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ABSTRACT

Dynamin-related protein 1 (Drp1) is a dynamin superfamily GTPase, which drives membrane
constriction during mitochondrial division. To mediate mitochondrial division, Drp1 is recruited to
the mitochondrial outer membrane and is assembled into the division machinery. We previously
showed that Drp1 interacts with phosphatidic acid (PA) and saturated phospholipids in the
mitochondrial membrane, and this interaction restrains Drp1 in initiating the constriction of
mitochondria. Here, we show that the role of saturated acyl chains of phospholipids is independent
of their contribution to the membrane curvature or lipid packing suggesting their direct interaction
with Drp1. We further show that an unstructured loop in the stalk domain of Drp1 is critical for
interaction with unsaturated PA. Our data significantly advance our understanding of this unique

protein-lipid interaction involved in mitochondrial division.

Mitochondria are essential organelles and function in
many important processes including energy produc-
tion, metabolism, signal transduction and cell death.'”
* To execute these diverse functions, mitochondria
divide and fuse and regulate size, distribution and
turnover. Unregulated mitochondrial division and
fusion have been associated with a wide range of
human diseases including cancers, metabolic syn-
dromes and neurological disorders such as Alzheimer
disease, Parkinson disease and Charcot-Marie-Tooth
diseases.””

Mitochondrial division depends on dynamin-related
protein 1 (Drp1), which belongs to the dynamin GTPase
superfamily.® Demonstrating the direct link between
Drpl defects and human diseases, mutations in Drpl
result in severe abnormality in brain development, neu-
rodegeneration, epilepsy and postnatal death.”'" Further
supporting the physiological importance of Drpl, whole
body deletion of Drpl in mouse models causes embry-
onic lethality.'"* Neuron-specific deletion of Drp1 leads
to mitochondrial dysfunction and neurodegeneration in
the brain, while cardiomyocyte-specific deletion of Drpl
causes heart failure."*'® At the cellular level, the loss of
Drpl enlarges mitochondria due to unopposed mito-
chondrial fusion in neurons and cardiomyocytes and
makes mitochondria resistant to autophagic degradation
ultimately leading to accumulation of dysfunctional
mitochondria.'?
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Drpl is a soluble cytosolic enzyme and is recruited to
the mitochondrial outer membranes by Drpl receptor
proteins such as Mff, Mid49, Mid41 and Fisl. On the
mitochondria, Drpl oligomerizes into helical structures
that can wrap around mitochondria. GTP-regulated con-
formational changes of these helices are thought to drive
the constriction of mitochondria during division. At
late stages of mitochondrial division, another GTPase
(dynamin-2) works with Drpl to further constrict mito-
chondria and complete the membrane fission process. In
addition to these protein components, studies have
shown that phospholipids in the mitochondrial mem-
brane also play key roles in mitochondrial division. A
mitochondria-specific phospholipid, cardiolipin, is syn-
thesized in the mitochondrial inner membrane, and a
small fraction of cardiolipin is transported to the outer
membrane. On the mitochondrial outer membrane, car-
diolipin promotes mitochondrial division likely by
enhancing the oligomerization of Drpl and the oligo-
merization-stimulated GTPase activity of Drp1."”** As a
binding site for cardiolipin, the variable domain of Drpl
has been proposed because mutations in this domain
interfere with interactions of Drp1 with cardiolipin.**

We recently reported that a signaling phospholipid,
phosphatidic acid (PA), binds to Drpl and regulates
mitochondrial division.>® Interaction of Drpl with PA is
unique in 2 ways (Fig. 1). First, this protein-lipid interac-
tion involves both the head group and acyl chains of PA.
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Figure 1. Coincident interaction of Drp1 with PA. In type 1 binding mode, Drp1 binds to saturated PA. In type 2 binding mode, Drp1
simultaneously binds to unsaturated PA and saturated non-PA phospholipids such as PC.

More specifically, Drpl only binds to PA that contains
saturated acyl chains with physiological length (C;4_;3).
Second, in this interaction, the head group of PA and sat-
urated acyl chains can be separated into 2 phospholipid
molecules. Drp1 binds to liposomes that contain unsatu-
rated PA and saturated phosphatidylcholine (PC). In
contrast, Drpl does not associate with liposomes that
contain only unsaturated PA or saturated PC. These data
suggest that Drpl can separately recognize the head
group of PA and saturated acyl chains of another phos-
pholipid. Domain analysis has revealed that Drpl has 2
saturated PA binding domains—the stalk and variable
domains both of which lack a known lipid-binding
motif.*>

Interactions with PA do not stimulate the GTPase
activity of Drp1.”® Rather, this coincident PA interaction
involves the hydrophilic head and hydrophobic tail to
inhibit the function of Drpl in mitochondrial division.
In cells, increasing PA levels inhibit mitochondrial divi-
sion and leads to the accumulation of Drp1 oligomers on
mitochondria suggesting that PA inhibits mitochondrial
division after Drpl is oligomerized on mitochondria.*
This PA-mediated inhibition of mitochondrial division
also requires saturation of acyl chains as decreasing levels
of saturated acyl chains block the inhibitory effect of PA
on mitochondrial division.® Therefore, PA along with
saturated phospholipids provide a novel mechanism that
controls mitochondrial division.

Furthermore, we found that Drpl also interacts
with MitoPLD,** a phospholipase which produces PA
from cardiolipin in the mitochondrial outer mem-
brane.’** This protein-protein interaction suggests
that MitoPLD might provide Drpl with the relatively
rare lipid PA and create a PA-enriched lipid environ-
ment around the division machinery. In the current
study, we further characterized the role of acyl chains
in this coincident lipid interaction using liposome flo-
tation assays to define this novel mechanism of Drpl-
PA/saturated phospholipid interactions. We also

identified a region in the stalk domain of Drpl that
is important for this interaction.

To determine the role of acyl chains in Drp1-PA/sat-
urated phospholipid interactions, we first tested whether
association of Drpl with membranes depends on the
concentration of saturated acyl chains using a liposome
flotation assay (Fig. 2). We generated three types of lip-
osomes with different ratios of saturated PC (DPPC)
and unsaturated PC (DOPC): 0:84, 42:42 and 84:0 (%
mol). We held the amount of PA constant (15%) in
these liposomes. The 1% rhodamine-phosphatidyletha-
nolamine (rhodamine-PE) was included to detect lipo-
somes. Purified recombinant Hiss-Drpl was incubated
with liposomes at 4°C for 60 min. Drpl-liposome sam-
ples was mixed with sucrose to make the final concen-
tration of sucrose 1.73 M. This was placed at the
bottom of discontinuous sucrose gradient (1.25 and
0.25 M) (Fig. 2A). After ultracentrifugation, the major-
ity of liposomes floated to the top half of the gradient
based on the fluorescence intensity of rhodamine-PE.*
We collected the upper half of the gradient (2.5 ml) as
a liposome-bound fraction and a lower half (2.5 ml) as
an unbound fraction (Fig. 2A). These fractions were
analyzed by SDS-PAGE and sliver staining (Fig. 2B and
C). We found that the amounts of Drpl associated with
liposomes increased as the amounts of saturated PC
increased in liposomes. These data also show that 42%
of saturated acyl chains are not saturated in terms of
binding to Drpl in the flotation assay.

This led us to wonder about the role of acyl chain in
Drpl-membrane interactions. The role of acyl chains in
phospholipids may be to change the membrane curva-
ture or lipid packing through saturation and unsatura-
tion. If this model is correct, then interactions of Drpl
with liposomes depend on the total amount of saturated
acyl chains in PC in our liposome flotation assay. In con-
trast, acyl chains may play a more direct role through
interactions with Drpl independent of these biophysical
properties of the lipid bilayer.
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Figure 2. Two saturated acyl chains in single phospholipids are necessary for interactions of Drp1 with liposomes. (A) Liposome flotation
assay. Recombinant Hisg-Drp1 was incubated with liposomes at 4°C for 1 hour and analyzed by sucrose density gradient. The majority of
liposomes floated to the upper half of the gradient. (B) Liposome flotation assay was performed using full length Hiss-Drp1 and the indi-
cated liposomes. Equal amounts of the bottom (unbound, Un) and top (bound, B) were analyzed by SDS-PAGE and silver staining. Band
intensity was quantified, and relative amounts of Drp1 in the bound fraction are shown (Mean £ SEM; n = 3). (C) Two saturated acyl
chains must be present in the same molecule to mediate Drp1 interactions. Drp1 does not bind to PA that contains one saturated acyl
chain and one unsaturated acyl chain. Student’s t-test: “**p < 0.001.

To test these models, we generated another type of
liposome that contains 84% POPC, which contains one
saturated acyl chain and one unsaturated acyl chains.
We compared this liposome to liposomes that contain
42% saturated PC (DPPC, both chains saturated) and
42% unsaturated PC (DOPC, both chains unsaturated).
In these 2 types of liposomes, the total amount of acyl
chains are same; however, saturated and unsaturated
acyl chains are paired in the first liposome while 2 satu-
rated acyl chains are present in the same PC molecule in
the second liposome. Intriguingly, the results showed
that the POPC liposome only poorly interacts with Drp1
similar to negative control liposomes containing only an
unsaturated PC (Fig. 2B and C). These data rule out the
model that saturated acyl chains facilitate Drpl-mem-
brane interactions by modulating the membrane curva-
ture or lipid packing. It appears that 2 saturated acyl
chains must be present in the same PC molecule to medi-
ate Drpl1 interactions.

To further test whether Drp1 binds to liposomes inde-
pendently of the membrane curvature, we generated lip-
osomes with 2 different diameters. We chose 50 and

400 nm because the diameter of the mitochondria in cells
is typically 300-400 nm. In addition, a previous study
using cryoelectron microscopy of purified a yeast homo-
log of Drp1 has shown that Drpl forms spiral structures
whose inner diameter is approximately 90 nm> We
therefore reasoned that the diameter of 50 and 400 nm
would cover the reasonable range of size that are relevant
to mitochondrial division. We first tested 50 and 400 nm
liposomes that contain unsaturated PA (DOPA) and sat-
urated PC (DPPC) in our flotation assay. We found that
Drpl similarly associate with these 2 liposomes (Fig. 3A
and B). We then generated liposomes that contain satu-
rated PA (DPPA). Again, we observed similar association
of Drpl with liposomes regardless of their diameter
(Fig. 3C and D). Therefore, these results further confirm
the model that recruitment of Drpl to membrane thor-
ough interactions with PA is independent of the mem-
brane curvature of the liposomes.

We showed that both stalk and variable domains of
Drpl interact with saturated PA.*>> The stalk domain
contains about 300 amino acids and mainly consists of «
helices. In contrast, the variable domain consists largely
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Figure 3. Drp1 binds to liposomes regardless of their diameter in
liposome flotation assays. (A and C) Flotation assays were per-
formed using Hiss-Drp1 and liposomes that contain saturated PA
(DPPA) in (A) and unsaturated PA (DOPA) and saturated PC
(DPPQ) in (C). To change the diameter, we used 2 different
nanopore membranes with a pore size of 50 or 400 nm. The
upper and lower fractions were collected and analyzed by
SDS-PAGE and silver staining. (B and D) The band intensity was
quantified, and the relative amounts of Drp1 in the bound
fraction are shown (Mean 4 SEM; n = 3).

of an unstructured loop with about 100 amino acids. Pre-
vious studies have suggested that cardiolipin binds to the
variable domain. We showed that cardiolipin and satu-
rated PA binds to Drpl through different mechanisms.
We therefore were interested in further mapping the
regions that are involved in saturated PA interactions in
the stalk domain.

We thought that Drpl likely penetrates the membrane
because Drpl recognizes the acyl chains of phospholi-
pids. It has been shown that some peripheral lipid-bind-
ing proteins carrying a pleckstrin homology, FYVE, or
C2 domain are inserted into the hydrophobic core of the
bilayer, which is typically ~3-5 nm away from the head-
group.”"”> Membrane insertion is often mediated by an
unstructured loop with hydrophobic amino acids. For
example, the FYVE domain of the EEA1 protein pene-
trates the hydrophobic core via an insertion loop consist-
ing of 10 amino acids (total length) and 2-3 hydrophobic
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residues that are sufficient to reach acyl chains in one
leaflet.”> We therefore reasoned that a loop in the stalk
domain, which contains hydrophobic residues, is impor-
tant for its interactions with saturated PA.

A structural analysis of the stalk domain predicted 4
unstructured loops. The loop corresponding to amino
acids TAKYIETSEL;s; 360 (Fig. 4A, putative insertion
loop) carries 4 amino acids with hydrophobic side-chains
(underlined. We hypothesized that this loop is important
for interactions of the stalk domain with saturated PA.
We collectively mutated these hydrophobic residues to
glycine in the Hisq-stalk-domain and measured the asso-
ciation of the mutant recombinant protein (Hiss-stalk-
domain,g) with liposomes containing saturated PA
(DPPA) (Fig. 4B). Supporting our model, the Hiss-
stalk,g showed significant decreases in interaction with
saturated PA liposomes compared with a wildtype Hise-
stalk-domain (Fig. 4C and D).

These data prompted us to further test whether these
mutations affect interactions of full length Drp1 with sat-
urated PA-containing liposomes. We introduced the 4G
mutations into the full length Drpl and purified Hiss-
Drplyg. When we performed liposome flotation assays
using Hiss-Drpl and Hiss-Drplyg, we found that these
proteins similarly bound to saturated PA-containing lip-
osomes (Fig. 4E and F). These data suggest that the stalk
and variable domains are functionally redundant in asso-
ciation with saturated PA.

It has been suggested that the stalk domain mediates
the oligomerization of Drp1.** We were therefore inter-
ested in testing whether the association of Drpl with sat-
urated PA depends on the oligomerization of Drpl. To
address this question, we introduced a substitution
(G350D) that blocks the oligomerization of Drpl.”> We
confirmed that wildtype Hiss-Drpl, but not Hise-
Drplgssop, oligomerizes in the presence of GTPyS and
could be pelleted by ultracentrifugation in a sedimenta-
tion assay consistent with previous studies (Fig. 5A and
B). Although we currently do not know the reason, a
small fraction of Hiss-Drplgssop was consistently pel-
leted in the absence of GTPyS. We then tested their
interaction with liposomes containing saturated PA or
unsaturated PA and saturated PC. We found that wild-
type and mutant proteins similarly associate with these
liposomes (Fig. 5C and D). Therefore, interactions of
Drpl with saturated PA do not require Drpl
oligomerization.

In this study, we showed that saturated acyl chains of
phospholipids help Drpl interact with the membrane
together with the head group of PA independent of the
membrane curvature or lipid packing. We also found
that an unstructured loop in the stalk domain is impor-
tant for interactions with saturated PA. It is important to
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Figure 4. Identification of a loop that is critical for interactions with saturated PA. (A) The 3D structure of Drp1°®. A putative membrane
insertion loop is shown (red). (B) Amino acid sequence of the putative insertion loop. Four hydrophobic residues (blue) are substituted
by glycine in the 4G mutant. (C) Liposome flotation assay using Hiss-stalk and Hisg-stalksg. Liposomes containing saturated PA (DPPA)
were used. As a negative control, liposomes that lack DPPA were used. (D) Band intensity was quantified, and relative amounts of Drp1
in the bound fraction are shown (Mean + SEM; n = 3). (E) Liposome flotation assay using Hiss-Drp1 and Hiss-Drp14c. (D) Relative
amounts of Drp1 in the bound fraction are shown (Mean + SEM; n = 3). Student’s t-test: “**p < 0.001.

further understand if this loop actually inserts into the
membrane and directly interacts with the hydrophobic
acyl chains of phospholipids in future studies. Studies
have shown that the recruitment of Drpl to mitochon-
dria depends on its receptor proteins Mff, Mid49, Mid51
and Fisl. We therefore suggest that the PA/saturated
phospholipids themselves do not control the recruitment
of Drpl. Rather, these phospholipids regulate the func-
tion of Drpl once it is recruited to mitochondria
and assembled into the division machinery. We are
also interested in studying the functional relationship
between the Drp1 receptors and phospholipids by recon-
stituting these components together with Drp1 in vitro.

Materials and methods
Protein expression and purification

We expressed and purified recombinant full length Drpl
and the stalk domain as described previously.*” Rosetta 2
(DE3) pLysS competent cells (Novagen) were transfected
with pET15b vectors carrying Drpl or the stalk domain.
These cells were grown in LB-containing ampicillin and
chloramphenicol overnight at 37°C. Then, 1 ml of the
culture was diluted into 1 L of the same growth medium

and continued to grow the culture for 3-5 hours at 37°C.
The culture was cooled down on ice, and 0.1 mM of
IPTG was added.

The expression of recombinant proteins was induced
overnight at 16°C. The bacteria were washed twice with PBS
by centrifugation at 4000 rpm for 15 min and harvested and
froze at —80°C. The frozen cell pellets were resuspended in
40 ml of lysis buffer (10 mM imidazole, 1 mM MgClL,
500 mM NaCl, 2 mM B-mercaptoethanol, 20 mM Hepes,
pH 7.4) and sonicated on ice for 10 x 5 sec at setting 5 and
then 10 x 5 sec at setting 2 using a Fisher Scientific Sonic
dismembrator model 100. The cell homogenate was centri-
fuged at 4100 rpm for 15 min at 4°C, and the supernatant
was further clarified at 15,000 rpm for 15 min at 4°C. After
being passed through a membrane filter with a pore size of
0.45 pm, the lysate was incubated with 2 ml of pre-washed
50% Ni-NTA beads (His-Bind Resin, Novagen) overnight
at 4°C and placed in a 15-ml column (Poly-prep chroma-
tography column, Bio-Rad). The beads were washed with
3 ml of lysis buffer, 15 ml of lysis buffer, 3 ml of wash buffer
(40 mM imidazole, 1 mM MgCl,, 500 mM NaCl, 2 mM
B-mercaptoethanol, 20 mM Hepes, pH 7.4), and 15 ml of
wash buffer.

The Hiss-tagged recombinant proteins were eluted
from the column using 3 x 0.9 ml of elution buffer
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Figure 5. Drp1 binds to PA-containing liposomes independently
of oligomerization. (A) Hisg-Drp1 and Hisg-Drp1gssop Were incu-
bated in the presence or absence of 2 mM GTPyS at room tem-
perature for 30 min and ultracentrifuged at 100,000 x g for
20 min. The supernatant and pellet fractions were analyzed by
SDS-PAGE and Coomassie brilliant blue staining. (B) The band
intensity was quantified and relative amounts of Drp1 in the pel-
let fractions are shown (mean = SEM; n = 3). (C) Liposome flota-
tion assay using Hisg-Drp1 and Hisg-Drp1gssop. (D) Band intensity
was quantified, and relative amounts of Drp1 in the bound frac-
tion is shown (mean =+ SEM; n = 3). Student’s t-test: **p < 0.005;
**p < 0.001.

(250 mM imidazole, 1 mM MgCl,, 500 mM NaCl, 2 mM
B-mercaptoethanol, 20 mM Hepes, pH 7.4) and collected
it into 9 300-ul] fractions. After confirming the purifica-
tion of proteins using SDS-PAGE and Coomassie bril-
liant blue staining of each fraction, the peak fractions

SMALL GTPASES (&) 477

(typically fractions #3 and 4) were collected and diluted
into 15 ml of lysis buffer without imidazole. The residual
imidazole was removed by passing the solution 3 times
through an Amicon Ultra Centrifugation Filter (a 50K
filer for Drpl and a 10K filter for the stalk domain)
according to the manufacturer’s instructions. The puri-
fied proteins were mixed with 20% DMSO, snap frozen
in liquid nitrogen, and stored at —80°C.

Liposome flotation assay

We performed liposome floatation assays as described*
with some modifications. We obtained DPPA (830855),
DOPA (840875), DPPC (850355), DOPC (850375),
POPC (850457), and rhomamine-DPPE (810158) from
Avanti Polar Lipids. The lipids were mixed and dried
under a flow of nitrogen gas for 5 min and then dried in
a SpeedVac overnight. The lipid film was resuspended at
a concentration of 10 mM in 100 mM NaCl and 20 mM
MES (pH 7.0), vortexed for 1 hour, and subjected to 5
freeze-thaw cycles using dry ice and a 42°C heat block.
Unilamellar liposomes were generated via extrusion
through a nanopore membrane with a pore size of 50 or
400 nm; this process was repeated 21 times. The lipo-
somes (5 mM lipids) were mixed with Hiss-tagged
recombinant proteins (5 ©M) (final volume: 200 pl) and
incubated at 4°C with gentle mixing for 1 hour. The pro-
tein-liposome mixture was diluted in 1.73 M sucrose and
20 mM MES (pH 7.0) (final volume: 1.25 ml) and placed
at the bottom of tubes. We then overlaid 2.9 ml of
1.25 M sucrose/20 mM MES (pH7.0) and 0.85 ml of
0.25 M sucrose/20 mM MES (pH7.0). The sucrose gradi-
ent was centrifuged at 55,000 rpm for 2 hours at 4°C in
an SW55Ti (Beckman). Two 2.5-ml fractions were col-
lected from the top. The majority of liposomes were
floated to the upper fractions, and both fractions were
analyzed using SDS-PAGE and silver staining. The
stained gels were scanned, and the band intensity was
quantified using NIH Image]. The liposomes were
detected based on the fluorescence intensity of rhoda-
mine-PE.

Sedimentation assay

The oligomerization of Drpl was assessed in a sedimen-
tation assay as described.”® Purified Hisg-Drp1 and His-
Drplgssop were resuspended at 15 uM in 100 ul of
2 mM MgCl,, 5 mM B-mercaptoethanol, and 20m M
Hepes (pH 7.4), in the presence or absence of 2 mM
GTPyS. After incubation for 30 min at room tempera-
ture, samples were ultracentrifuged at 100,000 x g for
20 min. Equivalent amounts of the pellet and superna-
tant fractions were analyzed by SDS-PAGE and
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Coomassie brilliant blue staining. The band intensity was
quantified with NIH Image] software.

Abbreviations

DOPA

dioleoyl phosphatidic acid

DOPC dioleoyl phosphatidylcholine

DPPA  dipalmitoyl phosphatidic acid
DPPC dipalmitoyl phosphatidylcholine

PA phosphatidic acid

PC phosphatidylcholine

POPC palmitoyl-oleoylphosphatidylcholine
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