 alone rapidly polymerized into long and rigid scaf-
folds, rendering kinks in the NTs that precluded membrane fission, in
GIPC´s presence the growth of the WT Drp1 scaffolds on the NTs was
comparable to that of CT+ Drp1 (compare Figs. 5g and 4a), and
resulted in NT fission at a similar fission rate to that detected at 0.5 µM
protein concentration (Fig. 5f). Thus,WT-Drp1 in the presence of GIPC-
1 partially mimics CT+ Drp1, which exhibits reduced GTPase activity
and altered CT-SLiM interactions.

CT-SLiM regulation of Drp1 is critical for mitochondrial and
peroxisomal fission in vivo
Drp1 catalyzes both mitochondrial and peroxisomal fission12,39–41. Yet,
GIPC-1 colocalizes with the mitochondria but not considerably with
peroxisomes18. To determine whether the CT-SLiM is therefore dif-
ferentially required for Drp1-catalyzedmitochondrial and peroxisomal
fission in vivo, we examined and compared mitochondrial and per-
oxisomalmorphology in Drp1 KOmouse embryonicfibroblasts (MEFs)
overexpressingN-terminallyMyc-taggedWT andΔCT4/6 variants, and
the C-terminally Myc/FLAG-tagged CT+ variant (Fig. 6a, Supplemen-
tary Figs. 12–14). Empty vector-transfected Drp1 KO MEFs displayed
extensively hyperfused mitochondria or highly elongated peroxi-
somes in the absence of Drp1-catalyzed mitochondrial and

peroxisomal fission (Fig. 6a, Supplementary Figs. 12–14). As expected,
exogenous Myc-WT Drp1 overexpression effectively rescued and
restored both mitochondrial and peroxisomal fission leading to the
formation of highly fragmented mitochondria and distinctly puncti-
form (spherical) peroxisomes (Fig. 6a–d, Supplementary Figs. 12–14).
By contrast, however, the overexpression of the ΔCT4 and ΔCT6 var-
iants had no palpable effect on the initial morphology of either orga-
nelle (Fig. 6a–d), with the great majority of cells displaying a
pronounced perinuclear clustering of hyperfused mitochondria and
retaining highly elongated peroxisomes (Fig. 6a–d, Supplementary
Figs. 12–14). More surprisingly, the CT+ variant containing the native
CT-SLiM sequencewas also significantly impaired in the fission of both
organelles, albeit to a lesser degree than the ΔCT4/6 variants
(Fig. 6a–d, Supplementary Figs. 12–S14). Thus, in spite of their appar-
ent gain-of-function in effecting the fission of model membranes
in vitro, the CT variants appeared nevertheless perturbed in effecting
organellar fission in vivo. These data further reiterated that the altered
self-assembly properties and dynamics of the CT variants as mani-
fested in vitro, and consequent impairments in effector (e.g. GIPC-1)
interactions downstream are likely responsible for their organellar
fission defects in vivo. Consistent with this interpretation, when
overexpressed in Drp1 KO MEFs, the CT+ variant, which forms supra-
molecular assemblies in vitro (Fig. 1b), constituted large granular
puncta in the cytosol indicative of aggregation. In contrast, theWT and
ΔCT variants exhibited a more diffuse and homogeneous distribution
(Supplementary Fig. 15a, b). In co-immunoprecipitation experiments,
neither overexpressed WT Drp1 nor the CT variants co-precipitated
with endogenousGIPC-1 (Supplementary Fig. 15c, d) indicating a highly
dynamic interaction that could not differentiate the CT variants from
WT Drp1 in GIPC-1 binding. These data further suggested that pertur-
bations in GIPC-1 interactions expected of the CT variants are likely
secondary to their primary defects/alterations in self-assembly and
conformational dynamics.

From these collective data, we conclude that the native CT-SLiM is
a critical structural and functional determinant of Drp1-catalyzed
mitochondrial and peroxisomal fission, and that its perturbations
influence Drp1 function both in vitro and in vivo.

Discussion
Structural and functional plasticity are two interlinked characteristics
of IDRs10,42,43. This is best exemplified by the longest and best-
recognized IDR in Drp1, the VD, which is involved in multiple
protein-protein and protein-lipid interactions via various identified
MoRFs and SLiMs14. Remarkably, the VD is auto-inhibitory to pre-
mature Drp1 self-assembly in solution14,44,45, while conversely promot-
ing Drp1 self-assembly and function upon partner interactions,
specifically with target lipids on mitochondrial membranes14,17,26,46,
thus reflecting the VD’s duality and functional diversity. However, the
VD and various other IDRs in Drp1 (e.g. the 80-loop) are relatively
poorly conserved (Supplementary Fig. 1a) and are subject to extensive
tissue- and organism-specific alternative splicing47, indicating that
some of their ascribed functions may not be entirely universal. Here,
we demonstrate that the highly conserved CT-SLiM, previously impli-
cated inDrp1 transport18, is yet another critical,multifunctional ‘toggle’
that not only governs Drp1 conformational stability and dynamics, but
also directs Drp1 self-assembly, assembly geometry, and cooperative
GTP hydrolysis to facilitate partner protein-guided membrane con-
striction and fission.

Our findings have major implications for the understanding of
Drp1 function and regulation. We show that the CT-SLiM is critical for
ordered Drp1 self-assembly, as oligomerization of the CT variants
propagates out-of-register and eventually becomes disordered. The
CT-SLiM also directly impacts Drp1 dimer conformational dynamics in
solution, with the CT variants more readily sampling the ‘assembly-
primed’ compact conformation in contrast to the CT-SLiM-imposed,
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‘auto-inhibited’ extended conformation of the WT. Consequently, the
CT-SLiM emerges as a critical allosteric controller of Drp1 cooperative
GTP hydrolysis. On membranes, the CT-SLiM promotes the formation
of long, ordered, and curvature-adaptable scaffolds. Yet, at the same
time, it restricts scaffold disassembly required for high membrane
constriction and fission48. Such inherent rigidity is reduced upon CT-
SLiM interactions with GIPC-1, which lead to controlled Drp1 scaffold
disassembly. Such dynamic rearrangements facilitated by effectors,
such as GIPC-1 here, results in the geometric flexibility necessary for
membrane constriction and fission, as demonstrated for Dyn1
previously48.

Interestingly, our results point to an inverse correlation between
the GTPase and in vitro fission activities of our Drp1 variants. The CT+
variant, in contrast to WT, forms supramolecular scaffolds in the pre-
sence of GMP-PCP. Yet, in the presence of GTP, these variants follow a
different pathway. In the case of WT, the energy of GTP hydrolysis
powers a robust, but limited,membrane constriction.Whereas, for the
CT+ variant, GTP is utilized for scaffold disassembly (melting), result-
ing in the formation of fuzzy scaffolds, highly sensitive to membrane

curvature. Such apparent scaffold disorganization and flexibility seem
to be crucial for membrane fission. Importantly, scaffold flexibility is
also present for theΔCTvariants in the presenceofGTP. Yet, it is not as
pronounced as for theCT+variant. Consistently, thefission efficiencies
of the ΔCT variants are much lower than that of CT+ , while fission is
restricted to NTs of the highest initial curvature. The apparent dis-
connect between in vitro NT fission and GTPase rates for WT and the
CT variants can thus be explained by the differential use of the energy
of GTP hydrolysis, with the CT-SLiM directing membrane constriction
in WT, and disassembly in the already disordered CT variants.

Regardless, neither of the fission-promoting CT variants in vitro
were effective inmediating organellar fission in vivo, underscoring the
importance of the stringent, allosteric control of Drp1 by the CT-SLiM
at target membrane division sites in situ. Although seemingly unex-
pected, examples of such discrepancies between in vitro and in vivo
activities are found in the literature for both Drp1 and classical
Dyn131,48–50. Moreover, a lack of correlation between GTPase and self-
assembly activities in the regulation ofDyn1 by SH3domain-containing
binding partners has been previously raised51. In Dnm1p, the yeast
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Fig. 6 | CT-SLiM interactions are essential for mitochondrial and peroxisomal

fission in vivo. a Representative images of mitochondrial and peroxisomal
morphologies in Drp1 KO MEFs expressing Myc-tagged WT Drp1 or CT variants.
Boxed areas (yellow) are zoomed and shown in grayscale in insets. Individual and
merged image color panels are shown in Supplementary Figs. 12 and 14 for mito-
chondria and peroxisomes, respectively. Scale bar, 20 µm. b Percentage of Myc
(Drp1)-expressing cells displaying fragmented mitochondria are plotted for WT
Drp1 versus CT variants. Total number of Myc (Drp1)-expressing cells analyzed for
each variant is n = 70 (empty vector), n = 91 (WT), n = 17 (ΔCT4), n = 31 (ΔCT6), and
n = 92 (CT + ). Individual percentages from two replicate experiments of empty
vector, WT, and CT+ are shown. c Analysis of mitochondrial network connectivity

as shown in Supplementary Fig. 13d. Connectivity factor is defined as total network
length (pixels) per number of separate skeletons detected using the ImageJ skele-
tonize plugin. Representative cells of n = 8 (empty vector), 6 (CT + ), and 5 (WT)
from two replicate experiments were examined. Mean ± SD are shown. *** Statis-
tically different at the 0.001 level; ** Statistically different at the 0.01 level (unpaired
two sample t-test, equal variance not assumed). d Plot of peroxisomal circularity in
Drp1KOMEFs expressingWTDrp1 andCTvariants. Error bars indicatemean± SEM.
Total number of Myc (Drp1)-expressing cells analyzed for each variant is n = 50
(empty vector), n = 53 (WT), n = 53 (ΔCT4), n = 55 (ΔCT6), and n = 54 (CT + ). ****
Statistically different at the 0.0001 level (one-way ANOVA with Sidak’s multiple
comparison test). In all such cases, the p-values were <10−15.
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ortholog of mammalian Drp1, and in Dyn1, a conserved K705A muta-
tion in the GED (K694A in Dyn1) that impairs GTPase activity never-
theless accelerates mitochondrial fission52 and endocytosis53. While a
total ablation of GTPase activity impairs function in both Drp146 and
Dyn54, a regulated deceleration of GTPase activity mediated by effec-
tors, such as GIPC-1, are seemingly utilized to either promote or inhibit
fission.

To reprise, we demonstrate that the native CT-SLiM is an essential
intra- and inter-molecular interaction motif that not only governs
Drp1 subunit conformational dynamics and oligomerization pro-
pensity, but also functions as a spacer that directs Drp1 self-assembly
andpropagation in the proper helical register. In addition, theCT-SLiM
also functions as an auto-inhibitory motif, which in the absence of
alleviating binding partners such as GIPC-1, restricts high membrane
curvature generation (superconstriction) in order to control and
enable partner protein-regulated membrane fission. Based on its
composition (694RETHLW699), we surmise that a combination of elec-
trostatic and hydrophobic interactions mediated by its highly con-
served N- (via R694 and E695) and C-termini (via L698 and W699),
respectively, facilitates this critical role. Interestingly, T696 nested
within this motif is thought to be a potential site for phosphorylation
by Ser/Thr kinases18,55 already known to modify the disordered VD at
various locations56–58 to regulate Drp1 function.

Remarkably, the Drp1 CT-SLiM, though structurally disparate,
functionally parallels the much longer yet disordered C-terminal pro-
line-rich domain (PRD) of prototypical dynamin in its regulatory
capacity59,60, albeit in distinctive ways. Like the CT-SLiM, the PRD binds
partner proteins essential for dynamin-catalyzed membrane fission
in vivo61,62. Similar to thatof theDrp1CT-SLiM (ΔCT4/6), deletionof the
PRD in dynamin (ΔPRD) results in increased GTPase activity14. These
data indicate that the unpartnered CT-SLiM, much like the PRD,
functions as a negative regulator of inter-subunit G domain-
dimerization necessary for cooperative GTPase activity. Correspond-
ingly, CT+ Drp1, containing a mini-PRD-like non-native extension,
duplicates dynamin48,63 in mediating the fission of model membranes
independent of protein partners or receptors in vitro48,63, a phenom-
enon not evident with WT Drp1 in our assay setup under our experi-
mental conditions17. These data suggest that an effector-induced
dampening of the GTP hydrolysis rate and/or increased residence time
of the GTP- or transition state-boundDrp1 oligomer on themembrane,
instead of robust GTP hydrolysis and rapid oligomer disassembly,
potentiates membrane-remodeling leading to complete membrane
fission. In this regard, Drp1 conserves the characteristic feature of
typical smallmolecularweight signalingGTPases (e.g. Ras, Rho), which
reside alternatively in the GTP-bound, functional “on” and post-GTP
hydrolysis GDP-bound, quiescent “off” states, interconverted by GEFs
and GAPs, respectively64,65. For Drp1, target receptors and lipids likely
fulfill these roles. Recent studies show that the extreme C-termini of
the distantly related atlastins66,67, involved in ER membrane fusion,
function in a similar auto-regulatory capacity67,68. Thus, from an evo-
lutionary standpoint, the extreme C-terminus may represent a critical,
conserved, regulatory feature of all dynamin superfamily proteins
(DSPs)66.

Our combined experimental and theoretical modeling data fur-
ther reveal that the non-native CT+ extension, by virtue of its spurious
intra- and inter-molecular interactions, strongly restricts the con-
formational dynamics of the minimal Drp1 dimer in solution prior to
higher-order self-assembly, and artificially increases Drp1 oligomer
stability in the presence of GMP-PCP or upon self-assembly on mem-
branes. In addition, given the proximity of the native CT-SLiM to the
nucleotide-responsive, dynamically swiveling BSE-stalk interface of an
adjacent dimeric subunit in the Drp1 oligomer15, the non-native CT+
extension likely restricts GTP hydrolysis-dependent BSE-stalk inter-
facial movements responsible for oligomer disassembly. The non-
native CT+ extension may thus conformationally prime Drp1 for

dynamics-resistant oligomerization, consequently enhancing its
membrane remodeling capacity, albeit artificially. For WT Drp1, bind-
ing partnersGIPC-1, whichbinds the nativeCT-SLiM18 and thus restricts
BSE-stalk conformational motion, and MiD49/51, which directly binds
the BSE-stalk interface15,38 and alters assembly geometry, likely enable
this conformational priming reaction essential for mitochondrial fis-
sion. Interestingly, GIPC-1ΔN-IDR is a domain-swapped dimer, whose
longitudinal dimension and inter-PDZ domain spacing (~10 nm) closely
approximates thedistance between the twoGdomains in theV-shaped
compact conformer of the Drp1 dimer19. By bridging the two G
domains via CT-SLiM interactions, GIPC-1 may function to steer the
Drp1 dimer toward the assembly-primed compact conformation.
Other contextual partners, such as mitochondrial fission factor (Mff),
fission factor 1 (Fis1), and MiD49/5169, may play similar independent
and/or synergistic roles in controlling this Drp1 conformational equi-
librium between ‘auto-inhibited’ and ‘assembly-primed’ states as pre-
viously alluded16,70.

Finally, we note that the triangular nubs formed by the ΔCT4 and
ΔCT6 variants in presence of GMP-PCP in solution are highly reminis-
cent of the triangular arrangement of WT Drp1 dimers in presence of
GMP-PCP andMiD49 observed in the aforementioned cryo-EM study15.
Similarly, the linear fibrils of Drp1 observed in the presence of excess
GIPC-1 are evocative of the linear copolymers of Drp1 and MiD4938

formed under similar conditions. These observations reaffirm our
notion that partner protein interactions steer and direct Drp1 inter-
subunit spacing, oligomerization geometry, nucleotide-sensitive con-
formational rearrangements, and assembly-disassembly dynamics,
and are thus indispensable for physiologically relevant Drp1-catalyzed
mitochondrial fission.

In summary, our data demonstrate that the native, disordered CT-
SLiM is an essential structural and mechanistic determinant of Drp1
function in mitochondrial and peroxisomal division.

Methods
Protein production
Human Drp1 (isoform 3) WT, ΔCT4, and ΔCT6 subcloned in pRSET C
(Invitrogen), CT+ subcloned inpET21b (Novagen), andCT+* subcloned
in pET Biotin His6 FLASH (Addgene Plasmid #30184) were expressed
and purified using a combination of His6-affinity and ion exchange
chromatography as previously described26,71. Mouse CT+ identical to
human CT+ in length (699 aa residues) and also in composition except
for eight alternative residues within the G domain (3) and VD (5) was
obtained from Addgene (Plasmid # 72927)72 and produced using the
same protocol. The CT+ variant was referred to as Drp1-C in our pre-
vious study25. CT+sh was produced from mouse CT+ by human rhino-
virus (HRV) 3 C protease cleavage. For iTFS measurements, single Trp-
onlymutations (twoof the three native Trpmutated to Phe) and single
Trp-to-Phe mutations (one of the three native Trp mutated to Phe)
were introduced by site-directed mutagenesis in human WT
Drp1 subcloned in pRSETC. A non-native Trp present in the N-terminal
His6 affinity tag of pRSET C was substituted with Phe in the pertinent
constructs used in iTFS experiments.WTDrp1with a short 7-aa residue
N-terminal tag derived from HRV 3C protease digestion was obtained
from theMears lab and is described elsewhere73. For the studies inDrp1
KO MEFs74, human Drp1 WT, ΔCT4, and ΔCT6 were subcloned in
pCMV-Myc (Clontech) and expressed with an N-terminal c-Myc epi-
tope tag, whereas human CT+ was subcloned in pCMV6 (Origene),
which conversely appended tandem c-Myc and FLAG epitope tags at
the C-terminus. GST-tagged mouse GIPC-1 (sourced from Addgene
(Plasmid #35791)) subcloned in pGEX-6P1 (Cytiva) was expressed and
purified using standard protocols. The N-terminal GST tag was
removed post-purification by HRV3C proteolysis. Insoluble protein
aggregates formed during GIPC-1 production as previously noted36

were removed by high-speed centrifugation at 20,000 × g for 30min
at 4 °C and/or by gel filtration over a Bio-Rad SEC650 column at 4 °C,
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and were subsequently identified to be composed of higher-order
GIPC-1 oligomers and filaments formed at high protein concentrations.
All proteins were stored in buffer A (20mM HEPES, pH 7.5, 150mM
KCl) containing 1mM DTT and 10% (v/v) glycerol.

Liposome and GalCer CL-NTs production
All lipids were obtained from Avanti Polar Lipids Inc. Liposomes con-
taining 25mol% bovine heart cardiolipin (CL), 35mol% dioleoylpho-
sphatidylethanolamine (PE), and 40mol% dioleoylphosphatidylcholine
(PC) were prepared in buffer A by extrusion through 400-nm pore-
diameter polycarbonate membranes and used in NS-EM and CL-
stimulated GTPase assays as described earlier26. Rigid lipid NTs com-
posed of 25mol% CL, 35mol% PE, and 40mol% C24:1 β-D-
galactosylceramide (GalCer) were prepared using a sonication proto-
col as described elsewhere75, and used for negative-stain EM
experiments.

SEC-MALS
SEC-MALS analysis was performed as previously described26. Briefly,
WT Drp1 and mutants at the indicated injection concentrations were
sieved through a Superose 6 10/300GL column attached to an ÄKTA-
pure FPLC system (Cytiva) connected in line with DAWN Heleos-II 18-
angle MALS and Optilab T-rEX differential refractive index (dRI)
detectors from Wyatt Technology. Full-length GIPC-1 (10 μM at injec-
tion) was sieved using a Superdex 200 10/300 GL column similarly.
Data were analyzed using the ASTRA 7 software also from Wyatt
Technology.

NS-EM and data processing
Negative-stain samples were prepared using 2% (w/v) uranyl acetate
(Polysciences, Inc.) on carbon-coated grids as previously described26.

For the analysis of oligomeric ring structures in the presence of
GMP-PCP, 2 µM Drp1 was incubated with 1mM GMP-PCP in buffer A
containing 2mM MgCl2 and 1mM DTT final for 30minutes. Samples
were imaged on a Tecnai T12 (FEI Co.) electronmicroscope at 120 keV,
and 10-15 images were acquired using a Gatan 4k × 4k camera at a
magnificationof49,000x. For analysis of dimer singleparticles classes,
the apo (Drp1 at 2μM), +GTP (1mM), and +GIPC (8μM) samples were
imaged on a TF-20 FEG electron microscope (FEI Co.) operating at
200 kV and recorded at 50,000x magnification with a Tvips Tietz 4k ×
4k CMOS-based camera to collect 200 micrographs for each
condition.

Data processing was done in cryoSPARC76. CTF correction was
done using Patch CTF. For all conditions, ~100 particles weremanually
selected to create an initial picking template for automated picking.
For each unique 2D class average identified, individual templates were
selected, and all samples were searched using those templates to
determine if those class averages were also represented in these
samples, even if it was not the predominant class average. The GMP-
PCP samples’ initial particle stacks were 10,000–20,000 particles,
after one round of classification, while final stacks were 1500–6000
particles. The single particle samples’ initial particle stacks were
300,000–400,000 and required several rounds of 2D classification (2-
4 iterations) to sort through the low SNR associated with small parti-
cles. Final stacks were 55,000–180,000 particles.

The number of particles in the extended ‘E’ and compact ‘C’
conformations in the apo and +GTP states were: WT (apo) – 144k (E)
and 36k (C);WT +GTP– 106k (E) and 7.9k (C);ΔCT4 (apo) – 57k (E) and
130k (C); ΔCT4 +GTP – 57k (E) and 67k (C); ΔCT6 (apo) – 28k (E) and
44k (C); ΔCT6+GTP – 62k (E) and 55k (C); CT+ (apo) - 0 (E), 11k (open
C), and 112k (closed C); and CT+ plus GTP – 27k (E) and 76k (C). For
+GMP-PCP, the number of particles found in the wide ring (WR) and
collapsed ring (CR) morphologies were: WT - 2.2k (WR) and 0.7k (CR);
ΔCT4 - 0.7k (WR) and 6.8k (CR); ΔCT6 - 0.6k (WR) and 3.9k (CR); and
CT + - 1.2k (WR) and 0.1k (CR).

Class averages for the WT ‘E’ (73,700 particles) and ∆CT6 ‘C’
(44,000 particles) conformations were further refined using cryoS-
PARC’s ab initio classification and 3D homogenous refinement. The
Drp1ΔVD crystal structure (PDB ID: 4BEJ) was docked using rigid body
docking in Chimera. To dock within the compact volume, G Domains
were separated, manually repositioned to fit within the volume, and
reconnected to the stalks. Idealized models were generated from the
docked structures by thresholding the structures to 40Å in Chimera.
These volumes were imported into cryoSPARC. Templates were cre-
ated to generated idealized 2D class averages from the imported
volumes.

For negative-stain imaging on membranes, Drp1 (2 μM final) was
incubatedwith CL-containing liposomes or GalCer CL-NTs (50μM final
total lipid) for 30minutes in buffer A containing 1mM DTT. MgCl2
(2mM final) and either GMP-PCP or GTP (1mM final) was added to
GalCer CL-NT-preincubated Drp1 samples and maintained for an
additional 30min prior to staining. For Drp1 experiments with GIPC-1
on liposomes and GalCer CL-NTs, Drp1 (1.5 or 2 μM final) was pre-
incubated with GIPC-1 (at 2, 6 or 8 μM final for 1:1 and 1:4 Drp1:GIPC-1
ratios) for 15min at roomtemperature before addition of lipids (50μM
final total) and incubation for a further 15min.

Membrane tube and oligomeric ring diameters were determined
as previously described77. Briefly, a broad sampling of rings/helices/
tubes were imaged throughout the grid. Measurements were made in
ImageJ (NIH) and distributions were generated using either Microsoft
Excel or Graphpad Prism.

SEC-SAXS
SAXS data were acquired at the BioCAT beamline at Sector 18ID of
the Advanced Photon Source (APS) at the Argonne National
Laboratory, Chicago, USA. Dimeric R403A Drp1 at ~2.8mg/ml ( ~ 34
μM) in 300 μL of buffer A containing 1mM DTT was centrifuged at
16,000 × g for 10min at 4 °C to remove any particulate matter. The
clarified sample was then sieved through a Superdex 200 10/300GL
increase column connected to an autosampler with continuous uni-
directional flow at a flow rate of 0.6mL per min. The scattering
intensity data were acquired with 1 sec exposure as previously
described elsewhere78. SEC-SAXS data were processed using the
program BioXTAS RAW79–81 and PRIMUS in ATSAS package64. The
scattering curves were first analyzed for aggregation using the Gui-
nier region. The forward scattering I(0), and the radius of gyration,
Rg, were computed using the Guinier approximation. Rg provides a
measure of the overall size of the macromolecule. The pair distance
distribution function P(r) was computed from the extended scat-
tering patterns using the indirect transform program GNOM in PRI-
MUS. The maximum dimension of the particle, Dmax, was estimated
from the P(r) function satisfying the condition P(r) = 0. The mole-
cular folding and compactness of the protein were analyzed using
the normalized Kratky plot. A bell-shaped profile from the scattering
pattern in a normalized Kratky plot is indicative of a compactly fol-
ded protein, whereas a plateau at high scattering values is indicative
of high flexibility or disorder. Ab initio 3D envelope reconstruction of
R403A Drp1 was obtained using the DAMMIN/DAMMIF module in
PRIMUS from ATSAS package. The SAXS-derived low-resolution 3D
structure was superimposed with the X-ray structure of the ΔVD
dimer (PDB: 4BEJ) using Chimera82,83.

The elution and scattering profiles as well as the acquired scat-
tered intensity plot of R403ADrp1 (SupplementaryFig. 4b, c) indicated
that the sample was free of aggregates. The linear fit of the Guinier
region (Supplementary Fig. 4d) further indicated sample homo-
geneity. Interestingly, the radius of gyration (Rg) calculated from the
Guinier plot corresponded to 60.74 ± 1.52Å and was indicative of a
compact conformation. The value for Dmax, determined from intera-
tomic pair distance distribution function or the P(r) curve (Supple-
mentary Fig. 4e), via indirect Fourier transform of the scattered
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intensity, was ~230Å, conversely pointing to an extended conforma-
tion consistent with the ΔVD Drp1 dimer crystal structure. The diver-
sity in Drp1 dimer conformation was further evidenced by examining
the normalized Kratky plot (Supplementary Fig. 4f), which showed
bell-shaped profiles representative of a compactly folded globular
protein as well as plateau at larger scattering values indicative of a high
degree of protein flexibility.

Computational 3D model prediction
The atomicmodels of thedifferentDrp1 constructs in theirmonomeric
forms were calculated using AlphaFold version 2.1.184 running on the
Viking Cluster (University of York), using templates from PDB struc-
tures with date of deposition up to 14 May 2020. Multiple Sequence
Alignments (MSA) were run on the full sequence databases
(‘--db_preset=full_dbs’). 8 CPUs and two CUDA-enabled Graphics Pro-
cessing Units (GPU) were used for each job. Five models were pro-
duced by default for each construct; the one with highest average
pLDDT was taken. The compatibility of the produced models was
tested and illustrated by superposing the constructs onto the cryo-EM
structure of human Drp1 (PDB ID: 5WP9, EMDB map EMD-8874) using
the GESAMT software85 of the CCP4 suite86. The calculated AlphaFold
models showed varying degrees of predicted accuracy (average ± SD):
82.46 ± 10.37 for C-terminally tagged CT+ Drp1 and 64.24 ± 21.51 for
N-terminally tagged WT Drp1 in which the tag remained mostly
disordered.

iTFS
iTFS measurements were performed in a 4 × 4mm quartz cuvette
(Starna Cells, Inc., Atascadero, CA) at 25 °C using a Fluorolog 3-22
photon-counting spectrofluorometer (Horiba Jobin Yvon) equipped
with a 450-W xenon lamp, double-excitation and double-emission
monochromators, a cooled PMT housing, and a temperature-
controlled cuvette compartment. WT Drp1, CT + , and site-directed
mutants were diluted to 0.5 µM final in buffer A containing 1mM DTT.
Buffer background- and instrument-corrected Trp fluorescence spec-
tra were obtained by selectively exciting Trp at 295 nm (2-nm band-
pass) and emission monitored at 1-nm increments between 315 and
415 nm (2-nm bandpass). Data are averages of three scans for each
sample.

GTPase assay
Basal and CL-stimulated GTPase activities were determined using a
malachite green-based colorimetric assay as described previously26.
For CL-stimulated activities, Drp1 (0.5 µM final) was preincubated with
either CL-containing liposomes or GalCer CL-NTs (150 µM total lipid
final) for 30min at room temperature before GTP addition and the
monitoring of inorganic phosphate release at 37 °C. Likewise, for
experiments with GIPC-1, Drp1 and GIPC-1 were premixed and incu-
bated for 15min at room temperature prior to the incubation of the
mixture with CL-containing membranes for a further 15min before
GTP addition. Basal GTP hydrolysis rates were measured with Drp1
alone in the absence of lipids.

Co-sedimentation assay
WT Drp1 and CT variants at 1μM protein final were incubated with or
without GalCer CL-NTs (100μM lipid final) in a volume of 50 μL for
30min at room temperature in buffer A containing 1mM DTT. MgCl2
(2mM final) and GTP (1mM final) were subsequently added to lipid
pre-incubated samples and maintained for an additional 30min at
room temperature. Supernatant (S) and pellet (P) fractions were
obtained by high-speed centrifugation of the samples at 20,800×g in a
refrigeratedmicrocentrifugemaintained at 4 °C. Densitometry of the S
and P fractions after SDS–PAGE of equivalent volumes of each sample
and staining with InstantBlue® Coomassie Protein Stain (abcam) was
performed using ImageJ (NIH).

Likewise, GIPC-1 at 5μM protein final was incubated with GalCer
CL-NTs (500 μM lipid final) prior to centrifugation and sedimentation
analysis.

NT fission assay
Fluorescently labeled lipid NTs were made as previously described35.
Briefly, 40μmsilica beads covered by hydratedmembrane lamella of the
desired membrane composition (PC:PE:CL:RhPE 55:29.5:15:0.5mol %)
weremechanically rolled on top of a SU8micropillar arraymanufactured
on the cover slip surface of a microfluidic chamber. The chamber was
initially perfused with buffer A containing 2mM MgCl2, 1mM EDTA,
1mM DTT, and 0.5mM n-propyl gallate final. Upon rolling of the beads,
small membrane reservoirs formed on top of the pillars were inter-
connected by freely suspended NTs. The protein(s) of interest was/were
perfused into the microfluidic chamber in the presence or absence of
1mMGTP final in the same buffer. Drp1 and GIPC-1 were premixed at an
equimolar ratio immediately before perfusion into the chamber.

NT remodeling and fission were monitored using an inverted
fluorescence microscope (Nikon Eclipse Ti, Japan) equipped with a
100X/1.49NA objective lens, a CoolLed pE-4000 light source at a low
(10%) intensity, and a Zyla 4.2 sCMOS camera (Andor, Ireland). μMa-
nager software was used for image acquisition. Image processing
(background subtraction and kymograph building) and statistical
analysis were performed using Fiji package in ImageJ87 and OriginPro
8.0 software, respectively.

NT radii were measured following the previously developed pro-
tocols basedonmembrane area tofluorescencecorrelation35,88. Briefly,
supported lipid membranes with the same lipid composition as the
NTs were formed on a plasma-cleaned cover glass either by spreading
of amembrane supported on a silica bead or through bursting of giant
vesicles. The resulting flat membranes were thoroughly washed with
buffer A. Images of supportedmembraneswere then acquiredwith the
same light intensity and camera setting as the ones used for the NT
fission assays. The ROIs’ integrated fluorescence intensity was then
plotted against the ROIs’ area to find the density of the membrane
fluorescence signal (ρ). The radii of the NTs were obtained from the
total fluorescence per unit length (Fl) as rNT =

Fl
2πρ.

Cryo-EM of Drp1 on preformed NTs
The NTs were produced directly on the glow-discharged Quantifoil R
2/2 300 mesh copper grid. A 2 μL drop of buffer B (10mMHEPES, pH
7.5, 150mMKCl) containing 1mMMgCl2 and 1mMGTPwas placed on
the grid. NTs were formed by rolling lamella-covered silica beads as
described above for NT formation onmicropillars35. The resulting NTs
were attached to the edges of the holes in the Quantifoil film. Upon NT
stabilization, 2 μL of the protein of interest was added to the NTs-
containing grid (final protein concentration 0.5 µM). Upon 5min
incubation of the NTs with protein, the excess liquid was removed by
blotting with an absorbent filter paper on both sides of the grid for
2 seconds, using a Vitrobot system (Thermofisher) set at 18 °C and 90%
humidity. Subsequently, the sample was abruptly vitrified by plunging
into liquid ethane (−184 °C). The vitrified grids were maintained in
liquid nitrogen and visualized on a JEOL JEM-2200FS/CR microscope
equipped with a field emission gun operated at 200 kV and an in-
column Ω energy filter. During imaging, non-tilted, zero-loss 2D ima-
ges were recorded under low-dose conditions, utilizing the ‘Minimum
Dose System (MDS)’ of Jeol software, with a total dose on the order of
30-40 electrons/Å2 per exposure and at defocus values ranging from
1.5 to 4.0 μm. Themicroscope’s in-columnOmega energy filter helped
us record images with an improved signal-to-noise ratio (SNR) by zero-
loss filtering, using an energy-selecting slit width of 20 eV centered at
the zero-loss peak of the energy spectra. Digital images were recorded
in linear mode on a 3840× 3712 (5 μm pixels) Gatan K2 Summit direct
detection camera (Gatan Inc.) using DigitalMicrographTM (Gatan Inc.)
software, at nominalmagnifications of 2000× and 25000×, with a pixel
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size of 1.6 nm and 0.154 nm respectively. Images were subsequently
treated and analyzed using Fiji software87.

Cell biology
Drp1 KO MEFs were plated on 0.1% gelatin (G1393, Sigma)-coated
coverslips in 12-well plates. 24 hr after plating, the cells were trans-
fected with the vectors expressing the indicated Myc-tagged Drp1
constructs by using the TransIT®-2020 transfection reagent (MIR
5404, Mirus). 24 hr after transfection, the cells were fixed with 4% PFA
in PBS for 20min at room temperature before 5min permeabilization
with 0.1% Triton-X-100. Cells were then incubatedwith blocking buffer
(5% normal goat serum (31872, Thermofisher Scientific), 0.05% Triton-
X-100 in PBS) for 1 hr at room temperature. Primary antibodies against
Myc (Drp1), Tom20 (mitochondria), and PEX14 (peroxisomes) were
incubated overnight at 4 °C. The secondary Alexa-488-labeled goat
anti-rabbit (A11034, ThermoFisher Scientific, 1:1000 dilution) and
Alexa-568-labeled goat anti-mouse (A11031, ThermoFisher Scientific,
1:1000 dilution) antibodies were incubated for 1 hr at room tempera-
ture. The expression of Myc-tagged Drp1 and mitochondrial and per-
oxisomal morphologies were examined by using anti-Myc (sc-40,
Santa Cruz, 1:1000 dilution), anti-Tom20 (11802-1-AP, Proteintech,
1:1000 dilution), and anti-PEX14 (10594-1-AP, Proteintech, 1:1000
dilution) antibodies, respectively. Confocal images were obtained
using a 60Xoil-immersion objectivemountedon anOlympus Fluoview
1000 or 3000 confocal microscope and analyzed by Fiji-ImageJ (NIH).

Western blot analysis of Drp1 overexpression was performed as
previously described26. Briefly, equal amounts of protein (25 μg) from
the total lysates of each transfected cell culture sample, quantified
using the Bio-rad protein assay, were resuspended in Laemmli buffer,
separated using SDS-PAGE, and transferred onto nitrocellulose mem-
branes. Membranes were probed with anti-Myc (sc-40, Santa Cruz,
1:1000 dilution), anti-Flag (F1804, MilliporeSigma, 1:5000 dilution),
anti-actin (A1978, MilliporeSigma, 1:10000 dilution), anti-Drp1 (611113,
BD Bioscience, 1:2000 dilution) or anti-GIPC-1 (sc-271822, Santa Cruz,
1:500 dilution) as indicated using the manufacturer’s recommenda-
tions and visualized by enhanced chemiluminescence.

For co-IP experiments probing Drp1-GIPC-1 interactions, cells
were lysed in total cell lysate buffer (50mM Tris-HCl, pH 7.5, 150mM
NaCl, 1% Triton X-100, and protease inhibitor cocktail). Total lysates
were incubated with the indicated antibodies (1:1000 dilution) over-
night at 4 °C, followed by the addition of protein A/G beads (sc-2003,
Santa Cruz, 20 µL per 1mL of lysate) for 2 hr at room temperature. The
immunoprecipitantswerewashed four timeswith cell lysate buffer and
analyzed by western blotting using the indicated antibodies.

Quantification of mitochondrial connectivity and peroxisomal
circularity
For examining mitochondrial connectivity, images of cells expressing
Myc (Drp1) were selected based on the plot profile maximum of the
Alexa Fluor 568 (red) channel, set to 120 ± 20 a.u. For cells expressing
the empty vector, the selection was based on Alexa Fluor 488 (green)
intensity, with the maximum in 100 ±0 a.u. The selected images were
analyzed with an in-house Fiji87 macro consisting in four main steps: i)
background subtraction, ii) binary mask creation, iii) skeletonize
plugin89 and iv) analyze skeletons command. The resulting dataset was
further analyzed using OriginPro software. Branch length was used to
calculate the total network length and the average branch length. For
the empty vector, all branches below 4 pixels were excluded from the
analysis. For the number of skeletons, all skeletons below 4 pixelswere
deleted for the empty vector. All skeletons with length of 0 pixels were
excluded from analysis. The connectivity factor was obtained by
dividing the number of skeletons by the total network length.

For examining peroxisomal circularity, images of cells expressing
Myc (Drp1) were selected based on the plot profile maximum of the
Alexa Fluor 568 (red) channel, set to 50 ± 20 a.u. Images were analyzed

with an in-house Fiji69 macro “Mitochondrial Analyzer” conducting
similar steps as above, to quantify mean peroxisomal area and peri-
meter. The resulting datasets were analyzed further using GraphPad
Prism 10 software. Mean area and mean perimeter was used to calcu-
late peroxisomal circularity via the equation: circularity = 4*π*mean
area/mean perimeter2. A value of 1.0 indicates a perfect circle, while
those approaching 0.0 indicate increasingly elongated shapes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Previously published high-resolutionDrp1 structures referred to in our
manuscript are readily accessible from the protein data bank (PDB) via
accession codes: 4BEJ and 5WP9. The particle numbers analyzed for
generating 2D class averages and their relative percentages are noted
in Methods. Source data are provided with this paper.

References
1. Deiana, A., Forcelloni, S., Porrello, A. & Giansanti, A. Intrinsically

disordered proteins and structured proteins with intrinsically dis-

ordered regions have different functional roles in the cell. PLoSOne

14, e0217889 (2019).

2. Peng, Z., Mizianty, M. J. & Kurgan, L. Genome-scale prediction of

proteins with long intrinsically disordered regions. Proteins 82,

145–158 (2014).

3. vander Lee, R. et al. Classificationof intrinsically disordered regions

and proteins. Chem. Rev. 114, 6589–6631 (2014).

4. Babu, M. M. The contribution of intrinsically disordered regions to

protein function, cellular complexity, and human disease. Biochem

Soc. Trans. 44, 1185–1200 (2016).

5. Bah, A. & Forman-Kay, J. D. Modulation of Intrinsically Disordered

Protein Function by Post-translational Modifications. J. Biol. Chem.

291, 6696–6705 (2016).

6. Cornish, J., Chamberlain, S. G., Owen, D. & Mott, H. R. Intrinsically

disorderedproteins andmembranes: amarriageof convenience for

cell signalling? Biochem Soc. Trans. 48, 2669–2689 (2020).

7. Wright, P. E. &Dyson,H. J. Intrinsically disorderedproteins in cellular

signalling and regulation. Nat. Rev. Mol. Cell Biol. 16, 18–29 (2015).

8. Fung, H. Y. J., Birol, M. & Rhoades, E. IDPs in macromolecular

complexes: the roles of multivalent interactions in diverse assem-

blies. Curr. Opin. Struct. Biol. 49, 36–43 (2018).

9. Berlow, R. B., Dyson, H. J. & Wright, P. E. Expanding the Paradigm:

Intrinsically Disordered Proteins and Allosteric Regulation. J. Mol.

Biol. 430, 2309–2320 (2018).

10. Bugge, K. et al. Interactions by Disorder - A Matter of Context. Front

Mol. Biosci. 7, 110 (2020).

11. Ramachandran, R. Mitochondrial dynamics: The dynamin super-

family and execution by collusion. Semin Cell Dev. Biol. 76,

201–212 (2018).

12. Tabara, L. C., Morris, J. L. & Prudent, J. The Complex Dance of

Organelles during Mitochondrial Division. Trends Cell Biol. 31,

241–253 (2021).

13. Frohlich, C. et al. Structural insights into oligomerization and

mitochondrial remodelling of dynamin 1-like protein. EMBO J. 32,

1280–1292 (2013).

14. Lu, B. et al. Steric interference from intrinsically disordered regions

controls dynamin-related protein 1 self-assembly during mito-

chondrial fission. Sci. Rep. 8, 10879 (2018).

15. Kalia, R. et al. Structural basis of mitochondrial receptor binding

and constriction by DRP1. Nature 558, 401–405 (2018).

16. Rochon, K. et al. Structural Basis for Regulated Assembly of the

Mitochondrial Fission GTPase Drp1. bioRxiv,

2023.06.22.546081 (2023).

Article https://doi.org/10.1038/s41467-023-44413-6

Nature Communications |           (2024) 15:52 14

https://doi.org/10.2210/pdb4BEJ/pdb
https://doi.org/10.2210/pdb5WP9/pdb


17. Mahajan, M. et al. NMR identification of a conserved Drp1

cardiolipin-bindingmotif essential for stress-inducedmitochondrial

fission. Proc. Natl Acad. Sci. USA 118, e2023079118 (2021).

18. Ramonett, A. et al. Regulation of mitochondrial fission by GIPC-

mediated Drp1 retrograde transport. Mol. Biol. Cell 33, ar4 (2022).

19. Naccache, S. N., Hasson, T. & Horowitz, A. Binding of internalized

receptors to the PDZ domain of GIPC/synectin recruits myosin VI to

endocytic vesicles. Proc. Natl Acad. Sci. USA 103,

12735–12740 (2006).

20. Ji, W. K., Hatch, A. L., Merrill, R. A., Strack, S. & Higgs, H. N. Actin

filaments target the oligomeric maturation of the dynamin GTPase

Drp1 to mitochondrial fission sites. Elife 4, e11553 (2015).

21. Mears, J. A. & Ramachandran, R. Drp1 and the cytoskeleton:

mechanistic nexus inmitochondrial division.Curr.Opin. Physiol.29,

100574 (2022).

22. Amacher, J. F., Brooks, L., Hampton, T. H. & Madden, D. R. Specifi-

city in PDZ-peptide interaction networks: Computational analysis

and review. J. Struct. Biol. X 4, 100022 (2020).

23. Montessuit, S. et al. Membrane remodeling induced by the

dynamin-related protein Drp1 stimulates Bax oligomerization. Cell

142, 889–901 (2010).

24. Basu, K. et al. Molecular mechanism of DRP1 assembly studied

in vitro by cryo-electron microscopy. PLoS One 12, e0179397

(2017).

25. Perez-Jover, I., Madan Mohan, P., Ramachandran, R. & Shnyrova, A.

V. Reply to Roy and Pucadyil: A gain of function by a GTPase-

impaired Drp1. Proc. Natl Acad. Sci. USA 119, e2202391119 (2022).

26. Macdonald, P. J. et al. A dimeric equilibrium intermediate nucleates

Drp1 reassembly onmitochondrialmembranes for fission.Mol. Biol.

Cell 25, 1905–1915 (2014).

27. Bustillo-Zabalbeitia, I. et al. Specific interaction with cardiolipin

triggers functional activation of Dynamin-Related Protein 1. PLoS

One 9, e102738 (2014).

28. Hatch, A. L., Ji, W. K., Merrill, R. A., Strack, S. & Higgs, H. N. Actin

filaments as dynamic reservoirs for Drp1 recruitment.Mol. Biol. Cell

27, 3109–3121 (2016).

29. Wen, B., Peng, J., Zuo, X., Gong, Q. & Zhang, Z. Characterization of

protein flexibility using small-angle x-ray scattering and amplified

collective motion simulations. Biophys. J. 107, 956–964 (2014).

30. Ramachandran, R. et al. The dynamin middle domain is critical for

tetramerization and higher-order self-assembly. EMBO J. 26,

559–566 (2007).

31. Kenniston, J. A. & Lemmon, M. A. Dynamin GTPase regulation is

altered by PH domain mutations found in centronuclear myopathy

patients. EMBO J. 29, 3054–3067 (2010).

32. Jumper, J. et al. Highly accurate protein structure prediction with

AlphaFold. Nature 596, 583–589 (2021).

33. Moens, P. D., Helms,M. K. & Jameson, D.M. Detection of tryptophan

to tryptophan energy transfer in proteins. Protein J. 23,

79–83 (2004).

34. Ghisaidoobe, A. B. & Chung, S. J. Intrinsic tryptophan fluorescence

in the detection and analysis of proteins: a focus on Forster reso-

nance energy transfer techniques. Int J. Mol. Sci. 15,

22518–22538 (2014).

35. Martinez Galvez, J. M., Garcia-Hernando, M., Benito-Lopez, F.,

Basabe-Desmonts, L. & Shnyrova, A. V. Microfluidic chip with pillar

arrays for controlledproduction andobservation of lipidmembrane

nanotubes. Lab Chip 20, 2748–2755 (2020).

36. Shang, G. et al. Structure analyses reveal a regulated oligomeriza-

tion mechanism of the PlexinD1/GIPC/myosin VI complex. Elife 6,

e27322 (2017).

37. Kedlaya, R. H., Bhat, K. M., Mitchell, J., Darnell, S. J. & Setaluri, V.

TRP1 interacting PDZ-domain protein GIPC forms oligomers and is

localized to intracellular vesicles in human melanocytes. Arch.

Biochem. Biophys. 454, 160–169 (2006).

38. Koirala, S. et al. Interchangeable adaptors regulate mitochondrial

dynamin assembly formembrane scission.Proc.NatlAcad. Sci. USA

110, E1342–E1351 (2013).

39. Smith, J. J. & Aitchison, J. D. Peroxisomes take shape.Nat. Rev. Mol.

Cell Biol. 14, 803–817 (2013).

40. Carmichael, R. E. & Schrader, M. Determinants of Peroxisome

Membrane Dynamics. Front Physiol. 13, 834411 (2022).

41. Tilokani, L., Nagashima, S., Paupe, V. & Prudent, J. Mitochondrial

dynamics: overview of molecular mechanisms. Essays Biochem 62,

341–360 (2018).

42. Zarin, T. et al. Proteome-wide signatures of function in highly

diverged intrinsically disordered regions. Elife 8, e46883

(2019).

43. Zarin, T. et al. Identifying molecular features that are associated

with biological function of intrinsically disordered protein regions.

Elife 10, e60220 (2021).

44. Francy, C. A., Alvarez, F. J., Zhou, L., Ramachandran, R. &Mears, J. A.

The Mechanoenzymatic Core of Dynamin-related Protein 1 Com-

prises theMinimal Machinery Required for Membrane Constriction.

J. Biol. Chem. 290, 11692–11703 (2015).

45. Strack, S. & Cribbs, J. T. Allosteric modulation of Drp1 mechan-

oenzyme assembly and mitochondrial fission by the variable

domain. J. Biol. Chem. 287, 10990–11001 (2012).

46. Stepanyants, N. et al. Cardiolipin’s propensity for phase transition

and its reorganization by dynamin-related protein 1 form a basis for

mitochondrial membrane fission. Mol. Biol. Cell 26,

3104–3116 (2015).

47. Macdonald, P. J. et al. Distinct Splice Variants of Dynamin-related

Protein 1 Differentially Utilize Mitochondrial Fission Factor as an

Effector of Cooperative GTPase Activity. J. Biol. Chem. 291,

493–507 (2016).

48. Shnyrova, A. V. et al. Geometric catalysis of membrane fission dri-

ven by flexible dynamin rings. Science 339, 1433–1436 (2013).

49. Ramachandran, R. et al. Membrane insertion of the pleckstrin

homology domain variable loop 1 is critical for dynamin-catalyzed

vesicle scission. Mol. Biol. Cell 20, 4630–4639 (2009).

50. Moro, A., van Nifterick, A., Toonen, R. F. & Verhage, M. Dynamin

controls neuropeptide secretion by organizing dense-core vesicle

fusion sites. Sci. Adv. 7, eabf0659 (2021).

51. Krishnan, S., Collett,M. & Robinson, P. J. SH3Domains Differentially

Stimulate Distinct Dynamin I Assembly Modes and G Domain

Activity. PLoS One 10, e0144609 (2015).

52. Fukushima,N.H., Brisch, E., Keegan, B. R., Bleazard,W.&Shaw, J.M.

The GTPase effector domain sequence of the Dnm1p GTPase reg-

ulates self-assembly and controls a rate-limiting step in mitochon-

drial fission. Mol. Biol. Cell 12, 2756–2766 (2001).

53. Sever, S., Muhlberg, A. B. & Schmid, S. L. Impairment of dynamin’s

GAP domain stimulates receptor-mediated endocytosis. Nature

398, 481–486 (1999).

54. Altschuler, Y. et al. Redundant and distinct functions for dynamin-1

and dynamin-2 isoforms. J. Cell Biol. 143, 1871–1881 (1998).

55. Toto, A., Mattei, A., Jemth, P. & Gianni, S. Understanding the role of

phosphorylation in thebindingmechanismof a PDZdomain.Protein

Eng. Des. Sel. 30, 1–5 (2017).

56. Cribbs, J. T. & Strack, S. Functional characterization of phosphor-

ylation sites in dynamin-related protein 1. Methods Enzymol. 457,

231–253 (2009).

57. Valera-Alberni, M. et al. Crosstalk between Drp1 phosphorylation

sites during mitochondrial remodeling and their impact on meta-

bolic adaptation. Cell Rep. 36, 109565 (2021).

58. Strack, S., Wilson, T. J. & Cribbs, J. T. Cyclin-dependent kinases

regulate splice-specific targeting of dynamin-related protein 1 to

microtubules. J. Cell Biol. 201, 1037–1051 (2013).

59. Ramachandran, R. Vesicle scission: dynamin. Semin Cell Dev. Biol.

22, 10–17 (2011).

Article https://doi.org/10.1038/s41467-023-44413-6

Nature Communications |           (2024) 15:52 15



60. Barylko, B. et al. The proline/arginine-rich domain is a major deter-

minant of dynamin self-activation. Biochemistry 49,

10592–10594 (2010).

61. Ferguson, S.M. & DeCamilli, P. Dynamin, amembrane-remodelling

GTPase. Nat. Rev. Mol. Cell Biol. 13, 75–88 (2012).

62. Zhang, R. et al. Dynamin regulates the dynamics and mechanical

strength of the actin cytoskeleton as amultifilament actin-bundling

protein. Nat. Cell Biol. 22, 674–688 (2020).

63. Mattila, J. P. et al. A hemi-fission intermediate links two mechan-

istically distinct stages of membrane fission. Nature 524,

109–113 (2015).

64. Bos, J. L., Rehmann, H. & Wittinghofer, A. GEFs and GAPs: critical

elements in the control of small G proteins. Cell 129,

865–877 (2007).

65. Gasper, R., Meyer, S., Gotthardt, K., Sirajuddin,M. &Wittinghofer, A.

It takes two to tango: regulation of G proteins by dimerization. Nat.

Rev. Mol. Cell Biol. 10, 423–429 (2009).

66. Ramachandran, R. & Schmid, S. L. The dynamin superfamily. Curr.

Biol. 28, R411–R416 (2018).

67. Crosby, D. et al. Reconstitution of human atlastin fusion activity

reveals autoinhibition by the C terminus. J Cell Biol 221,

e202107070 (2022).

68. Krishna, S. & Ford, M. G. J. The atlastin paralogs: The complexity in

the tails. J. Cell Biol. 222, e202305116 (2023).

69. Osellame, L. D. et al. Cooperative and independent roles of theDrp1

adaptors Mff, MiD49 and MiD51 in mitochondrial fission. J. Cell Sci.

129, 2170–2181 (2016).

70. Kalia, R. & Frost, A. Open and cut: allosteric motion and membrane

fission by dynamin superfamily proteins. Mol. Biol. Cell 30,

2097–2104 (2019).

71. Stepanyants, N., Macdonald, P. J., Madan Mohan, P. & Ramachan-

dran, R. A Single Common Protocol for the Expression and Pur-

ification of Soluble Mammalian DSPs from Escherichia coli.

Methods Mol. Biol. 2159, 31–40 (2020).

72. Liu, R. & Chan, D. C. The mitochondrial fission receptor Mff selec-

tively recruits oligomerized Drp1. Mol. Biol. Cell 26,

4466–4477 (2015).

73. Clinton, R. W., Bauer, B. L. & Mears, J. A. Affinity Purification and

Functional Characterization of Dynamin-Related Protein 1.Methods

Mol. Biol. 2159, 41–53 (2020).

74. Wakabayashi, J. et al. The dynamin-related GTPase Drp1 is required

for embryonic and brain development in mice. J. Cell Biol. 186,

805–816 (2009).

75. Leonard, M., Song, B. D., Ramachandran, R. & Schmid, S. L. Robust

colorimetric assays for dynamin’s basal and stimulated GTPase

activities. Methods Enzymol. 404, 490–503 (2005).

76. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-

PARC: algorithms for rapid unsupervised cryo-EM structure deter-

mination. Nat. Methods 14, 290–296 (2017).

77. Montecinos-Franjola, F., Bauer, B. L., Mears, J. A. & Ramachandran,

R. GFP fluorescence tagging alters dynamin-related protein 1 oli-

gomerization dynamics and creates disassembly-refractory puncta

to mediate mitochondrial fission. Sci. Rep. 10, 14777 (2020).

78. Malaby, A. W. et al. Methods for analysis of size-exclusion

chromatography-small-angle X-ray scattering and reconstruction

of protein scattering. J. Appl. Crystallogr. 48, 1102–1113 (2015).

79. Nielsen, S. S. et al. BioXTAS RAW, a software program for high-

throughput automated small-angle X-ray scattering data reduction

and preliminary analysis. J. Appl. Crystallogr. 42, 959–964 (2009).

80. Manalastas-Cantos, K. et al. ATSAS 3.0: expanded functionality and

new tools for small-angle scattering data analysis. J. Appl. Crystal-

logr. 54, 343–355 (2021).

81. Hopkins, J. B., Gillilan, R. E. & Skou, S. BioXTAS RAW: improvements

to a free open-source program for small-angle X-ray scattering data

reduction and analysis. J. Appl. Crystallogr. 50, 1545–1553 (2017).

82. Pettersen, E. F. et al. UCSF Chimera–a visualization system for

exploratory research and analysis. J. Comput Chem. 25,

1605–1612 (2004).

83. Goddard, T. D., Huang, C. C. & Ferrin, T. E. Visualizing densitymaps

with UCSF Chimera. J. Struct. Biol. 157, 281–287 (2007).

84. Jumper, J. & Hassabis, D. Protein structure predictions to atomic

accuracy with AlphaFold. Nat. Methods 19, 11–12 (2022).

85. Krissinel, E. Enhanced fold recognition using efficient short frag-

ment clustering. J. Mol. Biochem. 1, 76–85 (2012).

86. Agirre, J. et al. The CCP4 suite: integrative software for macro-

molecular crystallography. Acta Crystallogr. D. Struct. Biol. 79,

449–461 (2023).

87. Schindelin, J. et al. Fiji: an open-source platform for biological-

image analysis. Nat. Methods 9, 676–682 (2012).

88. Dar, S., Kamerkar, S. C. & Pucadyil, T. J. Use of the supported

membrane tube assay system for real-time analysis of membrane

fission reactions. Nat. Protoc. 12, 390–400 (2017).

89. Arganda-Carreras, I., Fernandez-Gonzalez, R., Munoz-Barrutia, A. &

Ortiz-De-Solorzano, C. 3D reconstruction of histological sections:

Application to mammary gland tissue. Microsc Res. Tech. 73,

1019–1029 (2010).

Acknowledgements
We thank Ashutosh Prince and Shane Wyborny (both of CWRU) for

technical assistance in protein production. NIH R01 grants GM121583

and GM125844 supported work in the R.R. and J.A.M. laboratories,

respectively. Work in the A.V.S. laboratory was supported by the

PGC2018-099971-B-I00 and PID2021-127844NB-I00 grants funded by

MCIN/AEI/10.13039/501100011033/ and by “ERDF A way of making

Europe” and by the Basque Government Grant IT1625-22. Jon Agirre is

a Royal Society University Research Fellow (award codes UF160039

and URF\R\221006). I.P.J. acknowledges the predoctoral fellowship

from the University of the Basque Country. We are grateful for com-

putational support from the University of York High Performance

Computing service, Viking and the Research Computing team, notably

Jasper Grimm and Emma Barnes. The authors are grateful to the

ElectronMicroscopy andCrystallographyplatformof theCICbioGUNE

and the Basque Resource for Electron Microscopy (BREM) of the Bio-

fisika Institute for providing access to cryo EM sample preparation and

analysis equipment. Molecular graphics images were produced using

the UCSF Chimera package from the Resource for Biocomputing,

Visualization, and Informatics at the University of California, San

Francisco (supported by NIH P41 RR-01081). This research used

resources of the Advanced Photon Source, a U.S. Department of

Energy (DOE) Office of Science User Facility operated for the DOE

Office of Science by Argonne National Laboratory under Contract No.

DE-AC02-06CH11357. BioCAT was supported by grant P30 GM138395

from the National Institute of General Medical Sciences of the National

Institutes of Health.

Author contributions
Conceptualization: A.V.S, and R.R.; Experimental methodology: A.V.S,

R.R., J.A.M.; Experimental investigation and analysis: all authors; Writing

—original draft: A.V.S, and R.R; Writing—review and editing: all authors;

Funding acquisition: A.V.S and R.R.; Resources: J.A.M., A.V.S. and R.R.;

Project supervision: A.V.S. and R.R.; Negative-stain EM data acquisition

and Drp1 structure reconstructions: K.R. and J.A.M.; Cell biology

experiments and peroxisomal circularity analysis: D.H. and X.Q.; SEC-

SAXS experiments and data analyses: M.M.; Production of DNA con-

structs: P.M. and R.R.; Protein purification and GTPase assays: P.M.,

J.O.G., andR.R.; Alphafold predictions and structural overlays: J.A.; SEC-

MALS experiments: R.R.; Analysis of mitochondrial fragmentation: R.R.

and A.V.S; Preliminary data on Drp1-mediated NT fission: J.M.M.G.; NT

fission assays and analyses: I.P.J. and A.V.S.; cryoEM analyses of pre-

formed NT constriction: I.S.P. and A.V.S.

Article https://doi.org/10.1038/s41467-023-44413-6

Nature Communications |           (2024) 15:52 16



Competing interests
The authors declare no competing interests

Additional information
Supplementary information The online version contains

supplementary material available at

https://doi.org/10.1038/s41467-023-44413-6.

Correspondence and requests for materials should be addressed to

Anna V. Shnyrova or Rajesh Ramachandran.

Peer review information Nature Communications thanks the anon-

ymous reviewers for their contribution to the peer review of this work. A

peer review file is available.

Reprints and permissions information is available at

http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-

isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this

article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons license and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this license, visit http://creativecommons.org/

licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-023-44413-6

Nature Communications |           (2024) 15:52 17

https://doi.org/10.1038/s41467-023-44413-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Allosteric control of dynamin-related protein 1 through a disordered C-terminal Short Linear�Motif
	Results
	CT-SLiM modifications alter Drp1 self-assembly propensity and geometry
	CT-SLiM modifications alter Drp1 conformational dynamics and structure
	CT-SLiM modifications differentially affect Drp1 cooperative GTP hydrolysis
	CT-SLiM controls Drp1-catalyzed membrane fission in�vitro
	CT-SLiM interactions with GIPC-1 regulate Drp1-mediated membrane fission
	CT-SLiM regulation of Drp1 is critical for mitochondrial and peroxisomal fission in�vivo

	Discussion
	Methods
	Protein production
	Liposome and GalCer CL-NTs production
	SEC-MALS
	NS-EM and data processing
	SEC-SAXS
	Computational 3D model prediction
	iTFS
	GTPase�assay
	Co-sedimentation�assay
	NT fission�assay
	Cryo-EM of Drp1 on preformed�NTs
	Cell biology
	Quantification of mitochondrial connectivity and peroxisomal circularity
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


