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Multiple isoforms of the mitochondrial fission GTPase
dynamin-related protein 1 (Drpl) arise from the alternative
splicing of its single gene-encoded pre-mRNA transcript.
Among these, the longer Drpl isoforms, expressed selectively
in neurons, bear unique polypeptide sequences within their
GTPase and variable domains, known as the A-insert and the
B-insert, respectively. Their functions remain unresolved. A
comparison of the various biochemical and biophysical proper-
ties of the neuronally expressed isoforms with that of the ubig-
uitously expressed, and shortest, Drp1 isoform (Drp1-short) has
revealed the effect of these inserts on Drpl function. Utilizing
various biochemical, biophysical, and cellular approaches, we
find that the A- and B-inserts distinctly alter the oligomeriza-
tion propensity of Drpl in solution as well as the preferred
curvature of helical Drp1 self-assembly on membranes. Conse-
quently, these sequences also suppress Drpl cooperative
GTPase activity. Mitochondrial fission factor (Mff), a tail-an-
chored membrane protein of the mitochondrial outer mem-
brane that recruits Drp1 to sites of ensuing fission, differentially
stimulates the disparate Drp1 isoforms and alleviates the auto-
inhibitory effect imposed by these sequences on Drp1 function.
Moreover, the differential stimulatory effects of Mff on Drpl
isoforms are dependent on the mitochondrial lipid, cardiolipin
(CL). Although Mff stimulation of the intrinsically cooperative
Drp1l-short isoform is relatively modest, CL-independent, and
even counter-productive at high CL concentrations, Mff stimu-
lation of the much less cooperative longest Drp1 isoform (Drp1-
long) is robust and occurs synergistically with increasing CL
content. Thus, membrane-anchored Mff differentially regulates
various Drp1 isoforms by functioning as an allosteric effector of
cooperative GTPase activity.
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The opposing processes of membrane fission and fusion gov-
ern mitochondrial dynamics in eukaryotic cells (1). Mediated
by evolutionarily well conserved GTPases of the dynamin
superfamily, the constant flux of mitochondria between fused
and fragmented states is essential for the maintenance of mito-
chondrial size, shape, and distribution (2). Distinct transmem-
brane domain (TMD)?*-anchored dynamin-related proteins
(DRPs), namely mitofusins (Mfn1/2) and OPA1 that reside in
the mitochondrial outer and inner membranes, respectively,
mediate the bilayer-specific fusion of this double membrane-
bound organelle. However, a cytosolic DRP, dynamin-related
protein 1 (Drpl in mammals/Dnmlp in yeast), catalyzes the
apparent concerted fission of both membranes. Nevertheless,
three different adaptor proteins, namely fission factor 1 (Fisl),
mitochondrial fission factor (Mff), and mitochondrial division
proteins of 49 and 51 kDa (MiD49/51) that are each TMD-
anchored in the mitochondrial outer membrane, have been
implicated in Drpl recruitment to sites of ensuing membrane
fission (3, 4). Their roles and mechanisms, however, have
remained largely unexplored.

In yeast, Mdvlp and Caf4p function as adaptors for the
essential interactions of Fis1p with Dnm1p. However, mamma-
lian orthologs of these adaptor proteins do not exist. Conserved
Fisl is paradoxically found dispensable for Drpl mitochondrial
recruitment in mammalian cells (3, 5, 6). Instead, Mff and
MiD49/51, exclusive to metazoans, primarily function to
recruit Drpl to the mitochondrial surface (5, 7-9). Among
these, MiD49/51 are found exclusively at the mitochondria,
whereas Mff (and Fisl) are also found on peroxisomes, which
likewise depend on Drp1 for fission. Thus, Mff appears to func-
tion as a universal effector of Drpl recruitment toward mito-
chondrial and peroxisomal fission in mammalian cells (5).
Despite recent progress, the mechanisms of MiD49/51 in

2 The abbreviations used are: TMD, transmembrane domain; Drp1, dynamin-
related protein 1; Mff, mitochondrial fission factor; VD, variable domain;
CL, cardiolipin; aa, amino acid(s); SEC, size-exclusion chromatography;
MALS, multi-angle light scattering; OG, n-octyl-B-D-glucopyranoside; PE,
phosphatidylethanolamine; DOPC, 1,2-dioleoylphosphatidylcholine; dan-
syl-PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-dimethyl-
amino-1-naphthalenesulfonyl); DOPS, 1,2-dioleoylphosphatidylserine;
RhPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
damine B sulfonyl; Rh, rhodamine; MEF, mouse embryonic fibroblast;
mant, N-methylanthraniloyl; mant-GTP, 2’'-(or-3’)-O-(N-methylanthra-
niloyl) guanosine 5’-triphosphate; BSE, bundle signaling element; GMP-
PCP, guanylyl B,y-methylenediphosphonate.
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effecting Drp1 function remain confounding amid various con-
tradictory studies (3, 9-14).

Further complicating this scenario, mammalian cells, unlike
yeast, express multiple splice variants (isoforms) of Drp1 rang-
ing from 699 to 755 residues that arise from the alternative
splicing of its pre-mRNA transcript (15, 16). Encoded in its
entirety by 20 exons, the alternative splicing of exons 3, 16, and
17, and several variations therein, gives rise to multiple Drp1
isoforms (15). Among these, the full-length isoform (755 aa;
hereafter referred to as Drp1l-long) expresses exon 3 in addition
to both exons 16 and 17. The exon 3-encoded polypeptide seg-
ment (13 aa), referred to as the “A-insert,” localizes to a loop
within the Drp1l N-terminal GTPase domain (see Fig. 14), and
is expressed as part of Drp1 selectively in the postmitotic neu-
rons of the brain (15-17). On the other hand, shorter isoforms
of Drpl1 that lack the A-insert but alternatively exclude either
exon 16 or 17, or both, are variably expressed in other cell types
(15, 16). Exons 16 and 17 together encode for the “B-insert”
segment that constitutes a large part of the unstructured vari-
able domain (VD) located between the middle domain and
GED at the base of the Drpl molecule (see Fig. 14) (18). The
Drpl isoform that lacks the A-insert but contains the B-insert
in its entirety (736 or 742 aa; also known as isoform 1; hereafter
referred to as Drpl-B-only) is also found enriched in neurons,
whereas the shortest Drp1 isoform lacking both A-inserts and
B-inserts (699 aa; also known as isoform 3; hereafter referred to
as Drpl-short) is expressed ubiquitously. In contrast to Drpl-
short, which has been widely studied and biochemically well
characterized, very little is known about the A-insert-contain-
ing longer Drp1 variants, which have thus far only been partially
characterized (19 -21).

It is of significant interest that Mff is also expressed as mul-
tiple splice variants across various cell types (5, 7). Regardless,
an interaction of functional consequence between Drpl and
Mff has not been established in vitro (5, 18). Stable Mff-Drpl
interactions have been realized, thus far, only in the presence of
chemical cross-linkers (5), or with Drpl VD deletion mutants
(Drpl AVD; also known as Drp1 AIB) (14) that are functionally
impaired in vivo (18) (also see the accompanying manuscript
(54)). Previously, a solubilized version of Mff lacking its TMD
(MffATM) was shown not to significantly affect Drpl GTPase
activity, suggesting that mammalian Mff does not function as a
classical effector of Drp1 (13), much unlike the reported effect
of Mdv1p on Dnmlp activity in yeast (6). The ability of different
Drpl isoforms to differentially utilize various Mff splice vari-
ants as effectors, however, remains unexplored.

In this study, utilizing a host of sophisticated biochemical,
biophysical, and cellular approaches, we have meticulously
compared the various activities of Drpl-long with those of
Drpl-short (16). In addition, we have also characterized the
activities of Drp1 isoforms that alternatively bear only the A-in-
sert (Drpl-A-only) or the B-insert (Drp1-B-only), respectively.
Wereveal that the A-insert functions to enhance the propensity
of Drp1 to form cooperative, higher-order polymers in solution,
whereas the B-insert functions antagonistically to curtail it.
Regardless, the presence of either or both sequences in Drpl
drastically reduces basal and assembly-stimulated cooperative
GTPase activities. We further reveal that the B-insert functions
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to regulate membrane curvature by selectively promoting Drp1
polymerization of a preferred, narrow helical geometry. On the
other hand, the A-insert, in the absence of the B-insert, pro-
motes polymers of highly variable, non-uniform geometry with
no set curvature preference. In the absence of both A-inserts
and B-inserts, Drpl constitutes polymers of a uniformly large
helical geometry. These data suggest that the differential oligo-
meric propensity and helical geometry of the various Drp1 iso-
forms may be uniquely tailored to the disparate mitochondrial
size and distribution found in neuronal versus non-neuronal
cell types.

Using proteoliposomes reconstituted with full-length Mff,
we show that Mff differentially stimulates the cooperative
GTPase activities of Drpl-long and Drpl-short dependent on
the mitochondrion-specific lipid, cardiolipin (CL). CL was pre-
viously shown to promote Drp1 self-assembly and cooperative
GTPase activity on membranes (20, 21). Remarkably, the differ-
ential stimulation of Drpl-long and Drpl-short by Mff, in the
absence or presence of CL, appears to be inversely correlated to
the intrinsic propensity of the two Drpl isoforms to form
higher-order polymers in solution as well as in constituting
enzymatically cooperative polymers on membranes. In other
words, the higher the intrinsic oligomerization propensity of
Drpl in solution or its stimulated GTPase activity on mem-
branes, the lower the extent of stimulation by Mff. Thus, Drpl
splice variants differentially utilize membrane-anchored Mff as
an allosteric effector of cooperative GTPase activity.

Experimental Procedures

Protein Expression and Purification—Drpl-short (699 aa;
human isoform 3; accession number NP_005681.2) and Drp1-
long (755 aa; full-length clone from rat (17); accession number
AAB72197.1), were subcloned in pRSET C (Life Technologies)
between BamHI and EcoRI MCS restriction sites. Drp1-A-only
(712 aa; 699 aa + 13-aa A-insert) and Drp1-B-only (742 aa; 755
aa — 13-aa A-insert) were constructed by swapping BamHI and
Mfel restriction fragments between Drpl-short and Drpl-long
(a unique Mfel site occurs upstream of the B-insert coding
region within the Drpl ORF). Drpl-B-only is equivalent to
human Drpl isoform 1 (736 aa) that lacks the 6 additional
amino acid residues (594 —599, see Fig. 14) found in the VD of
the rat clone. Human Drp1 isoform 1 exhibits similar enzymatic
and assembly properties to Drp1-B-only under our experimen-
tal conditions and is not further characterized here (data not
shown; also see the accompanying manuscript (54)). All Drpl
isoforms were expressed and purified from Escherichia coli
BL21 Star (DE3) as described in detail elsewhere (21). Mff (238
aa; human transcript variant isoform d corresponding to iso-
form 7 as illustrated in Ref. 7 that lacks two in-frame exon-
encoded segments (from exons 5 and 6) and contains a shorter,
truncated N terminus; accession number NP_001263993.1)
and MffATM (1-217 aa) were subcloned in pGEX6P1 (GE
Healthcare Lifesciences), and then expressed and purified as
N-terminal GST fusion proteins from E. coli BL21 Star (DE3)
using standard protocols. After buffer exchange by dialysis in 20
mM HEPES, pH 7.5, 150 mm KCl, 1 mM EDTA, and 1 mm DTT,
Mff and MffATM were excised from GST using PreScission
Protease (GE Healthcare Lifesciences) or Pierce HRV 3C pro-
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tease (Life Technologies) using prescribed procedures. All pro-
teins were aliquoted in buffer containing 10% (v/v) glycerol and
frozen at —80 °C prior to use.

Liposome Preparation—All lipids were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). Liposomes were by
prepared by extrusion (21 times) through 400-nm-pore-diam-
eter polycarbonate membranes as described previously (21).
Unless noted otherwise, liposomes contained 25 mol % bovine
heart CL, 35 mol % 1,2-dioleoylphosphatidylethanolamine
(DOPE), and 40 mol % 1,2-dioleoylphosphatidylcholine (DOPC).
Inliposomes containing less than 25 mol % CL, a corresponding
mole fraction of DOPC was substituted for CL. For Trp-dansyl
FRET measurements, 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(5-dimethylamino-1-naphthalenesulfonyl) (am-
monium salt; 18:1 dansyl-PE) at 10 mol % replaced an
equivalent concentration of DOPC. For the sucrose gradient
flotation assay, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine-N-(lissamine rhodamine B sulfonyl (rhodamine-labeled
PE or RhPE) was incorporated as a fluorescent lipid tracer at 1
mol %, replacing an equivalent concentration of DOPC. Pure
DOPS liposomes contain 100 mol % 1,2-dioleoylphosphatidyl-
serine (DOPS).

GTPase Assay—The basal and liposome assembly-stimulated
GTPase activities of Drpl were measured at 37 °C using a mal-
achite green-based colorimetric assay as described previously
(21, 22). Unless specified otherwise, the final Drpl and total
lipid concentrations were 0.5 and 150 uMm, respectively. In
experiments with externally added Mff, Mff at the indicated
concentrations was preincubated with liposomes for 15 min at
room temperature prior to the addition of Drpl and an addi-
tional 15 min of incubation to promote Drpl interactions.
Unless noted otherwise, GTP was used at 1 mM final concen-
tration. Solutions were warmed up to 37 °C for 3 min prior to
initiating the GTPase reaction. The initial burst rate of GTP
hydrolysis was fit to a linear equation to obtain the turnover
number (k_,,). Michaelis-Menten kinetics and constants (K, or
K, ;) were determined using standard procedures.

Size-exclusion Chromatography (SEC)-coupled Multi-angle
Light Scattering (MALS)—SEC-MALS measurements were
performed at room temperature as described previously (21,
23). Briefly, Drp1 samples were each loaded at a concentration
of 10 uMm in a 500-ul volume onto a Superose 6 10/300 GL gel
filtration column (GE Healthcare Lifesciences), pre-equili-
brated in buffer containing 20 mm HEPES, pH 7.5, 150 mm KClI,
and 1 mm DTT, and resolved at a flow rate of 0.3 ml/min on an
AKTAexplorer™ (GE Healthcare Lifesciences) liquid chroma-
tography system. The resolved samples were then passed inline
through tandem differential refractive index and light scatter-
ing detectors (Wyatt Technology, Santa Barbara, CA). Data
were analyzed and molar mass profiles were determined using
the ASTRA 6.1 software package (Wyatt Technology).

Trp-Dansyl FRET—All measurements were obtained at 25 °C
using a Tecan Infinite M1000 PRO microplate reader. To detect
Drpl- and Mff-membrane interactions, respectively, intrinsic
Trp residues in Drpl and full-length Mff were used as energy
donors (D) for acceptor (A) dansyl-PE molecules incorporated
in liposomes as described in detail elsewhere (21, 23). Emission
spectra upon Trp excitation at 295 nm were recorded between

SASBMB

JANUARY 1,2016+VOLUME 291-NUMBER 1

Differential Regulation of Drp 1 Isoforms by Mff

315 and 550 nm. FRET efficiency (E) was calculated using the
equation: E = 1 — (FpA/Fp), where Fp, is the emission intensity
of Trp at 335 nm in the absence of dansyl-PE, and Fp,, is the
corresponding emission intensity of Trp in the presence of dan-
syl-PE. Eis expressed as a percentage. All recorded spectra were
corrected for background and direct excitation of “A” at the “D”
excitation wavelength. Drp1, Mff, and total lipids were present
at a final concentration of 1, 1, and 100 uM, respectively. Drpl
or Mff was incubated with either 25 mol % CL-containing or 25
mol % PS-containing liposomes with or without 10 mol % dan-
syl-PE and incubated for 30 min at room temperature before
acquisition of spectra.

Negative-stain EM—Drp1 (2 uMm protein) was incubated with
either nucleotide (1 mw final) or liposomes (50 um total lipid
final for 25 mol % CL-containing liposomes and 100 um for
pure DOPS liposomes) in buffer containing 20 mm HEPES, pH
7.5, 150 mm KCl, and 1 mm DTT for at least 30 min at room
temperature prior to staining with 2% uranyl acetate and dep-
osition on EM grids. For nucleotides, MgCl, was included in the
buffer at a concentration of 2 mu final. Images were obtained as
described previously (21). The size distribution of lipid tube
diameters was quantified and plotted as described elsewhere
(24).

Trp-mant Stopped-flow FRET Kinetic Measurements—Ex-
periments were performed at 25 °C using a SX20 stopped-flow
spectrometer (Applied Photophysics, Leatherhead, UK) as
described elsewhere (25). Briefly, FRET from Trp residues
located in the vicinity of the Drpl active site (Trp®®(°n®),
Trpo0shert/103Gong) 5 g Typ699(sherd/75500ne)y ¢ mant-GTP
(2'-(or-3')-O-(N-methylanthraniloyl) guanosine 5’-triphos-
phate) (Life Technologies) was monitored to measure the rates
of GTP association (k) and dissociation (k). Trp was excited
at 295 nm, and the FRET-sensitized emission change of mant
was monitored using a 438/24 nm BrightLine® single-band
bandpass filter (Semrock, Inc., Rochester, NY). Measurements
were made in buffer containing 20 mm HEPES, pH 7.5, 150 mm
KCI, 2 mm MgCl,, and 1 mm DTT by the rapid mixing of equal
volumes (600 ul + 600 ul) of reactants contained in syringes A
and B. For association kinetics, syringe A contained either Drpl
(0.8 uM) or Drpl preassembled on 25 mol % CL-containing
liposomes (0.8 um Drpl + 80 uM total lipid), whereas syringe B
contained mant-GTP at different concentrations (2, 6, 10, 14,
20, 30, and 45 uMm). For dissociation kinetics, syringe A con-
tained either Drp1 (0.8 uMm) or Drp1 preassembled on liposomes
(0.8 um Drpl + 80 um total lipid) prebound to mant-GTP (8
uM), whereas syringe B contained a vast molar excess (400 or
800 uMm) of unlabeled GTP. Upon mixing, the concentrations of
the reactants were halved.

The time course of FRET-dependent mant emission inten-
sity change was best fit to a single-exponential function as
described in Ref. 25 to yield apparent association rate constants
(k,pp) for the reaction at each concentration of mant-GTP. A
fitting of the dependence of k,,, on mant-GTP concentration
to the linear equation yields k., (slope of the fit) and k_ (y axis
intercept). k, was also determined directly from a single-expo-
nential fit of the dissociation kinetics reactions using unlabeled
GTP. The equilibrium dissociation constant or binding affinity
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(Kp) is defined as the ratio of kg (s~ ")/k,, (um ' s~ 1) with
units expressed in M.

CD Spectroscopy—Far-UV CD spectra were recorded
between 190 and 250 nm in 0.5-nm increments using an Aviv
Model 215 CD spectrometer temperature-equilibrated at
25 °C. Mff (15 uMm) in the absence or presence of 25 mol % CL-
containing liposomes (710 uM total lipids in ~1:50, protein:
lipid ratio) was incubated for 30 min at room temperature
before acquisition of spectra.

Mff Proteoliposome Preparation—Liposomes were prepared
as described earlier (21), except that the dried lipid mixture,
with or without 1 mol % RhPE as fluorescent lipid tracer, was
resuspended in buffer containing 20 mm HEPES, pH 7.5, 150
mM KCl, and freshly prepared 30 mm n-octyl-B-p-glucopyran-
oside (OG; Sol-Grade; Anatrace, Maumee, OH). After incuba-
tion at 37 °C for 30 min, the suspension was subjected to 5-6
freeze-thaw cycles to promote the formation of unilamellar ves-
icles, without subjecting the suspension to subsequent extru-
sion through sizing polycarbonate membranes. In parallel, OG
(30 mm final concentration) was added to full-length Mff stored
in detergent-free buffer (20 mm HEPES, pH 7.5, 150 mm KCl).
OG-incorporated liposome and protein solutions were then
mixed together to achieve a 100:1 total lipid:Mff molar ratio
(typically in a total volume of 200 ul containing 0.5 mm total
lipid) and rocked at 4 °C for 45 min. The protein-lipid detergent
mixture was then dialyzed overnight at 4 °C against detergent-
free buffer using the 6—8-kDa MWCO Pur-A-Lyzer™ mini
dialysis kit (Sigma-Aldrich), with a change of buffer and dialysis
for an additional 4 h, the following day.

Carbonate Extraction and Sucrose Density Gradient Flota-
tion—Sucrose solutions of 0, 0.15, 0.25, 0.5, and 1 M were pre-
pared in buffer containing 20 mm HEPES, pH 7.5, 150 mm KCl,
and 0.1 M Na,CO; final. Na,CO; was added to RhPE-labeled
Mff proteoliposomes at the highest available concentration
(>200 um total lipid) to a final concentration of 0.1 M in a total
volume of 40 ul and incubated on ice for 30 min. After incuba-
tion, 40 ul of the Na,CO;-treated Mff proteoliposome solution
was mixed with an equal volume of a 2.4 M solution of sucrose
made in the same buffer to yield a final sucrose concentration of
1.2 min 80 ul. All 80 wl of this solution was placed at the bottom
of a 0.5-ml polycarbonate centrifuge tube (Beckman Coulter®)
and layered on top with equal volumes of the prepared sucrose
solutions in order of decreasing density. Upon ultracentrifuga-
tion using a TLA 120.1 rotor in an Optima tabletop ultracentri-
fuge (Beckman Coulter®) at 50,000 rpm for 4 h at 4 °C, the
layered solutions were recovered individually and placed into
separate tubes. RhPE emission intensity measured at 590 nm
using 570 nm excitation (5-nm slit widths) in a Tecan Infinite®
M1000 microplate reader was used to determine the percent-
age of liposomes present in each fraction. 40 ul from each frac-
tion was then subjected to electrophoresis on a 15% SDS-PAGE
gel and stained with Coomassie Brilliant Blue to determine the
amount of protein present.

Cell Culture and Immunohistochemistry—Drp1 KO (26) and
Mff KO mouse embryonic fibroblasts (MEFs) (3) were main-
tained at 37 °C in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells were transfected with 1 ug of
plasmid DNA (pCMV-Myc; Clontech Laboratories) encoding
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Myc-tagged Drpl-short, Drpl-long, Drpl-A-only, or Drpl-B-
only using the TransIT-2020 transfection reagent (Mirus Bio,
Madison, WI) according to the manufacturer’s protocol.

Cells cultured on coverslips were washed with cold PBS and
fixed in 4% formaldehyde, followed by permeabilization with
0.1% Triton X-100. After blocking by 2% normal goat serum,
cells were incubated overnight at 4 °C with rabbit anti-Tom?20
(1:500; Santa Cruz Biotechnology, Santa Cruz, CA) and mouse
anti-Myc (1:500; Santa Cruz Biotechnology) primary antibod-
ies. Cells were washed with PBS and incubated with Alexa Fluor
488-conjugated anti-mouse and Alexa Fluor 568-conjugated
anti-rabbit secondary antibodies (1:500; Invitrogen) for 60 min
at room temperature. Coverslips were mounted on glass slides
and imaged by confocal fluorescence microscopy using an
Olympus FV1000 IX81 confocal microscope (Olympus USA).

To quantify mitochondrial fragmentation, cells were immu-
nostained with anti-Tom20 and anti-Myc antibodies. Mito-
chondrial morphology was examined only in Myc-Drpl-ex-
pressing cells. The percentage of Myc-Drpl-expressing cells
with fragmented mitochondria relative to the total number of
Myc-Drpl-expressing cells was calculated.

Western Blotting—Drpl KO and Mff KO MEFs were trans-
fected with the indicated plasmids as described. Total protein
was harvested 36 h after transfection, and protein concentra-
tion was determined by Bradford assay. Thirty ug of total
protein was resuspended in Laemmli buffer, resolved by SDS-
PAGE, and transferred onto nitrocellulose membranes. Mem-
branes were probed with anti-Myc (1:1000 dilution) and anti-
actin (1:1000 dilution, Sigma-Aldrich) antibodies, followed by
visualization using enhanced chemiluminescence.

Results

A- and B-inserts Suppress Drpl GTPase Activity—We com-
pared the basal and lipid-stimulated GTPase activities of Drp1-
short with that of Drpl-long, Drpl-A-only, and Drpl-B-only.
As shown previously (21), the basal GTPase activity of Drpl-
short was robustly stimulated upon its self-assembly on CL-
containing liposomes (Fig. 1B). By contrast, both the basal and
the lipid-stimulated GTPase activities of Drpl-long were dra-
matically reduced (Fig. 1C). Characterization of the Drpl-A-
only and Drp1-B-only variants revealed that the A- and B-insert
sequences both suppressed Drpl GTPase activity, with the
B-insert exerting the most dominant inhibitory effect on these
interactions (Fig. 1, D—F). Based on the comparative data, we
conclude that the A- and B-inserts conjunctly suppress coop-
erative GTPase activity in Drpl-long.

Previous studies demonstrated that the basal and lipid-stim-
ulated GTPase activities of yeast Dnm1p are both cooperative
with respect to GTP and protein concentration, and require
higher-order Dnmlp self-assembly in solution or on mem-
branes, respectively (27, 28). Therefore, our data indicated that
either the self-assembly properties of Drp1-longand/or its GTP
binding and cooperative GTP hydrolysis activities are signifi-
cantly affected by the presence of the A- and B-inserts.

A- and B-inserts Distinctly Affect Drp1 Oligomerization Pro-
pensity and Helical Geometry—To determine whether Drpl-
long possesses a diminished capacity to propagate into higher-
order polymers relative to Drpl-short, we next compared their

SASBMB

VOLUME 291+-NUMBER 1-JANUARY 1, 2016



A A-insert B-insert

BSEi ﬁGTPase BSE__ Middle \/ GEDBSE
VD

8“DPA{WKNSRHLSK”

A-insert (GTPase Domain)

‘g ’%\3 . Active site
,%’Q ) 1\Lﬂ <
3
) \4 2
\
%

O Drp1-short alone, k__ = 3.2 + 0.2 min”

cat

Differential Regulation of Drp 1 Isoforms by Mff

A-insert (GTPase Domain)

B-insert (Variable Domain)
5%SSKVPSALAPASQEPSPAASAEADGKLIQDNRRETKN®? $%GRIGDG**

O Drp1-long alone, k , = 0.7 + 0.2 min”

B Drp1-short + liposomes, k_, = 20.0 * 0.4 min"' ® Drp1-long + liposomes, k , = 2.8 + 1.0 min”'
240 [ 240+
200+ N 200
= =
= 160+ = 160+
3 3
g 1204 g 1204
2 2
2 01 2 g0
o o
40+ 40
04 0-
T T T T T T T T T T T T T T
10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
< Drp1-A-only alone, k_,, = 2.3 £ 0.2 min"! A Drp1-B-only alone, k_, = 1.9 £ 0.1 min"!

# Drp1-A-only + liposomes, k_, = 8.2 + 0.9 min*'

A Drp1-B-only + liposomes, k_,, = 3.8 £ 0.2 min"

240 240 20 O Basal
— B Liposome-stimulated
200 4 ® 200 ": P
s 5 ‘E 15+
= 160 4 = 160 - =
b= 5 Z
@ @ >
g 120 1 g 120 23 104
2 Q2 S
[ [
< 80 < 801 b
= = ]
o o a 54
‘ -
04 T T T T T T 0 4 T T T T T T 0 T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60 Drp1-short Drp1-A-only Drp1-B-only Drp1-long

Time (min) Time (min) Drp1 splice variant

FIGURE 1. Drp1 isoforms exhibit differential GTPase activities. A, graphic illustration of the Drp1 primary structure showing the locations of the A- and
B-insert segments present in select Drp1 isoforms. The respective locations of the A- and B-inserts within the Drp1 structure (Protein Data Bank ID: 4BEJ) and
their sequences are shown. The six extra amino acid residues (aa 594-599) found in the VD of the rat Drp1-long clone are also indicated. GED, GTPase effector
domain. B-E, time course of GTP hydrolysis for Drp1-short (B), Drp1-long (C), Drp1-A-only (D), and Drp1-B-only (E) (0.5 uM protein) in the absence and presence
of 25 mol % CL-containing liposomes (150 uMm total lipid) was measured as a function of P; released over time using a malachite green-based colorimetric assay.
The initial rates of GTP hydrolysis were fit to a linear equation. The calculated turnover number (k_,,) for each condition is indicated above. F, a bar plot
summarizing the progressive reduction of cooperative basal and liposome-stimulated GTPase activities upon inclusion of either A-inserts or B-inserts or both

in Drp1. Error bars indicate means + S.D.

respective oligomerization propensities in solution using SEC-
MALS (21). Our SEC-MALS data had previously revealed that
Drpl-short readily propagates into higher-order structures in
solution in quantized dimeric increments (21). Remarkably, in
contrast to Drp1-short, Drpl-long exhibited a relatively narrow
and symmetric SEC elution profile when both proteins were
examined at equivalent concentrations (Fig. 24, left panel).
Furthermore, molar mass determination by MALS revealed
that Drpl-long, under these conditions, exists predominantly
as a monodisperse population of tetramers (Fig. 24, left panel).
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These data indicated that Drpl-long in solution is autoinhib-
ited in its oligomerization properties relative to Drp1l-short.
To resolve the molecular determinants of this effect, we com-
pared the oligomerization properties of Drpl-short and Drpl-
long with Drpl-A-only and Drpl-B-only under similar condi-
tions. Much to our surprise, Drpl-A-only exhibited a greater
propensity to form higher-order polymers in solution relative
to other Drpl isoforms, indicating that the A-insert plays a
significant role in promoting Drp1 self-assembly (Fig. 24, left
panel). Based on its structural proximity to the bundle signaling
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FIGURE 2. Drp1 isoforms exhibit differential oligomerization propensities in solution and distinct helical geometry on CL-containing membranes. A,
left panel, SEC-MALS analyses of Drp1-short, Drp1-long, Drp1-A-only, and Drp1-B-only fractionated on a Superose 6 10/300 GL column at a loading concen-
tration of 10 um. Normalized differential refractive indices (left axis; line traces) and molar mass profiles underneath the peak regions (right axis; dots) are plotted
against elution volume (in ml). The slopes of the molar mass profiles were fitted to an exponential trace (dotted line) to model oligomerization propensities.
Right panel, magnified negative-stain EM images of the corresponding Drp1 helical polymers (2 um protein) formed in the presence of 1 mm GMP-PCP in
solution. Scale bar, 100 nm. B, left panel, representative FRET emission spectra of Drp1 Trp (0.5 um protein) in the absence (Donor only) and presence of 10 mol %
dansyl-PE (Donor + Acceptor) in 25 mol % CL-containing liposomes (150 um total lipid). The acceptor-only trace for an equivalent concentration of dansyl-PE-
containing liposomes in the absence of protein is also shown. FRET is characterized by the decrease in donor emission intensity in the presence of acceptor and
an increase in the sensitized emission of the acceptor upon donor excitation. Right panel, Trp-dansyl FRET efficiency () for the various Drp1 isoforms (1 um
protein) in the presence of 25 mol % CL-containing liposomes that contain 10 mol % dansyl-PE (100 um total lipid). E is expressed as a percentage. Error bars
indicate means = S.D. C, representative negative-stain EM images of Drp1-short, Drp1-long, and Drp1-A-only helical polymers (2 um protein) tubulating 25
mol % CL-containing liposomes (50 um total lipid). Scale bar, 200 nm. Histograms of tube diameter size distributions are shown below for Drp1-short and
Drp1-A-only. The small sample size precluded statistical analyses for Drp1-long. No polymers were visualized for Drp1-B-only.

element (BSE), a role for the A-insert-bearing loop (referred to
as the “80-loop”) in Drp1 oligomerization has already been sug-

formed short, structurally indistinguishable helical polymers in
solution (~50 nm diameter by negative-stain EM), indicating a

gested (29). On the other hand, Drp1-B-only exhibited a nar-
rower elution profile relative to Drpl-short and Drpl-A-only,
and appeared closer to Drpl-long in oligomerization propen-
sity (Fig. 24, left panel). These data revealed a role for the B-in-
sertin restricting Drp1 self-assembly in solution akin to the role
of the pleckstrin homology (PH) domain in prototypical
dynamin function (30-32). However, in the presence of the
non-hydrolyzable GTP analog, GMP-PCP, all Drp1 isoforms
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similar tendency to polymerize upon GTP binding (Fig. 24,
right panel) (21).

Trp-Dansyl FRET was used to detect Drpl-membrane asso-
ciation, as described previously (21), and revealed similar bind-
ing of all Drpl isoforms to 25 mol % CL-containing liposomes
(Fig. 2B). Distinct structural differences between the Drpl iso-
forms, however, emerged upon EM examination of their mem-
brane-bound polymers (Fig. 2C). Although Drp1-short formed
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well ordered helical polymers of a relatively large diameter on
CL-containing liposomes (~150-200 nm) (Fig. 2C, left most
panel), the polymers of Drpl-long were consistently smaller
(~50-70 nm) in diameter (Fig. 2C, second panel from left).
Despite the equal association of Drpl-short and Drpl-long
with CL-containing liposomes, membrane-bound polymers of
Drpl-long were sparsely distributed, precluding further statis-
tical analyses under these conditions (see below). Similar
results were reported for Drpl-long previously (19). In contrast
to Drpl-short and Drpl-long, Drpl-A-only formed helical
polymers of variable geometry (~50-200 nm) (Fig. 2C, right
two panels), suggesting that the greater oligomerization pro-
pensity of this isoform (Fig. 2A) offsets the curvature control of
its polymerization over CL-containing membranes. Despite
repeated efforts, we were not successful in visualizing Drp1-B-
only polymers on CL-containing membranes.

Therefore, to assess the preferred curvature of polymeriza-
tion of the various Drp1 isoforms, their membrane-bound poly-
mers on pure DOPS liposomes, over which Drpl assembles
more efficiently, were examined (13, 24). Unlike mixed lipid
bilayers that present varying acyl chain content and charge dis-
tribution, pure DOPS liposomes offer little resistance to mem-
brane bending and readily conform to the dimensions of the
adsorbed helical Drpl polymer (24, 33-35). Utilizing this
approach, the structural differences between the Drp1 isoforms
and their molecular determinants were resolved (Fig. 3).
Although Drpl-short and Drp1-A-only both gravitated toward
polymers of a relatively large helical diameter (>100 nm),
Drpl-A-only exhibited a wider distribution of tube diameters
as observed earlier (Fig. 3, A and C). On the other hand, Drp1-
long and Drp1-B-only both constituted narrower helical poly-
mers (<100 nm), with Drp1-long exhibiting the narrowest dis-
tribution (Fig. 3, B and D). These data are also consistent with
results obtained for Drpl-long on DOPS liposomes previously
(19). In agreement with previous findings (24), we conclude
that the Drp1l B-insert within the VD is the major determinant
of helical polymer curvature, and therefore, underlying mem-
brane curvature.

We previously observed that helical polymers of Drp1-short
formed over highly curved, preformed lipid nanotubes (~30
nm in diameter) exhibit a dramatically reduced cooperative
GTPase activity (21). In conjunction with this finding, we
observe that Drpl-long, Drpl-B-only, and a subpopulation of
Drpl-A-only also form narrow polymers, which similarly cor-
relates with their reduced cooperative GTPase activities on
membranes (Fig. 1F). Therefore, it appears that larger polymer
diameter accompanies greater assembly-stimulated GTPase
activity on membranes. The A- and B-inserts establish the pre-
ferred curvature of polymerization, and thus appear to autoin-
hibit Drp1 enzymatic cooperativity.

A- and B-inserts Do Not Affect GTP Binding Affinity—The
A-insert-containing loop (80-loop (29)) is positioned close to
the Drpl active site (Fig. 1A) and could potentially impair
access to incoming GTP. Alternatively, it could block egress of
outgoing GDP. We explored the possibility that the signifi-
cantly reduced GTPase activities of Drp1-long (Fig. 1F) relative
to Drpl-short are related to its reduced GTP binding affinity.
To test this possibility, we determined and compared the GTP
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FIGURE 3. Drp1 A- and B-inserts differentially affect membrane curva-
ture. A-D, representative negative-stain EM images (right panels) and corre-
sponding histograms of tube diameter size distribution (left panels) for Drp1-
short (A), Drp1-long (B), Drp1-A-only (C), and Drp1-B-only (D) helical polymers
(2 um protein) tubulating and decorating unextruded pure DOPS liposomes
(100 wm total lipid). Scale bar, 50 nm.

binding affinities of Drp1-long with those of the highly active

Drpl-short, both in solution and on membranes, using FRET
between intrinsic Trp residues located in the vicinity of the
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FIGURE 4. Drp1 A- and B-inserts do not affect GTP binding kinetics or affinity. A, representative stopped-flow FRET kinetic time course of the association
of mant-GTP (7 um) with Drp1-short (0.4 um protein). The data were best fit to a single exponential rate equation (red fitted trace). F, and F are the initial and at
time t intensities of mant, respectively. B, representative stopped-flow FRET kinetic time course of the dissociation of preincubated mant-GTP (4 um) from
Drp1-short (0.4 um protein) assembled on 25 mol % CL-containing liposomes (40 um total lipid) upon rapid mixing with a vast molar excess of unlabeled GTP
(400 uMm final). The data were best fit to a single exponential rate equation (red fitted trace) and plotted as in panel A. C, concentration dependence of the
apparent rate constants (k,,,,,) of mant-GTP association for Drp1-long and -short in the absence and presence of 25 mol % CL-containing liposomes. Data from
at least two independent experiments for each condition are averaged and plotted with the errors indicated. Association (k,,,) and dissociation (k) rate
constants were determined from the linear concentration dependence of k,,, as described under “Experimental Procedures.” Dissociation rate constants were
also determined directly from competition experiments with unlabeled GTP. The kinetic data are summarized in Table 1. Error bars indicate means = S.D.

TABLE 1

Kinetic characterization of Drp1 isoforms

This table shows rate constants and equilibrium dissociation constants of the inter-
action between mant-GTP and Drp1 isoforms in the absence and presence of mem-
brane interactions as determined by stopped-flow FRET.

Complex Kon Koge K, = (koglK,)
st st M
Drpl-short 0.35 *= 0.06 12+02 34*08
Drpl-short + liposome 0.28 + 0.05 1402 51*+1.1
Drpl-long 0.28 + 0.05 0.7 *+0.1 2.6 0.6
Drpl-long + liposome 0.19 + 0.04 0.7 0.1 3.7+1.0

active site and extrinsic mant-labeled GTP (mant-GTP) (25). In
addition to the three conserved Trp residues found in all Drpl
splice variants, Drp1-long also contains an extra Trp in its A-in-
sert segment. Using native Drpl-long and Drp1-short, we then
determined the k_,, (on-rate), k_ (off-rate), and apparent equi-
librium dissociation constant (K,) for GTP (Fig. 4, A—C, and
Table 1). Remarkably, both Drpl-long and Drpl-short exhib-
ited comparable GTP binding affinities and kinetics, both in
solution and on membranes, indicating that the presence of the
A- and B-inserts neither inhibits nor impairs GTP binding at
the Drpl-long active site.

Drpl1-short and -long Exhibit Differential K,, of GTP
Hydrolysis—Both the basal and the lipid-stimulated GTPase
activities of Drp1 are cooperative with respect to GTP concen-
tration and are elicited upon Drp1 self-assembly in solution and
on membranes, respectively (27, 36). Next, we determined
whether the presence of the A- and B-inserts impairs GTP-de-
pendent enzymatic cooperativity in Drp1l-long. To this end, we
measured the K, or K, ; (Michaelis-Menten constant) of coop-
erative GTP hydrolysis for Drpl-long relative to Drpl-short,
both in solution and on membranes (Fig. 5, A—D). Consistent
with a previous study (20), the K, of basal GTP hydrolysis for
Drp1l-short in solution was found to be ~290 * 40 um (Fig. 5A).
However, upon helical self-assembly over CL-containing lipo-
somes, the K, was partially reduced to ~190 = 50 um (Fig. 5B),
indicating a higher cooperativity between Drp1-short subunits
upon self-assembly over membranes (21). Consistent with this
interpretation, this K, value was comparable to K, ; reported
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for Drpl-short at low ionic strength (50 mm KCl), conditions
under which Drpl forms long, extended helical polymers in
solution (13). These data indicated that the helical self-assem-
bly of Drpl, specifically on membranes, enhances the GTP-
dependent cooperativity of GTP hydrolysis by localizing and
positioning the interfaces of the GTPase domain dimers in an
optimal register.

By contrast, the K, of both basal and lipid-stimulated GTP
hydrolysis in Drpl-long was dramatically affected. Drpl-long
in solution exhibited non-Michaelis-Menten kinetic behavior
with the rate of GTP hydrolysis rising hyperbolically with
respect to GTP concentration and not reaching a discernible
plateau even at the highest GTP concentration tested (1.5 mm)
(Fig. 5C). These data were indicative of non-cooperativity
between the GTP-bound GTPase domains of Drpl-longin con-
trast to that of Drpl-short in solution. From the trend of the
data, we estimated the K, of basal GTP hydrolysis for Drpl-
long to be >1000 (= 300) uM (Fig. 5C). Based on these results,
we suggest that Drpl-long exists predominantly as non-coop-
erative tetramers in the cytosol because the concentration of
GTP in mammalian cells is estimated to be considerably less
than 1 mm (468 =+ 224 um) (37). Our data may also explain why
Drpl-long (referred to as Drpl-111 in a previous study (16))
exhibits a largely diffuse distribution in the cytosol relative to
other isoforms (16, 38). Upon self-assembly on CL-containing
liposomes, the K,,, of GTP hydrolysis for Drpl-long was, how-
ever, reduced to ~450 = 170 um (Fig. 5D), albeit only to a value
approaching the approximate concentration of GTP present
in the cell (37). These data therefore suggested that Drpl-
long under physiological conditions is largely quiescent and
requires an allosteric effector or a GTPase-activating protein
(GAP) for enhancement of cooperative GTPase activity.

Mff Stimulates Drpl Independently of, but Synergistically
with, Cardiolipin—We investigated whether Mff could func-
tion as such an effector of Drpl. Fortuitously, full-length Mff
(238 aa) bearing a short, C-terminal TM segment (218 —238 aa)
partially purifies as a soluble GST fusion protein. The GST tag
was later excised by protease digestion. Full-length Mff
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FIGURE 5. Drp1-short exhibits greater cooperative GTPase activities relative to Drp1-long. A-D, Michaelis-Menten kinetics of Drp1-long and -short (0.5 um
protein) in the absence and presence of 25 mol % CL-containing liposomes (150 um total lipid). Data from four individual experiments are plotted as reaction
rate versus GTP concentration in each panel. GTP concentration at half-maximal rate (K,,, or Michaelis-Menten constant) for each reaction is indicated above.

remained stable during the course of our experiments. CD mea-
surements revealed that full-length Mff adopted a folded struc-
ture with significant helical content both in the absence and in
the presence of CL-containing liposomes (Fig. 6A4).

Previously, Fis1, which also purifies as a soluble protein (39),
was shown to integrate spontaneously into synthetic liposomes
to yield stable proteoliposomes (40). Utilizing the three Trp
residues present in the Mff TMD as FRET donors for dansyl-PE
incorporated in liposomes, we explored the possibility that Mff
could spontaneously associate with lipid bilayers. Trp-Dansyl
FRET revealed spontaneous Mff-membrane association (Fig.
6B). Remarkably, Mff- membrane integration was significantly
enhanced by the presence of 25 mol % CL relative to control
DOPS at an equivalent concentration. These data suggested
that the biophysical properties conferred by the conically
shaped and non-bilayer-tending CL molecules to the lipid
bilayer (41) could facilitate spontaneous, lateral Mff partition-
ing into CL-enriched membrane regions in vivo.

We compared the lipid-stimulated GTPase activities of the
Drpl isoforms in the absence and presence of full-length Mff
that was externally added to, and preincubated with, 25 mol %
CL-containing liposomes (Fig. 6, C—F). The lipid-stimulated
cooperative GTPase activity of Drpl-short was not enhanced
further by the presence of Mff (Fig. 6C). Indeed, the presence of
Mff appeared to reduce it marginally. Much to our surprise,
however, the presence of Mff robustly stimulated the coopera-
tive GTPase activity of Drp1-long ~15-fold (Fig. 6D). Mff stim-
ulation of Drpl-long was dependent on its integration into the
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membrane bilayer because MffATM (1-217 aa) did not elicit an
effect (Fig. 6D). Importantly, the -fold stimulation of Drp1-long
by Mff was inversely correlated with the basal GTPase activity
of Drpl-long in solution (Fig. 6E). From multiple batches of
Drpl-long, which showed the greatest variation in GTPase
activity relative to other isoforms, we ascertained that the
greater the basal activity of Drpl-long in solution, the lesser the
extent of stimulation by Mff on membranes. Based on the infer-
ence that the basal GTPase activity of Drpl1 is directly propor-
tional to its GTP-dependent self-assembly in solution (27, 42),
we interpret our findings to indicate that the lower the propen-
sity of Drpl to form higher-order oligomers in solution, the
greater the stimulation by Mff on membranes. Consistently,
Drpl-A-only, which forms solution polymers with a greater
propensity than all other isoforms examined, was not stimu-
lated by Mff under similar conditions (Fig. 6F). Drpl-B-only
that forms solution polymers with only a slightly greater pro-
pensity than Drpl-long (Fig. 2A) was only barely stimulated
(Fig. 6F). Also, under these conditions, no significant change in
the K,,, of GTP hydrolysis was observed for Drpl-long in the
presence of Mff (data not shown), suggesting that Mff activates
Drpl by V-type (velocity-type) allostery, wherein a switch in
conformational state from an inactive to an active oligomeric
form stimulates Drpl GTPase activity. V-type allostery is also a
characteristic hallmark of prototypical dynamin (43).
Although Mff partitioned selectively to CL-containing lipo-
somes, Mff integration into liposomes was found to be neither
stable nor efficient using the above approach, as judged by a
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FIGURE 6. Membrane-reconstituted Mff differentially regulates the cooperative GTPase activities of distinct Drp1 isoforms. A, far-UV CD spectra for
full-length Mff (15 um) in the absence and presence of 25 mol % CL-containing liposomes (710 um total lipid). mdeg, millidegrees. B, Trp-dansyl FRET efficiency
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Drp1-A-only and Drp1-B-only. Error bars indicate means = S.D.

sucrose density-gradient flotation assay (data not shown; see
below). To ascertain that the observed changes originate from
Mff properly integrated into the membrane bilayer, we recon-
stituted full-length Mff into proteoliposomes using the well
established detergent dialysis method (44, 45). We first ascer-
tained that reconstituted Mff was tightly incorporated in the
liposome membrane bilayer as demonstrated by its resistance
to alkaline extraction (0.1 M Na,CO,) and by flotation together
with fluorescently tracked liposomes on alkaline sucrose gradi-
ents (Fig. 7A). MffATM, treated likewise, did not float with
liposomes, and therefore, did not integrate into the membrane
bilayer (Fig. 7A).

Using Mff-integrated proteoliposomes alongside mock
“empty” proteoliposomes prepared as control, we measured the
lipid-stimulated GTPase activity of Drp1-long. Confirming ear-
lier results, Mff proteoliposomes stimulated the GTPase activ-
ity of Drpl-long by ~8-fold over empty liposomes (Fig. 7B).
Taking into consideration that 50% of the Mff integrated in
proteoliposomes is present in the opposite membrane topol-
ogy, and therefore, unavailable for Drp1 association, the coop-
erative GTPase activity observed for Drp1-long on Mff proteo-
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liposomes (Fig. 7B) was lower than on liposomes bearing
externally added Mff (Fig. 6D). This reduction in activity is
potentially explained by the large heterogeneity in the size of
proteoliposomes prepared by detergent dialysis as well as in the
density and distribution of Mff in proteoliposomes relative to
that on extruded liposomes.

We next determined whether Mff stimulation of Drpl-long
cooperative GTPase activity was also dependent on the pres-
ence of CL in the lipid bilayer. Remarkably, even in the absence
of CL or any other negatively charged lipid, Mff added exter-
nally to liposomes stimulated Drpl-long potently by greater
than 4-fold (Fig. 7C, left panel). These data indicated that Mff
can stimulate Drpl GTPase activity independently of CL. Nota-
bly, greater stimulation of Drpl-long GTPase activity was
achieved in the combined presence of Mff and increasing CL
concentration (greater slope) when compared with increasing
CL alone (Fig. 7C, right panel). These data indicated that Mff
enhances the cooperativity of Drpl-long independently of, but
synergistically with, CL. Based on this interpretation, we rea-
soned that under conditions of low Drpl cooperativity on
membranes, i.e. at low CL content, Mff should also be a potent
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means * S.D.

effector of Drpl-short on membranes. We previously demon-
strated that =10 mol % of CL is required for the stimulation of
Drpl-short on liposomes (21). As expected, both Mff added
externally to CL-free liposomes and Mff integrated into CL-free
proteoliposomes stimulated the cooperative GTPase activity of
Drpl-short (Fig. 7D). As demonstrated earlier, the stimulation
of Drp1-short by Mff proteoliposomes was nearly half of that of
Mff added externally to liposomes. Based on the collective data,
we conclude that native Mff differentially regulates Drpl iso-
forms by functioning as an allosteric effector of Drp1 coopera-
tive GTPase activity.

Drpl Isoforms Are Differentially Dependent on Mff for Fission
in Vivo—To determine whether the presence of the A- and/or
B-inserts in Drpl imposes constraints on mitochondrial fission
in vivo, we tested the relative efficacy of the various Drpl1 iso-
forms in rescuing the mitochondrial fission defect found in cul-
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tured Drpl KO MEFs (26). As reported previously (21, 41),
expression of Drpl-short, the predominant isoform of non-
neuronal cells including fibroblasts, rescued fission in ~80% of
the expressing cells (Fig. 8, A and B). Remarkably, despite the
substantial suppression of GTPase activity and oligomerization
propensity observed for Drpl-long and Drpl-B-only in vitro
(Figs. 1, B-F, and 2A), only a fractional reduction (<50% inhi-
bition) in fission efficiency was observed for cells expressing
these two isoforms. These data indicated that the functional
impairments imposed by the B-insert are largely alleviated in
vivo. By contrast, expression of Drpl-A-only, which in the
absence of the B-insert exhibits a greater, unconstrained pro-
pensity to oligomerize in solution in vitro (Fig. 2A), was sub-
stantially inhibited (>50% inhibition) in rescuing fission in vivo
(Fig. 8, A and B). Thus, the presence of the in-solution oligo-
merization-promoting A-insert in Drpl, in the absence of the
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regulatory B-insert, impairs Drpl function in non-neuronal
cells.

If Mff indeed functions as an allosteric effector of Drp1 that
in addition to binding Drp1 also alleviates the functional con-
straints imposed by the A- and B-inserts, as evidenced for
Drpl-long in vitro (Figs. 6 and 7), it follows that Drpl-long,
Drpl-A-only, and Drpl-B-only are critically more dependent
on it for effecting mitochondrial fission in vivo. To ascertain
this possibility, we assessed the fission activity of the various
Drpl1 isoforms in cultured Mff KO MEFs (3). Consistent with
our interpretation, mitochondrial fission in cells expressing
Drpl-long, Drpl-A-only, and Drpl-B-only was entirely
ablated, whereas cells overexpressing Drp1-short retained sub-
stantial fission activity even in the absence of Mff (Fig. 8, C and
D). Thus, distinct Drpl isoforms are differentially dependent
on Mff for function in vivo.

Discussion

The previously described 80-loop of the GTPase domain (29)
is common to all Drpl isoforms. However, the 13-aa A-insert
contained within is found only in select Drp1 variants, includ-
ing Drpl-long and Drpl-A-only. Although they possess simi-
larly extended structural counterparts in yeast Dnmlp and
Vpslp, with which Drpl-long and Drpl-A-only share the
greatest homology (42 and 40%, respectively) (17), the role of
the A-insert and its effect on Drpl function have remained
unexplored. However, based on its location on the outer
periphery of the globular GTPase domain and the inclusion of a
high proportion of charged amino acid residues, this region has
been predicted to be a potential interaction site for protein
binding partners (16, 46). In addition, because of its proximity
to the BSE, which putatively transmits conformational changes
originating in the GTPase domain to the rest of the molecule
(47), this region has also been predicted to allosterically regu-
late BSE movement upon GTP hydrolysis and/or promote Drpl
oligomerization (29). Here we demonstrate that the A-insert
functions to promote Drp1 self-assembly by enhancing its olig-
omerization propensity. The means by which change is con-
ferred remains to be characterized.

Furthermore, based on contacts formed upon crystallization
of a minimal GTPase-BSE Drpl construct for x-ray analysis,
this loop has also been implicated in the creation of a novel
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polar interface between two GTPase domains at the opposite
end of the expected GTPase domain dimerization interface
(29). Remarkably, mutation of two glutamate residues, Glu®'
and Glu®?, located at the tip of this loop suppresses both basal
and lipid-stimulated GTPase activities, while decreasing the
K, for GTP hydrolysis, in a Drpl splice variant (isoform 2)
that lacks the A-insert (29). Collectively, these observations
indicated that this Drpl-specific loop might play important
roles in the regulation of Drpl self-assembly, stimulation
of assembly-dependent cooperative GTPase activity, and
transmission of allosteric conformational changes upon
Drpl association with binding partners, e.g. Mff. Here we
show that the A-insert, despite promoting Drp1 self-assem-
bly, also suppresses Drpl cooperative GTPase activity
through uncharacterized mechanisms.

Similarly, the role of the 37-aa B-insert segment in Drpl
function has remained unclear. However, a role for the encom-
passing VD region in regulating membrane curvature has been
previously ascertained (24). Drp1 AVD has been shown to con-
stitute helical polymers that are in excess of 250 nm in diameter
on membranes, albeit under favorable circumstances (24). In
Drpl-short that contains the VD but not the B-insert, the cor-
responding diameters are also large, although significantly
reduced (<200 nm) when compared with DrplAVD. These
data indicate an essential role for the VD in governing Drpl
self-assembly as well as in establishing Drpl helical geometry
(diameter) on membranes. Here we demonstrate that the pres-
ence of the B-insert further reduces the diameter of Drp1 heli-
cal self-assembly on membranes to substantially less than 100
nm in diameter. Via promoting narrow Drpl helical geometry
over highly constricted tubular membranes, the B-insert con-
sequently also suppresses Drpl cooperative GTPase activity as
observed previously (41). These data also suggest that neuronal
isoforms of Drp1, Drpl-long and Drp1-B-only that contain the
B-insert, unlike curvature-adaptable Drpl-short and Drpl-A-
only, are morphologically constrained to adopt narrow geome-
tries. The varied oligomerization propensities of the Drp1 iso-
forms in solution, their disparate GTPase activities and
consequently, assembly-disassembly kinetics, and the distinct
helical geometries of their membrane-bound polymers further
suggest that when co-expressed together in vivo, they may
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retain isoform specificity by physically and kinetically preclud-
ing hetero-copolymerization with other isoforms. Exogenous
overexpression of select Drpl isoforms over endogenous pop-
ulations might nullify distinct isoform function by forcing
hetero-copolymerization in cell culture in vitro (16).

The A- and B-inserts thus appear to differentially alter the
propensity and geometry of Drpl polymerization both in solu-
tion and on membranes, and additively suppress Drpl cooper-
ative GTPase activity. In Drpl-long, which contains both ele-
ments, coincidence detection of, and synergistic interactions
with, Mff and CL alleviate the autoinhibitory effects of the A-
and B-inserts on cooperative GTPase activity. It is conceivable
that coincident VD interactions with CL (20, 41) and as yet
uncharacterized Drpl interactions with Mff (14) alleviate the
autoinhibition imposed by the B-insert. This is followed by the
allosteric promotion of Drp1-self-assembly by the now uncon-
strained A-insert and an increased stimulation of cooperative
GTPase activity. As evidenced in this study, Mff can function as
an allosteric effector of Drpl activity also independently of CL,
albeit in a differential manner with different Drp1 isoforms.

We find that the expression of the oligomerization-
promoting A-insert, in the absence of the regulatory B-insert, in
Drpl-A-only impairs mitochondrial fission in vivo. These data
are consistent with our previous interpretation (21) that high-
er-order polymers of Drpl in solution are functionally
impaired, exist primarily as reservoirs for the generation of
functional Drpl dimers, and are not engaged in mitochondrial
fission in vivo. Indeed, the observed reductions in the efficacy of
mitochondrial fission in cells expressing Drpl-long, Drpl-A-
only, and Drp1-B-only relative to Drpl-short may be explained
by their lower GTPase activities, and consequently, a lower rate
of production of functional Drpl dimers from the GTPase-
driven dynamic disassembly of higher-order polymers (21).
Alternatively, the narrower and/or non-uniform helical pro-
pensity and geometry found for these isoforms relative to Drp1-
short may not easily conform to the larger dimensions of the
mitochondria and mitochondrial fission sites found in non-
neuronal cells despite the noted curvature adaptability of Drpl
(21, 48-52).

Based on its origin at the base of the molecule in close prox-
imity to interface 3 of the stalk involved in the higher-order
self-assembly (18), we speculate that differential VD-mem-
brane interactions exist in different Drpl isoforms. The VD
may specifically regulate interactions with lipid and/or with
other protein elements to establish the geometry of Drp1 poly-
merization at the membrane surface. Consistently, the effect of
the B-insert on Drpl self-assembly appears to be restricted to
membranes, as the in-solution helical polymers of Drp1 stabi-
lized in the presence of GMP-PCP appear to be morphologi-
cally indistinguishable between various Drp1 isoforms. Simi-
larly, based on its close proximity to the GTPase-BSE interface,
we reason that the A-insert functions to regulate the bidirec-
tional transmission of allosteric conformational changes that
originate from the VD-regulated interface 3 at the base of the
molecule, via the BSE, to the GTPase domain to facilitate opti-
mal register of the dimerization interface for maximal cooper-
ative GTPase activity. Recent results (see Ref. 14 and the
accompanying manuscript (54)) reveal that the VD functions as
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a negative regulator of Mff interactions and that VD rearrange-
ment at the membrane surface facilitates stable Drp1-Mffinter-
actions. It is conceivable that coincident interactions of Drpl
with Mff and/or CL induce specific conformational changes in
Drpl that are communicated from the stalk through the
GTPase-BSE interface to the GTPase domain to alleviate the
A-insert-mediated autoinhibition of cooperative GTPase activ-
ity. Thus, the cooperative GTPase activity of Drpl could be
productively coupled to sites of future mitochondrial fission
containing sequestered Mff and CL (49). The A- and B-inserts
of Drpl, although spatially distant, may be functionally cou-
pled. High-resolution structural studies of Drpl, to resolve the
relative locations and the specific interactions of the A- and
B-inserts, are necessary to determine their respective roles in
Drpl1 function.

Lastly, the selective need for B-insert-containing longer Drp1
isoforms in neurons may relate to the distinct architecture and
dynamics of mitochondria found in this cell type, as well as the
need for stringent regulation of its cooperative GTPase activity
(48, 50-52). Unlike in other cell types, where the mitochondria
are organized in complex reticular networks, axonal mitochon-
dria exist as discrete entities ranging between 1 and 3 um in
length (50). The requirement for the rapid transport of mito-
chondria to regions of high ATP consumption, such as the syn-
apse located at cellular extremities, under conditions of high
turnover, necessitates that these organelles remain predisposed
to fission in these cells (53). It is conceivable that neuronally
enriched Drpl-long and Drpl-B-only, by virtue of their intrin-
sic abilities to generate narrower membrane curvatures even in
the absence of GTP hydrolysis, poises sites of future mitochon-
drial division for rapid membrane fission. In this scenario,
cooperative GTP hydrolysis elicited by coincident interactions
with CL-sequestered Mff would simply act as a “trigger” for
Drpl to complete rapid mitochondrial division.
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