7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

NMR identification of a conserved Drp1 cardiolipin-binding motif essential for stress-induced
mitochondrial fission

Mahajan, Mukesh; Bharambe, Nikhil; Shang, Yutong; Lu, Bin; Mandal, Abhishek; Madan
Mohan, Pooja; Wang, Rihua; Boatz, Jennifer C; Manuel Martinez Galvez, Juan; Shnyrova,
Anna V

Published in:
Proceedings of the National Academy of Sciences of the United States of America

DOI:
10.1073/pnas.2023079118

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Mahajan, M., Bharambe, N., Shang, Y., Lu, B., Mandal, A., Madan Mohan, P., Wang, R., Boatz, J. C.,
Manuel Martinez Galvez, J., Shnyrova, A. V., Qi, X., Buck, M., van der Wel, P. C. A., & Ramachandran, R.
(2021). NMR identification of a conserved Drp1 cardiolipin-binding motif essential for stress-induced
mitochondrial fission. Proceedings of the National Academy of Sciences of the United States of America,
118(29), [€2023079118]. https://doi.org/10.1073/pnas.2023079118

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1073/pnas.2023079118
https://research.rug.nl/en/publications/634a28c7-908b-4fbf-bf65-11816a616666
https://doi.org/10.1073/pnas.2023079118

Downloaded at University of Groningen on July 20, 2021

Check for
updates

NMR identification of a conserved
Drp1 cardiolipin-binding motif essential for
stress-induced mitochondrial fission

Mukesh Mahajan®', Nikhil Bharambe®'®, Yutong Shang®’, Bin Lu®'®, Abhishek Mandal®’, Pooja Madan Mohan?,
Rihua Wang?, Jennifer C. Boatz®, Juan Manuel Martinez Galvez“®, Anna V. Shnyrova“®, Xin Qi*4®,
Matthias Buck®<®, Patrick C. A. van der Wel®f®, and Rajesh Ramachandran®*®2

2Department of Physiology and Biophysics, Case Western Reserve University, Cleveland, OH 44106; "Department of Structural Biology, University of
Pittsburgh School of Medicine, Pittsburgh, PA 15261; “Instituto Biofisika and Department of Biochemistry and Molecular Biology, University of the Basque
Country, 48940 Leioa, Spain; dCenter for Mitochondrial Diseases, Case Western Reserve University School of Medicine, Cleveland, OH 44106; °Cleveland
Center for Membrane and Structural Biology, Case Western Reserve University, Cleveland, OH 44106; and fZernike Institute for Advanced Materials,

University of Groningen, 9700 AB Groningen, The Netherlands

Edited by David Baker, University of Washington, Seattle, WA, and approved May 25, 2021 (received for review November 12, 2020)

Mitochondria form tubular networks that undergo coordinated
cycles of fission and fusion. Emerging evidence suggests that a direct
yet unresolved interaction of the mechanoenzymatic GTPase dynamin-
related protein 1 (Drp1) with mitochondrial outer membrane-localized
cardiolipin (CL), externalized under stress conditions including mitoph-
agy, catalyzes essential mitochondrial hyperfragmentation. Here, us-
ing a comprehensive set of structural, biophysical, and cell biological
tools, we have uncovered a CL-binding motif (CBM) conserved be-
tween the Drp1 variable domain (VD) and the unrelated ADP/ATP
carrier (AAC/ANT) that intercalates into the membrane core to ef-
fect specific CL interactions. CBM mutations that weaken VD-CL
interactions manifestly impair Drp1-dependent fission under stress
conditions and induce “donut” mitochondria formation. Importantly,
VD membrane insertion and GTP-dependent conformational rear-
rangements mediate only transient CL nonbilayer topological forays
and high local membrane constriction, indicating that Drp1-CL inter-
actions alone are insufficient for fission. Our studies establish the
structural and mechanistic bases of Drp1-CL interactions in stress-
induced mitochondrial fission.

dynamin | cardiolipin | NMR | intrinsically disordered | mitochondria

itochondria are dynamic organelles remodeled continuously
via regulated cycles of fission and fusion (1, 2). Mitochondrial
dynamics and morphology are inextricably linked to the organelle’s
essential functions in ATP production, calcium homeostasis, and
apoptosis (3), the dysregulation of which precipitates various human
diseases including neurodegeneration (4). Therefore, an accurate
description of the molecular mechanisms underlying mitochondrial
fission and fusion is critical for targeted therapeutic intervention.
Distinct dynamin superfamily proteins (DSPs) catalyze mito-
chondrial fission and fusion (1, 5). Drpl mediates fission and is
recruited from the cytosol onto the mitochondrial surface via inter-
actions with various membrane-integrated protein adaptors, chiefly
Mff and MiD49/51 (6). Subsequent Drpl helical self-assembly
around predisposed mitochondrial division sites coupled to GTP-
dependent mechanoenzymatic membrane constriction culminates
in fission (7, 8). By contrast, fusion is mediated by two separate
membrane-embedded DSPs, mitofusins (Mfn1/2) and optic at-
rophy 1 (OPA1), that catalyze the respective merger of the mi-
tochondrial outer (MOM) and inner membranes (MIM) (1, 5).
Drpl is a multidomain protein composed of four distinct re-
gions: the GTPase (G) domain, bundle signaling element (BSE),
stalk, and VD (1) (Fig. 14). The G, BSE, and stalk domains com-
prise the structured mechanoenzymatic core involved in Drp1 helical
self-assembly and assembly-dependent cooperative GTPase activity
(5). The VD, located at the base of the molecule (Fig. 14), is,
however, intrinsically disordered (9). Nonetheless, the VD en-
gages in functionally essential interactions with phospholipids
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and/or protein adaptors at the target membrane (9-11). The VD
is absent from, or insufficiently resolved in, any available Drpl
structure until date (12-14).

A preponderance of recent evidence indicates that a direct
interaction between the VD and the mitochondria-specific phos-
pholipid CL plays a critical role in mitochondrial fission, especially
under stress conditions such as apoptosis and mitophagy (11, 15-17).
CL, abundant in the MIM, is nevertheless found in relatively minor
but significant quantities (3 to 6%) in the MOM (18, 19). Locally,
CL content can approach 25%, for example, at MIM-MOM contact
sites (20). Upon the induction of apoptosis or mitophagy, CL is
actively translocated from the MIM to the MOM, where it binds
and localizes proapoptotic (e.g., tBid, Bax) and mitophagy-related
(e.g., LC3) proteins at the mitochondrial surface (21-26). How CL
externalization under these conditions is coupled to mitochon-
drial hyperfragmentation essential for the engulfment of damaged
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Fig. 1. Prediction of Drp1 VD MoRFs as potential CL-binding motifs (CBMs). (A) Domain organization of Drp1 (Top) and a corresponding color-coded ribbon
representation of a monomer in the Drp1 dimer (A514 to 602) three-dimensional structure (12) (Protein Data Bank identification: 4BEJ; Bottom). The
numbering corresponds to the 699 aa ubiquitous Drp1 isoform 3 studied here. The partial helical structure of the VD N terminus is highlighted by a box. (B)
Drp1 VD sequence (aa 497 to 607 of isoform 3). Disorder (D) as predicted by the PONDR (Predictor of Naturally Disordered Regions) algorithm in Cis indicated
below. The residues comprising MoRFs 1 and 2 are boxed. The structurally resolved helical region of MoRF-1 is highlighted in red. MoRF-2 is separated into N-
and C-terminal halves with the four K residues previously implicated in CL binding (11) shaded in blue and denoted by *. (C) PONDR VL-XT (Variously
characterized Long disordered regions and X-ray characterized Terminal disordered regions) analysis of VD. Segments with low PONDR scores (below 0.5 and
approaching zero) are predicted to acquire order (or a stable fold) upon ligand interactions. High scores (above 0.5) represent disorder. The two boxed

regions predicted to acquire order correspond to MoRFs 1 and 2.

mitochondria by autophagosomes during mitophagy, or for the
synchronous release of cytochrome ¢ during apoptosis, still
remains unresolved (26-28).

CL promotes Drp1 helical self-assembly on model membranes
in vitro and robustly stimulates Drpl GTPase activity (15). GTP-
regulated Drpl-CL interactions alter membrane phase behavior
and catalyze the formation of local, narrow membrane tube con-
strictions primed for fission (29). Yet, how Drpl specifically rec-
ognizes and interacts with CL remain unknown, and the current
paradigm for mitochondrial fission does not invoke a role for di-
rect Drpl-phospholipid interactions (8, 10).

The Drpl VD is necessary and sufficient for specific CL in-
teractions in vitro (9, 29). Yet, none of the four previously im-
plicated VD Lys (K) residues were found to be directly responsible
for VD binding to anionic CL (9, 11). No high-resolution struc-
tures of the VD-CL complex currently exist, and the nature,
residue identity, and functional consequences of specific VD-CL
interactions in mitochondrial fission remain unknown. Here,
using a comprehensive toolkit of structural, biophysical, and cell
biological approaches, we demonstrate that the intrinsically dis-
ordered VD undergoes a disorder-to-order structural transition on
CL-containing membranes and preferentially binds CL via specific
hydrophobic acyl chain interactions. While VD interactions selec-
tively alter CL motion within the membrane, Drpl GTP hydrolysis-
driven conformational rearrangements only transiently modulate the
bilayer lipid topology and are thus incapable of fission. We identify a
WRG motif conserved between the Drpl VD and the unrelated
ADP/ATP carrier (AAC) that is directly and specifically involved in
CL binding, the perturbation of which impairs Drp1-CL interactions
in vitro and mitophagy-induced mitochondrial hyperfragmentation
in vivo. Thus, Drp1-CL interactions are essential for stress-induced
mitochondrial fission.

Results

Prediction of VD MoRFs as Potential CBMs. Size-exclusion chromatography-
coupled multiangle light scattering (SEC-MALS) analysis indi-
cated that the isolated VD (amino acid [aa] 497 to 607 of Drpl
isoform 3; Fig. 1B) is predominantly monomeric in solution
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(8I Appendix, Fig. S1A4). Circular dichroism (CD) spectroscopy
revealed that the disordered VD has a-helical propensity that is
stabilized in presence of either CL-containing membranes or the
electronegative amphiphile trifluoroethanol (TFE) (SI Appendix,
Fig. S1 B-E). The sequence analysis algorithm PONDR (Pre-
dictor of Naturally Disordered Regions) discerned molecular recog-
nition features (MoRFs) within the VD with a predicted propensity to
gain secondary structure upon interactions (30) (Fig. 1C). Two regions
were identified and named “MoRF-1” and “MoRF-2” (Fig. 1 B
and C). MoRF-1 (aa 500 to 518; Fig. 1B) was predicted to form
an amphipathic a-helix (ST Appendix, Fig. S24) that could adapt
to the membrane-water interface but lacked an overall positive
charge expected for binding negatively charged CL (31). More-
over, a part of MoRF-1 (Fig. 14, red) is visible in the Drp1 crystal
structure (12) as a helical segment (Fig. 14, colored red) that
makes extensive contacts with the adjacent GTPase effector do-
main (GED) region. Consistent with its primary role in protein—
protein interactions, Ala (A) substitutions of its bulky nonpolar
residues dramatically affected Drpl oligomerization in solution
but not CL-stimulated GTPase activity (SI Appendix, Fig. S2 B and
C). MoRF-2 (aa 546 to 568; Fig. 1B), together with adjacent K569
and K571, featured more positively charged residues but would
not constitute an amphipathic helix (SI Appendix, Fig. S24). In
MoRF-2, bulky nonpolar residues are prevalent in the N-terminal
half, whereas charged residues predominate in the C-terminal half
(Fig. 1B). Notably, this includes the four aforementioned K resi-
dues previously considered to be essential for CL binding (9, 11).

Solution NMR Reveals the Drp1 CBMs. Solution NMR measurements
in the absence and presence of CL-containing lipid nanodiscs
(CLND) (32, 33) revealed the identity of Drpl VD residues in-
volved in direct CL interactions. The spectral dispersion from
~7.6 to 8.8 ppm (>1.1 ppm) showed that the isolated VD is partly
folded in solution (Fig. 2, red spectrum, and SI Appendix, Fig. S34).
Despite peak overlap, we unambiguously assigned 59 of the 111
total VD residues (SI Appendix, Table S1). The residue-specific C,
chemical shifts (SI Appendix, Fig. S4 A-D) revealed two short
a-helical segments comprising residues 500 to 506 and 550 to 555,
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remarkably consistent with the predicted MoRF-1 and MoRF-2
regions (Fig. 1B).

NMR chemical shifts are highly sensitive to environmental
changes, resulting in chemical shift perturbations (CSPs) for, for
example, lipid-interacting residues (32, 33). We observed that parts
of both MoRF-1 and MoRF-2 displayed significant CSPs and ex-
tensive line broadening upon CLND interactions (Fig. 3 4 and B).
Upon CLND binding (Fig. 2, gray spectrum, and SI Appendix, Fig.
S3B), ~48 peaks (~50% of signals) were exchange broadened, with
many becoming effectively “invisible” in these solution NMR ex-
periments. The data indicated an exchange process with a binding
affinity (Kp) in the low micromolar range. Notably, the CLND-
induced spectral changes were centered primarily on MoRF-1 and
MOoRF-2 (Fig. 3 4 and B). Focusing on the MoRF-1 and MoRF-2
spectral regions (Fig. 2, Insets) revealed that their residues show
both exchange broadening and CSPs, indicating direct involvement
in CLND interactions (Fig. 3 4 and B).

Given its potential involvement in specific CL interactions (see
above), we focused on MoRF-2 that includes two (K557, K560)
of the four K residues previously implicated in Drpl-CL interac-
tions (11). The greatest density of CSPs and line broadening was
found in the relatively hydrophobic N-terminal half of MoRF-2,
whereas the two assigned K residues (K569, K571) immediately
adjacent to the charged C-terminal half did not show any significant

CSPs (Fig. 3 A and B). We conclude that these K residues,
consistent with our previous biophysical studies (9), are likely not
engaged in direct VD-CL interactions. In striking contrast, a spe-
cific cluster of residues in the N-terminal half of MoRF-2 under-
went extensive line broadening coupled to significant, detectable
CSPs: the WRG motif of residues 552 to 554 featuring the sole
tryptophan (W552) in VD (Figs. 2 and 3 A and B). Whereas
membrane-interacting MoRF-2 residues became more ordered,
residues flanking MoRF-2 showed increased peak intensities and
reduced linewidths (SI Appendix, Table S2) indicating an in-
crease in their mobility, which likely facilitates MoRF-2 binding
through entropic contributions. Interestingly, the WRG motif
itself is partially ordered in the solution state of the VD, as
"H-'"H homonuclear NOESY measurements showed an inter-
action between the R553 side chain and the G554 backbone
amide (SI Appendix, Fig. S4E).

A Conserved WRG Sequence in MoRF-2 Likely Constitutes the Specific
Drp1 CBM. A consensus CBM has not yet been identified in CL-
interacting proteins, suggesting that CL recognition elements may
not be readily identifiable by sequence homology alone (31). We
used published three-dimensional structures of membrane pro-
teins cocrystallized with CL to survey for structural elements also
found in VD.
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Fig. 2. Solution NMR spectroscopy maps the Drp1 VD-CL binding interface. An overlay of 'H-'>N heteronuclear single quantum coherence spectra of Drp1
VD in the absence (red) and presence of CLND (gray) is shown. The spectra are also shown separately in S/ Appendix, Fig. S3. CLND interactions lead to
extensive peak broadening and a few significant CSPs. (Insets) CSPs and line broadening in helix-forming MoRF-1 and MoRF-2 regions are shown.
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color-coded boxes as in Fig. 1B. The WRG motif is boxed. Error bars were calculated using S/N obtained from the Sparky software. Error bars for overlapped
peaks are not plotted. (B) CSP plot shows that the greatest density of CLND-induced perturbations occurs in MoRF-1 and MoRF-2 and correlates well with the
extensive line broadening observed for these regions upon CL interactions. The dashed line at 0.028 ppm represents the average CSP, the values above which

are considered to be significant.

Remarkably, the abovementioned “WRG” sequence was iden-
tified to be a conserved motif between the Drpl VD and the CL-
bound AAC (also known as adenine nucleotide translocase or
ANT) (34, 35) (SI Appendix, Fig. S54). The AAC WRG segment
is also a-helical and resides close to the lipid—water interface in
direct contact with CL, mimicking our findings on VD MoRF-2
(81 Appendix, Fig. S5B). Surprisingly, the central “R” of the AAC
WRG motif does not engage in direct electrostatic interactions
with the CL phosphates but “snorkels” upward to form part of a
positively charged surface at the lipid—-water boundary (SI Ap-
pendix, Fig. S5 B and C) (34). Instead, the two CL headgroup
phosphates form hydrogen bonds with the exposed backbone amide
groups of two G residues, including the G from the WRG motif.
Moreover, the “W” of the AAC WRG motif engages in direct
hydrophobic interactions with one of the four acyl chains of CL.
Thus, against expectations, CL-specific binding appeared to be
derived from hydrophobic and backbone H-bonding interactions
instead of electrostatics (31, 36).

40f 12 | PNAS
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MoRF Mutations Impair VD-CL Binding and CL-Stimulated Drp1 Activity.
An evaluation by mutagenesis of the involvement of the two
MOoREFs in various in vitro Drpl activities including CL-dependent
membrane binding, self-assembly, and stimulation of GTPase ac-
tivity revealed the cooperative, yet disparate, nature of their
membrane association.

In MoRF-2, Ala (A) substitution of either W552 or R553, or
substitution of the entire motif (WRG-to-AAA Drpl), resulted
in a pronounced loss of CL-stimulated GTPase activity (Fig. 44).
Deletion of the motif (AWRG Drpl) had the greatest impact, es-
sentially abrogating the activity (Fig. 44). The critical role of W552
was revealed by the very conservative W552F substitution that still
significantly impaired CL-stimulated GTPase activity (SI Appendix,
Fig. S6A4). Consistent with the involvement of the G554 backbone
amide, a G554A substitution did not affect CL-stimulated GTPase
activity (Fig. 44). Importantly, in solution, these MoRF-2 mu-
tations affected neither Drpl oligomerization (SI Appendix, Fig.
S6 B and A) nor the characteristic capacity of Drpl to form rings
and helices in the presence of the nonhydrolyzable GTP analog,
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GMP-PCP (SI Appendix, Fig. S7TC). Yet, none of the WRG mutants
were capable of self-assembling on, and tubulating, CL-containing
liposomes (SI Appendix, Fig. S8).

In MoRF-1, on the other hand, Ala (A) substitutions of its bulky
hydrophobic residues did not appreciably affect CL-stimulated
GTPase activity (SI Appendix, Fig. S2C), reinforcing the idea that
MoRF-1 instead acts through electrostatics. Remarkably, com-
paring the Drpl VD sequence to its counterpart in the ortholog,
CmDnml, from the primitive red alga Cyanidioschyzon merolae
revealed a conserved “RRNR” motif located at the Drpl MoRF-
1 C terminus (SI Appendix, Fig. S5D), despite very little overall

25 _
A MoRF-2
200
T.E il
E
Bl
4
sl [
" T

VD homology (37). Consistent with our notion, complete Ala (A)
substitution of the three positively charged R residues (RRNR-to-
AANA Drpl) resulted in a substantial loss of CL-stimulated GTPase
activity (Fig. 4B) while affecting neither Drpl oligomerization
(SI Appendix, Fig. STB) nor the capacity to form rings and helices
in solution (SI Appendix, Fig. STC) (15). Yet, like the MoRF-2 WRG
mutants, RRNR-to-AANA Drpl was incapable of remodeling
CL-containing liposomes (SI Appendix, Fig. S8).

Forster resonance energy transfer (FRET) measurements
between BODIPY-labeled wild type (WT)Drpl or mutants
(donor) and rhodamine-PE (RhPE)-labeled, 25 mol% CL-containing
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Fig. 4. MoRF mutations that impair CL interactions. (A and B) Basal (B) and CL-stimulated (+CL) GTPase activities of WT Drp1 in comparison to various MoRF-2
(A) and MoRF-1 (B) mutants. (C) Representative emission spectra of BODIPY-labeled WT Drp1 (donor) in the absence and presence of 1 mol% RhPE (acceptor)
in DOPC/DOPE/CL liposomes. FRET was detected by a decrease in donor emission intensity in the presence of acceptor accompanied by a FRET-sensitized
increase in acceptor emission upon donor excitation. The A-only trace shows direct excitation of the acceptor at the donor excitation wavelength, which
represents the background. Scatter from liposomes was negligible. (D) FRET-sensitized rhodamine emission intensity increase upon incubation of BODIPY-
labeled WT Drp1 or mutants with RhPE-labeled, 25 mol% CL-containing liposomes is plotted as a percentage. Data shown are averages + SEM. (E) MST
measurements of WT VD or mutants (0.35 pM final) binding to pure CL (100 mol%) liposomes. Note the logarithmic scale of the x-axis. (Right) The apparent
equilibrium dissociation constant or binding affinity (Kp) is tabulated. Data shown are averages + SEM.
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liposomes (acceptor) indicated very little to no binding of the
MoRF-1 or MoRF-2 mutants with membranes (Fig. 4 C and D).
Interestingly, MoRF-2 substitution mutants (WRG-to-AAA and
W552F) retained partial membrane association, whereas the MoRF-
1 RRNR-to-AANA mutant and the combined MoRF-1 + MoRF-2
mutant (RRNR-to-AANA + WRG-t0-AAA mutant, termed
“MoRF-1+2 mutant”) did not stably or detectably bind mem-
branes. Thus, MoRF-1-mediated electrostatic interactions are
key to stable VD-CL association. Microscale thermophoresis (MST)
measurements of pure CL binding (Kp) to monomeric Drpl VD
(38) also showed that electrostatic interactions of the MoRF-1
RRNR motif dominate VD-CL binding (Fig. 4E), while the com-
bined MoRF-1+2 mutant essentially abolished CL binding. CD
measurements showed no disorder-to-order transition for MoRF-1
and MoRF-2 mutants in the presence of CL (SI Appendix, Fig. S9).
Together, these data indicated positive cooperativity between
MoRF-1 and MoRF-2 in CL binding and suggested that essen-
tial, nonspecific electrostatic interactions of the MoRF-1 RRNR
motif with CL precede and facilitate specific, short-range hy-
drophobic CL interactions of the MoRF-2 WRG motif.

Myc-Drp1

Drp1 KO MEFs

Tom20 (mitochondria)

RRNR-to-AANA Drp1 WT Drp1

AWRG Drp1

MoRF Mutations Impair Fission and Induce Donut Mitochondria Formation.
In vivo, the overexpression of MoRF-1 or MoRF-2 mutants in
endogenous Drpl knockout mouse embryonic fibroblasts (Drpl
KO MEFs) resulted in the impairment of mitochondrial hyper-
fragmentation but to different extents (Fig. 5). In the case of AWRG
and W552F Drpl, it manifestly gave rise to a mitochondrial mor-
phology previously unknown for any other Drpl mutant (15, 39).
WT Drpl expression, as expected, restored mitochondrial fission
and fragmentation in Drpl KO MEFs, which otherwise displayed
extended and hyperfused mitochondria (Fig. 5 A, Top and C).
However, the equivalent expression of MORF-1 RRNR-to-AANA
Drpl1 resulted in a significant retention of hyperfused mitochondria
accompanied by the lack of punctiform (rounded) or hyper-
fragmented mitochondria (Fig. 5 A, Middle and C). The MoRF-2
WRG-to-AAA Drpl mutant produced a similar phenotype, al-
though the impairment of fission was less pronounced (SI Appen-
dix, Fig. S10). In comparison, mitochondrial hyperfragmentation
was almost entirely ablated in MoRF-1+2 Drpl-expressing cells,
consistent with the complete loss of CL-stimulated GTPase activity
(Fig. 5C and SI Appendix, Fig. S11 A and B, Top). Relative to
MoRF-1 RRNR-to-AANA- and MoRF-1+2 Drpl-expressing
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Fig. 5. MoRF mutations impair fission and induce donut mitochondria formation. (A and B) Confocal immunofluorescence images of Drp1 KO MEFs

expressing either Myc-WT Drp1 or mutants (red) and stained for mitochondria (green). Arrows in A, Top Middle point to hyperfused mitochondrial networks
in untransfected Drp1 KO MEFs. Regions demarcated by yellow boxes are enlarged and shown to the right. Examples of elongated “E,” intermediate “I,” and
punctiform “P” mitochondria are marked by white boxes in Top, Middle, and Right. (Insets) Donut mitochondria of various shapes and sizes prominently
found in AWRG and W552F Drp1-expressing cells are pointed by arrows and are shown enlarged. (C) Classification of Myc-Drp1-expressing cells based on the
predominant mitochondrial morphology displayed. Mean + SD is plotted. Statistical significance was determined using two-way ANOVA with post hoc
Tukey’s test for comparison of multiple groups. n.s. not significant, **P < 0.01, ***P < 0.001.
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cells, cells expressing AWRG Drpl produced more punctiform
mitochondria, albeit significantly less than WT Drpl, suggestive
of partial or basal mitochondrial fission activity (Fig. 5C). Remark-
ably, AWRG- or W552F-Drpl1 expression resulted in the conspicu-
ous appearance of ring-like or donut-shaped toroidal mitochondria
alongside elongated mitochondrial fragments (Fig. 54, Bottom and
B). This morphology was previously ascribed to excessive Mfn1/2-
catalyzed mitochondrial fusion coupled to impaired Drpl-mediated
fission (40-42). This altered morphology sharply contrasted with
the perinuclear clustering of hyperfused mitochondria produced
by other fission-inhibiting Drp1 mutants such as K38A Drp1 (39)
and 4KA Drpl (29). Together, these data firmly established that
productive mitochondrial fission is significantly impaired in the
absence of specific VD-CL interactions. Consistent with a role
for Mfn1/2 in the donut mitochondria formation (42), no such
morphology was observed in W552F Drpl-expressing Mfnl/2
KO MEFs, which characteristically displayed hyperfragmented
mitochondria (SI Appendix, Fig. S12).

WRG-CL Interactions Catalyze Mitophagy-Induced Mitochondrial
Hyperfragmentation. As mitochondrial fission in AWRG Drpl-
expressing cells was only partially impaired under physiological
conditions (Fig. 5C), we tested the mutant’s efficacy in stress-
induced excessive mitochondrial hyperfragmentation as occurs dur-
ing mitophagy (24). To this end, we treated Drpl KO MEFs with the
mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP) that depolarizes mitochondria (43) and induces mitoph-
agy by actively promoting CL externalization to the MOM (24)
(Fig. 64). Remarkably, under these stress conditions, AWRG Drpl-
expressing cells were more severely impaired in mitochondrial
hyperfragmentation and were comparable to MoRF-1+2 Drpl-
expressing cells in the production of significantly less punctiform
mitochondria (Fig. 6B and SI Appendix, Fig. S11 B, Bottom). In-
terestingly, no significant differences in mitochondrial morphology
were observed for MoRF-1+2 Drpl-expressing cells in the absence
and presence of CCCP (Figs. 5C and 6B), indicating that MoRF-1
RRNR-lipid interactions are essential for fission regardless of en-
vironmental conditions. On the other hand, our data indicate that

A

Myc-Drp1
Drp1 KO MEFs + CCCP

Tom20 (mitochondria)

WT Drp1

AWRG Drp1

Enlarged

specific MoRF-2 WRG-CL interactions are particularly critical
for stress-induced mitochondrial hyperfragmentation.

Lipid-Packing Defects Enable Drp1-CL Recognition but Do Not Facilitate
Hemifission or Fission. A recent study inferred that Drpl-CL in-
teractions alone are sufficient for membrane fission (44). Solid-
state NMR (ssNMR), together with electron microscopy (EM),
was used to examine how Drpl binds to, and affects the integrity
of, CL-containing model membranes in vitro (9, 29). Drpl was
self-assembled on CL-containing membranes (at 1:200 protein/
lipid ratio) and allowed to hydrolyze GTP. Using negative-stain
transmission EM as earlier (29, 45), we observed Drpl-decorated
membrane tubes with intermittent narrow diameters (constrictions)
with no evidence of membrane fission (vesiculation) (Fig. 74). Using
P ssNMR techniques sensitive to such phases, we sought direct
evidence of nonbilayer structures that are a prerequisite for mem-
brane fission. The obtained >'P ssNMR spectra were characteristic of
fluid lipid bilayers under all conditions studied (Fig. 7B) with no
evidence of stable nonbilayer structures. The binding of isolated
VD yielded analogous ssNMR results, again with no sign of stable
nonbilayer phases, even when using higher amounts of protein
(1:50 P/L ratio) (SI Appendix, Fig. S13A4). Thus, *'P ssNMR de-
tected no significant signals from stable nonbilayer phases (requi-
site hemifission stalk intermediates), which are easily identified by
their qualitatively different spectral features (46) (as illustrated in
SI Appendix, Fig. S13 B-D).

Complementary *'P magic-angle spinning (MAS) ssNMR mea-
surements of the mixed lipid bilayers revealed the isotropic signals
of the individual lipid types (Fig. 7C). In a *'P T, relaxation
measurement, we observed the relaxation-induced signal losses
(Fig. 7D), which are sensitive to the rate of lipid diffusion (47). In
protein-free liposomes, the decay curves for PC and CL were
indistinguishable (Fig. 7E, dashed curves), showing that the two
lipids experience the same diffusion rates. Upon addition of 2 mol
% VD, the PC relaxation remained unchanged, but the CL re-
laxation was significantly increased (Fig. 7E, solid curves). Thus,
VD binding selectively decreases the in-plane diffusion of CL.
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Fig. 6. AWRG and MoRF-1+2 mutant Drp1-expressing cells resist mitophagy-induced mitochondrial hyperfragmentation. (A) Same as Fig. 5A but in the
presence of the mitophagy-inducer CCCP. (B) Same as Fig. 5C but in the presence of CCCP. Statistically significant differences are observed for all three
mitochondrial phenotypes between WT and mutant Drp1-expressing cells. Mean + SD is plotted. Statistical significance was determined using two-way
ANOVA with post hoc Tukey’s test for comparison of multiple groups. **P < 0.01, ***P < 0.001.
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Fig. 7. Drp1 VD intercalates into the membrane core to bind CL but does not induce stable nonbilayer phases. (A) Negative-stain transmission EM of the Drp1

ssNMR sample shows Drp1-induced membrane tubulation and GTP-dependent local membrane constriction (yellow boxes; arrow points to a constricted
region). (B) Static 31p ssNMR of DOPC/PE/CL liposomes in the presence (blue) and absence (dashed) of bound Drp1 shows the characteristic line shape of a
liquid crystalline lipid bilayer. Binding by Drp1 in presence of GTP (Bottom) leads to a narrowing of the overall 3'P line shape, indicating an increased lipid
headgroup wobble. (C) *'P MAS ssNMR of DOPC/CL liposomes without (Top) and with (Bottom) bound VD shows two peaks corresponding to the DOPC and
CL lipid species. (D) T, relaxation measurements reveal different amounts of dephasing for VD-bound CL versus PC. (E) Upon VD binding, the T, relaxation
curve for DOPC is unchanged (Bottom), but the T, time for CL is significantly shortened (Top), indicating a slowing down of CL lateral diffusion by bound VD.
(F-H) GTPase activity of Drp1 incubated with liposomes containing: (F) CL species of differing acyl chain lengths and saturation in a 85/15 DOPC/CL species
context, (G) an increasing mole fraction of DOPE in the DOPC/CL background, and (H) an increasing concentration of CL in the presence of 20% DOG. Data are

averages + SD.

Also, in the static *'P spectra (Fig. 7B and SI Appendix, Fig.
S134), the increase in ssNMR linewidth (due to the faster T,
relaxation) is outweighed by a concomitant reduction in the *'P
chemical shift anisotropy. This change is indicative of an increased
wobble of the lipid phosphates upon VD binding (47, 48), which
can be due to CL clustering, an intercalation of VD into the sub-
interface region, or a combination of both. Hydrophobic VD mem-
brane interactions, supported by the ssNMR data above, would
predict that membrane-surface defects facilitate VD—CL interactions
and, thus, Drpl activity (49, 50). Assessing CL-stimulated GTPase
activity as a measure of this expected connection between membrane
structure and Drp1 function revealed that, whereas no significant
difference in activity was observed between CL species of dif-
fering acyl chain lengths and unsaturation (Fig. 7F), the incor-
poration of differently sized lipid headgroups had a significant
impact. Membrane-surface defects enhanced by replacing cylin-
drical PC with cone-shaped (but electrically neutral) PE, or by
incorporating diacylglycerol (DAG) lipid species, caused linear
increases in CL-stimulated GTPase activity (Fig. 7 G and H).
DAG, which facilitates mitochondrial fission in vivo (51), also re-
duced the effective CL concentration needed for the stimulation of
Drpl GTPase activity to less than 10% (Fig. 7H), matching physi-
ologically relevant MOM CL levels (<6 mol%) (Fig. 7G). No CL-
stimulated GTPase activity was previously observed for Drpl at CL
concentrations <10 mol% in the absence of DAG (15). Thus,
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effective VD intercalation into CL-containing membranes facil-
itated by membrane-surface defects determines Drpl activity.

The impact of conical lipids was also observed in Drp1 capacity
to constrict freely suspended biomimetic membrane nanotubes
(NTs) (52, 53) composed of PC and CL in the absence and presence
of PE (Fig. 8). In either case, GTP-regulated Drpl self-assembly on
NTs monitored using fluorescence microscopy revealed the for-
mation of locally constricted membrane regions (Fig. 8 4 and B),
whose diameters matched previous reports (54) (Fig. 8C). Impor-
tantly, the presence of PE facilitated more consistent constrictions
(Fig. 8C), supporting a catalytic and/or a regulatory role for conical
lipids and associated membrane-surface defects in Drpl-mediated
membrane remodeling.

Critically, regardless of condition, the final diameters of the
constricted NT regions remained well above the bilayer thickness,
therefore precluding membrane fission (55) (Fig. 8C and Movies
S1 and S2). These results are consistent with EM observations of
Drpl-decorated membrane tubes upon GTP addition here (Fig. 74
and SI Appendix, Fig. S14) and in previous studies (29, 45). Instead,
we observed NT membrane buckling (Movies S1 and S2) likely
because of restricted lipid (CL) diffusion upon VD interactions as
indicated by the ssNMR data (Fig. 7E). Based on these collective
data, we conclude that Drp1-CL interactions alone do not suf-
fice for either membrane hemifission or fission.
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Discussion

The fission of damaged, dysfunctional mitochondrial segments into
short, punctiform units is essential for their engulfment by auto-
phagosomes during mitophagy (26, 27). We demonstrate that spe-
cific interactions of Drpl with MOM-localized CL, externalized
under stress conditions, catalyzes such mitochondrial hyper-
fragmentation (Fig. 9, Top). Our current working model (Fig. 9,
Middle) suggests that stable Drp1-CL interactions accompany a
local disorder-to-order transition of the VD affected by the
electrostatic association of the MoRF-1 RRNR motif with neg-
atively charged CL headgroups coupled with the hydrophobic
membrane intercalation and direct acyl chain interactions of the
CL-specific MoRF-2 WRG motif. This CL-induced structural
reorganization and membrane anchoring of the VD presumably
relieves VD autoinhibition of Drpl self-assembly (9), promotes
GTP hydrolysis-dependent Drpl membrane constriction, and
potentiates CL nonbilayer forays underneath the dynamic Drpl
helical scaffold toward the creation of the requisite membrane
hemifission intermediate (Fig. 9, Middle) (29). Stable membrane
hemifission is, however, likely achieved through cooperative Drpl
interactions with additional cofactors [conceivably with stress-
activated Drpl receptors such as Fisl (56) or MiD49/51 (57)]
that, in concert with membrane tension, enable leak-free mito-
chondrial fission and pole separation (Fig. 9, Middle) (1). Weak-
ened or unstable VD-CL interactions as observed with select
MoRF-1 and MoRF-2 mutants in this study (Fig. 9, Bottom), on
the other hand, likely cause CL degradation to profusogenic phos-
phatidic acid (PA) by Drpl-associated mitochondrial phospholipase
D (17). Hyperactivation of Mfn1/2 by excess PA presumably catalyzes
mitochondrial hyperfusion (58) and, under yet-unresolved conditions
(40-42), promotes donut mitochondria formation (Fig. 9, Bottom).
Based on our collective results, we further postulate that while
housekeeping mitochondrial fission (biogenesis) and mainte-
nance of the basic fission—fusion balance by Drp1 are mostly CL
independent, the increased rates and efficacy of fission observed
during stress conditions, including mitophagy (24) and apoptosis
(28), strongly rely on specific Drp1-CL interactions.

Signaling lipids such as phosphatidylinositol-4,5-bisphosphate
(PIP,) and DAG utilize cognate stereospecific binding pockets in
the structured globular domains (e.g., PH and C1 domains) of
diverse protein partners to achieve interaction specificity (59).
However, no such structures nor consensus binding elements

A+GTP

|‘+Drp1

+Drp1

PC:PE:CL

PC:CL

have been uncovered yet for CL-interacting proteins, including
Drpl (31, 60). We here demonstrate that the conserved WRG se-
quence of the VD constitutes the canonical Drpl CBM. VD-CL
recognition is accomplished via an apparent disorder-to-order struc-
tural transition involving the MoRF-2 helix that facilitates direct hy-
drophobic contact of the conserved Trp residue (W552) with the CL
acyl chain moiety as observed in AAC/ANT (34, 35). We further
postulate that the preferential binding of Drpl to other charged but
cone-shaped lipids such as PA and phosphatidylglycerol (PG), albeit
weakly compared to CL (15), likely involves analogous hydrophobic
VD interactions. This may explain why in CL-deficient cells, the
noted accumulation of PG, a CL precursor and a minor anionic
lipid under normal conditions, compensates for the lack of CL
and restores mitochondrial fission (61-64).

Our data highlight the central importance of W552 of the WRG
motif, reminiscent of the common involvement of aromatic amino
acids in lipid-binding motifs, including CBMs (31, 65-68). None-
theless, another key finding is that the Drpl VD relies on a complex
and combinatorial set of molecular interactions to achieve specific
CL binding. These include surprising backbone hydrogen bonding
and hydrophobic membrane contact, alongside more expected
charge-based electrostatic interactions. Positively charged Lys and
Arg have been previously shown to utilize their long side chains as
“snorkels” to regulate protein membrane immersion depth, while
nearby W residues act as membrane interfacial anchors (69) to
regulate helix orientation at the lipid-water interface (70-72). Not-
ing that Trp-lipid interactions in model peptides also facilitate the
induction of nonbilayer lipid phases (69, 72), we propose that the
WRG motif of the Drpl VD functions similarly and may play a
direct role in catalyzing downstream membrane hemifission and
fission events. Its combinatorial lipid interactions, coupled to po-
tential GTP-dependent VD conformational rearrangements akin to
those of the dynamin PH domain (73, 74), may induce the lipid tilt
necessary for the creation of the requisite hemifission stalk inter-
mediate (75). It is thus conceivable that the multivalent membrane
interactions of a helical Drpl polymer function cooperatively to
transiently tilt the CL molecules within the bilayer plane [by tugging
on their acyl chains as previously demonstrated through a GTP-
dependent increase in membrane nonbilayer propensity (9, 29)] to
achieve narrow membrane constrictions for fission.

Although we contend that the WRG motif of MoRF-2 is the
primary site that mediates specific Drpl VD-CL interactions, our
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Fig. 8. Drp1-CL interactions are not sufficient for membrane fission in vitro. (A) Fluorescence micrographs showing a lipid NT before (Left) and after (Right)
addition of unlabeled WT Drp1 (1 uM final) in the presence of GTP (1 mM final). NTs were composed of either PC:PE:CL:RhPE 39:35:25:1 mol% (Top) or
PC:CL:RhPE 75:24:1 mol% (Bottom). RhPE fluorescence is monitored. Spots with decreased RhPE fluorescence along the NTs (arrowheads) upon Drp1 addition
correspond to localized NT constriction upon GTP-regulated self-assembly of a Drp1 helical scaffold. (B) Representative kymographs showing the growth in
time of the Drp1 helical scaffolds (arrowheads). Data correspond to the initial frames from Movies S1 (with PE) and S2 (without PE) upon addition of Drp1.
RhPE fluorescence is monitored. Note that the NTs did not undergo fission in either condition 7 min after detecting the first Drp1 scaffold on the NT
membrane (36 NTs with PE and 181 NTs without PE from three independent experiments). (C) Box plots show the NT diameters (Dnt) (S/ Appendix) before
(bare) and after Drp1 addition in the presence of GTP as in A. Error bars show SD.
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Pathway to stress-induced Drp1-mediated mitochondrial hyperfragmentation
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Fig. 9. Model for CL-dependent Drp1-catalyzed stress-induced mitochondrial fission. (Top) Proposed pathway for CL externalization-induced Drp1 self-
assembly and mitochondrial hyperfragmentation toward mitophagy. (Middle and Bottom) Specific interactions of the VD MoRF-1 and MoRF-2 motifs with CL
elicit a disorder-to-order transition that enables VD membrane insertion and stabilization of Drp1 self-assembly toward hemifission and fission. Certain MoRF-
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case of W552 mutants, the formation of mitophagy-resistant donut mitochondria.

data also identify a key role for MoRF-1. While engaged in
autoinhibitory protein—protein interactions in the solution con-
formation of Drpl (9, 76), it could rearrange upon target mem-
brane binding to engage with negatively charged lipids, including
CL, via its conserved RRNR motif. Multivalent CL binding may
facilitate the formation of “CL nanodomains” underneath the
helical Drp1 scaffold as suggested by previous kinetic data that
indicated that each VD binds more than one CL molecule (29).
The reorientation of the MoRF-1 a-helix could elicit larger structural
rearrangements in the self-assembled Drpl polymer to allosterically
achieve the observed CL stimulation of Drpl GTPase activity.

For a CL-binding domain, a remarkable feature of the Drpl
VD is that it lacks an overall positive charge. There is nearly an
equal representation of positively (K + R = 17) and negatively
charged (D + E = 15) residues, whereas hydrophobic residues
(55 out of 111 total) predominate the structure overall. This fea-
ture supports the idea that hydrophobic acyl chain interactions are
important to achieve specific CL binding. This contrasts with other
CL-binding proteins like cytochrome c¢ that depend on high levels
of positive charges (77). This may be necessitated by the required
control over CL topological transitions and to avoid inopportune
disruptions of membrane bilayer integrity. Based on its similarity
to AAC/ANT-CL binding, we propose that the MoRF-2 helix,
featuring the WRG motif, balances flexibility (via G554) and
structural rigidity (via W552 and R553) as needed for these CL
interactions. We further propose a two-step model of CL bind-
ing, wherein nonspecific electrostatic interactions between the
numerous K and R residues of the Drpl VD with a local nega-
tively charged membrane surface (with or without CL) initiate
membrane binding, albeit weakly and nonspecifically. CL recog-
nition and sequestration underneath the growing Drpl helical
scaffold, as previously demonstrated (29), concentrate the packing
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defects among cone-shaped CL, therefore facilitating hydro-
phobic VD membrane insertion and consolidating high-affinity
Drp1-CL binding.

While our results regarding the lack of fission by Drpl alone
contradict the conclusions of ref. 44, they are otherwise consis-
tent with multiple previous investigations that employed either
tagless or N-terminally Hiss-tagged Drpl to report robust GTP
hydrolysis-dependent local high membrane curvature generation
(or stabilization) without any accompanying fission or membrane
vesiculation (12, 29, 45, 78, 79). We surmise that the altered con-
formational and assembly—disassembly dynamics of the C-terminally
tagged Drpl construct employed in ref. 44 that exhibits diminished
cooperative GTPase activity on CL-containing membranes (44),
coupled to the potential restriction of GTP hydrolysis-induced olig-
omer disassembly as previously observed with GFP-tagged Drpl (79),
are likely contributors to the observed abrupt NT membrane desta-
bilization and rupture. The influence of affinity tags appended to the
conformationally sensitive BSE region on Drpl oligomerization
equilibria, assembly—disassembly dynamics, and associated mem-
brane remodeling activities is currently under thorough investiga-
tion. Other experimental aspects, including a disparate response of
the freely suspended NTs used in this study (and ref. 54) versus
polymer-supported NTs used in the discrepant study (44) may also
contribute to the observed differences in vitro. Regardless, the
overwhelming majority of data from past studies corroborate our
conclusion that Drp1-CL interactions alone are insufficient for
membrane fission. In the current work, our ssNMR and EM studies
provide independent and orthogonal support. Based on these re-
sults and previous observations from other groups, we conclude that
additional force factors, including contributions from cytoskele-
tal elements that regulate Drpl activity, for example, F-actin or
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microtubules (80-83), are likely required for physiologically rele-
vant membrane fission.

In summary, our comprehensive studies firmly establish an
essential role for Drpl VD-CL interactions in stress-induced mi-
tochondrial fission in vivo and provide insights into the molecular
mechanisms underlying CL recognition and binding.

Materials and Methods

A detailed description of the methodologies used in this study including
protein purification and labeling, the preparation of lipid templates, far
ultraviolet CD spectroscopy, computational analyses, solid-state and solution
NMR, fluorescence and negative-stain transmission EM, GTPase assay, FRET,
MST, SEC-MALS, and cell biology experiments is provided in S/ Appendix,
Materials and Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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