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Abstract

Mitochondrial membrane dynamics is a cellular rheostat that relates metabolic function and
organelle morphology. Using an in vitro reconstitution system, we describe a mechanism for how
mitochondrial inner-membrane fusion is regulated by the ratio of two forms of Opal. We found
that the long-form of Opal (I-Opal) is sufficient for membrane docking, hemifusion and low levels
of content release. However, stoichiometric levels of the processed, short form of Opal (s-Opal)
work together with I-Opal to mediate efficient and fast membrane pore opening. Additionally, we
found that excess levels of s-Opal inhibit fusion activity, as seen under conditions of altered

proteostasis. These observations describe a mechanism for gating membrane fusion.

Introduction

Mitochondrial membrane fission and fusion is essential for generating a dynamic mitochondrial
network and regenerative partitioning of damaged components via mitophagy (1). Membrane
rearrangement is essential for organelle function (2, 3) and contributes to diversity in

mitochondrial membrane shape that can reflect metabolic and physiological specialization (4-6).

Mitochondrial membrane fusion in metazoans is catalyzed by the mitofusins (Mfn1/2) and Opal
(the outer and inner membrane fusogens, respectively), which are members of the dynamin family
of large GTPases (7, 8) (Figure 1A). An important series of in vitro studies with purified
mitochondria showed that outer- and inner membrane fusion can be functionally decoupled (9,
10). Outer membrane fusion requires the Mfn1/2, while inner-membrane fusion requires Opal.
Loss of Opal function results in a fragmented mitochondrial network, loss of mitochondrial DNA,
and loss of respiratory function (11, 12). Opal is the most commonly mutated gene in Dominant
Optic Atrophy, a devastating pediatric condition resulting in degeneration of retinal ganglion cells.
Mutations in Opal account for over a third of the identified cases of this form of childhood
blindness (13).
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Like dynamin, Opal comprises a GTPase domain, helical bundle signaling element (BSE), and
stalk region (with a membrane-interaction insertion) (Figure 1B) (14-16). A recent crystal
structure of the yeast orthologue of Opal, Mgm1, revealed this membrane-interaction insertion is
a ‘paddle’, which contains a series of hydrophobic residues that can dip into one leaflet of a

membrane bilayer (17).

Opal is unique for a dynamin family GTPase, because it is processed to generate two forms. The
unprocessed, N-terminal transmembrane anchored, long form is called I1-Opal. The proteolytically
processed short form, which lacks the transmembrane anchor, is called s-Opal (18). Opal is
processed by two proteases in a region N-terminal to the GTPase domain. Omal activity is
stimulated by membrane depolarization (19). YmelL activity is coupled to respiratory state. Both
forms of the protein (s-Opal and I-Opal) can interact with cardiolipin, a negatively charged lipid
enriched in the mitochondrial inner membrane. Opal GTPase activity is stimulated by association

with cardiolipin (20).

Recent structural studies of Mgm1 focused on a short form, s-Mgm1 construct (16). This analysis
revealed a series of self-assembly interfaces in Mgm1’s stalk region. One set of interactions
mediates a crystallographic dimer, and a second set, observed in both the crystal and cryo-electron
tomographic (cryo-ET) reconstructions, bridge dimers in helical arrays on membrane tubes with
both positive and negative curvature. The s-Mgm1 membrane tubes that formed with negative
curvature are especially intriguing, because of Opal’s recognized role in cristae regulation, and
the correspondence of the in vitro tube topology with cristae inner-membrane invaginations (9,

21). These self-assembled states were not mediated by GTPase-domain dimers.

Integrative biophysical and structural insights have revealed how dynamin nucleotide-state is
coupled to GTPase-domain dimerization, stalk-mediated self-assembly and membrane
rearrangement (17, 22-24). For Opal, the opposite reaction (fusion) is also likely to result from
nucleotide-dependent conformational changes, coupled domain rearrangement, and self-assembly
necessary to overcome the kinetic barriers of membrane merger. Recent crystal structure and

electron cryo-tomography reconstructions reveal self-assembly interfaces, and conformational
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92 changes that rearrange cristae membranes (16). The specific fusogenic nucleotide hydrolysis-

93  driven conformational changes remain to be distinguished.

94

95  Classic studies of Mgm1, the yeast orthologue of Opal, show that both long and short forms are

96  required for inner-membrane fusion (25, 26). Studies by David Chan’s group, using mammalian

97  cells, also showed that both long and short forms of Opal are required (27), and that knock-down

98  of the Opal processing protease YmelL results in a more fragmented mitochondrial network (18).

99  Since YmelL activity is tied to respiratory state, supplying cells with substrates for oxidative
100  phosphorylation shifts the mitochondrial network to a more tubular state. These observations led
101  the Chan group to conclude that Opal processing is important for fusion. In contrast, work from
102  the Langer group showed I-Opal alone was sufficient for fusion when expressed in a YME1L -/-,
103 OMAL -/- background (6), indicating that Opal processing is dispensable for fusion. Over-
104  expression of s-Opal in this background resulted in mitochondrial fragmentation, which was
105 interpreted as a result of s-Opal mediated fission. These directly conflicting interpretations of
106  cellular observations have remained unreconciled. Is proteolytic processing of Opal required for
107  regulating fusion, and if so, is the processing stimulatory or inhibitory?
108
109 In this study, we applied a TIRF-based supported bilayer/liposome assay (Figure 1C), to
110  distinguish the sequential steps in membrane fusion that convert two apposed membranes into one
111  continuous bilayer: tethering, membrane docking, lipid mixing (hemifusion) and content release
112  (Figure 1D). This format allows control of protein levels for all components introduced into the
113 system. Previous in vitro reconstitution studies from Ishihara and colleagues (28) were performed
114  in bulk. The analysis we present here resolves individual fusion events in the TIRF field and is
115  more sensitive than bulk measurements. In addition, our assay records kinetic data lost in ensemble
116  averaging. Finally, the assay as applied here, can distinguish stages of fusion for individual
117  liposomes. Tethering is observed when liposomes attach to the supported bilayer. Lipid mixing
118  (hemifusion) is reported when a liposome dye (TexasRed) diffuses into the supported bilayer.
119 Release of a soluble content dye (calcein) from within the liposome (loaded at quenched
120  concentrations) indicates full pore opening. Our assay includes a content reporter dye in all
121  conditions, so we can relate each intermediate with full fusion, for example, comparing instances

122 where there may be lipid mixing, but no content release.
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123

124  Using this in vitro reconstitution approach, we describe key mechanistic requirements for
125  mitochondrial inner-membrane fusion. We report efficiency and kinetics for each step in Opal-
126  mediated fusion. These experiments describe the membrane activities of 1-Opal alone, s-Opal
127  alone, and I-Opal:s-Opal together. We find that s-Opal and I-Opal are both required for efficient
128 and fast pore opening, and present a mechanism for how the ratio of 1-Opal and s-Opal levels
129  regulate inner-membrane fusion. These results are compatible and expand the original yeast
130  observations (25), explain previous cellular studies (6, 18), and contextualizes recent in vitro
131  observations (28). The data presented here unambiguously describe the activities of Opal,
132 contributing to a more complete model for how inner-membrane fusion is regulated.

133

134  Results

135

136  Assay validation

137  We purified long and short forms of human Opal expressed in Pichia pastoris. Briefly, Opal was
138  extracted from membranes using n-dodecyl-p-D-maltopyranoside (DDM) and purified by Ni-NTA
139 and Strep-tactin affinity chromatography, and size exclusion chromatography (Figure 2A). A
140  series of short isoforms are observed in vivo (11, 29). In this study, we focused on a short form
141  corresponding to the S1 isoform resulting from Omal cleavage (Figure 2B). GTPase activity of
142  purified Opal was confirmed by monitoring free phosphate release (Figure 2C & D). Opal
143  activity was enhanced by the presence of cardiolipin, consistent with previous reports (Figure 2C
144 & D, Figure 2-figure supplement 1) (20).

145

146 We reconstituted I-Opal into 200 nm liposomes and supported bilayers generated by Langmuir-
147  Blodgett/Langmuir-Schaefer methods (30). I-Opal was added to liposomes and a supported
148  Dbilayer at an estimated protein:lipid molar ratio of 1:5000 and 1:50000, respectively. Membranes
149  comprised DOPE (20%), Cardiolipin (20%), P1 (7%), and DOPC (52.8%). Reporter dyes (e.g.
150 Cy5-PE, TexasRed-PE) were introduced into the supported bilayer and liposome membranes,
151  respectively, at ~0.2 % (mol). A surfactant mixture stabilized the protein sample during
152  incorporation. Excess detergent was removed using Bio-Beads and dialysis. We confirmed

153  successful reconstitution by testing the stability of I-Opal incorporation under high salt and sodium
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154  carbonate conditions, and contrasting these results with s-Opal peripheral membrane association
155  (Figure 2-figure supplement 2).

156

157  We evaluated reconstitution of I1-Opal into both the polymer-tethered supported lipid bilayers and
158  proteoliposomes using two approaches. First, using Fluorescence Correlation Spectroscopy (FCS),
159  we measured the diffusion of dye-conjugated lipids and antibody-labeled protein. FCS intensity
160  measurements confirmed ~75% of |-Opal reconstituted into the bilayer in the accessible
161  orientation. Bilayer lipid diffusion was measured as 1.46 + 0.12 um?/s, while the diffusion
162  coefficient of bilayer-reconstituted I-Opal was 0.88 + 0.10 um?/s (Figure 2-figure supplement
163  3), which is in agreement with previous reports of lipid and reconstituted transmembrane protein
164  diffusion (31). These measurements indicate the reconstituted I-Opal in the bilayer can freely
165  diffuse, and has the potential to self-associate and oligomerize. Blue native polyacrylamide gel
166  electrophoresis (BN-PAGE) analysis also show the potential for the purified material to self-
167  assemble (Figure 2-figure supplement 4). FCS experiments were also performed on liposomes.
168 FCS intensity measurements confirmed 86.7% of total introduced [-Opal successfully
169  reconstituted into the liposomes. The diffusion coefficient of free antibody was 163.87 + 22.27
170  pm?/s. The diffusion coefficient for liposomes labeled with a lipid dye was 2.22 + 0.33 um?/s, and
171  the diffusion coefficient for I-Opal proteoliposomes bound to a TexasRed labeled anti-His
172  antibody was 2.12 + 0.36 um?s (Figure 2-figure supplement 5). Second, we measured the
173 number of I-Opal incorporated into liposomes by fluorescent step-bleaching of single
174  proteoliposomes (Figure 2E & F). We found an average step number of 2.7 for individual I-Opal-
175  containing proteoliposomes labeled with TexasRed conjugated anti-His antibody, when tethered
176  to cardiolipin containing lipid bilayers (Figure 2G).

177

178  Nucleotide-dependent bilayer tethering and docking

179  Using the supported bilayer/liposome assay sketched in Figure 1C, we found that |I-Opal tethers
180 liposomes in a homotypic fashion (Figure 3A), as reported by the appearance of TexasRed puncta
181 in the TIRF field above a I-Opal-containing bilayer. This interaction occurred in the absence of
182  nucleotide (apo, nucleotide-free) but was enhanced by GTP. We next investigated requirements
183  for Opal tethering. In the absence of cardiolipin, addition of GTP did not change the number of

184  tethered particles under otherwise identical conditions (Figure 3B). In contrast, with cardiolipin-
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185  containing liposomes and bilayers, homotypic I-Opal:l-Opal tethering is enhanced by GTP. Non-
186  hydrolyzable analogues (GMPPCP) disrupt tethering (Figure 3C), and a hydrolysis-dead mutant
187  (G300E) I-Opal shows little tethering (Figure 3-figure supplement 1B), supporting a role for the
188  hydrolysis transition-state in tethering, as observed for atlastin (32, 33). Bulk light scattering
189 measurements of liposome size distributions (by NTA Nanosight) show [-Opal-mediated
190 liposome clustering requires the presence of GTP (Figure 3-figure supplement 2). These bulk
191  measurements show a GTP-dependent increase in observed particle size.

192

193  Ban, Ishihara and colleagues have observed a heterotypic, fusogenic interaction between I-Opal
194  on one bilayer and cardiolipin in the opposing bilayer (28). Inspired by this work and our own
195  observations, we considered if a heterotypic interaction between 1-Opal and cardiolipin on the
196  opposing membrane could contribute to I-Opal-mediated tethering (Figure 3D). Indeed, we find
197 that proteoliposomes containing I-Opal will tether to a cardiolipin-containing bilayer lacking any
198  protein binding partner, presumably mediated by the lipid-binding ‘paddle’ insertion in the helical
199 stalk region (16). This tethering is cardiolipin-dependent, as I-Opal containing bilayers do not
200 tether DOPC liposomes (Figure 4-figure supplement 1B).

201

202  We next measured whether s-Opal, lacking the transmembrane anchor, could tether membranes
203  via membrane binding interactions that bridge the two bilayers. We observe that s-Opal (added at
204  a protein:lipid molar ratio of 1:5000) can tether cardiolipin liposomes to a cardiolipin-containing
205 planar bilayer, as observed previously for Mgm1 (34). Further, this s-Opal tethering is enhanced
206 by the presence of GTP (Figure 3E). Previous reports observed membrane tubulation at higher
207  concentrations of s-Opal (0.2 mg/ml, 1.67 nmol) (20). Under the lower s-Opal concentrations in
208  our experiments (0.16 pg/ml, 2x107 nmol), the supported bilayer remains intact (before and after
209  GTP addition), and we do not observe any evidence of tubular structures forming in the liposomes
210  or bilayers.

211

212 Our experiments indicate that s-Opal alone can induce tethering. Is s-Opal competent for close
213 docking of membranes? To answer this, we evaluated close bilayer approach using a reporter for
214  when membranes are brought within FRET distances (~40-60 A). This FRET signal reports on

215  close membrane docking when a TexasRed conjugated PE is within FRET distance of a Cy5-
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216  conjugated PE. We observed a low FRET signal for tethered membranes, when the FRET pair is
217  between two supported bilayers tethered via PEG spacer (average distance between the bilayer
218  centers of ~7 nm), compared to a single bilayer containing both of the FRET pair (Figure 4-figure
219  supplement 1A). When I-Opal is present on both bilayers (homotypic arrangement), or on only
220 one bilayer (heterotypic arrangement), efficient docking occurs in the presence of cardiolipin, as
221  reported by a FRET signal with efficiencies of ~40% (Figure 4B & C and Figure 4-figure
222 supplement 1A). Efficient homotypic docking requires GTP hydrolysis. GMPPCP prevents
223 homotypic docking of I-Opal, and abolishes the heterotypic 1-Opal signal) (Figure 4A). In
224 contrast, s-Opal alone does not bring the two bilayers within FRET distance, consistent with
225  observations for s-Mgml1 tethered bilayers (Figure 4A) (34). The distances between two paddles
226 in the s-Mgm1 dimer is ~120 A. Tethering mediated by two paddle interactions would be
227  compatible with our observed low FRET signal when s-Opal engages two bilayers (17).

228

229  Hemifusion and pore opening

230  We find that I-Opal, when present on only one bilayer, in a heterotypic format, can mediate close
231  membrane docking (Figure 4A). To quantify hemifusion (lipid exchange), we measured the
232 fluorescence intensity decay times for the liposome dye (TexasRed) as it diffuses into the bilayer
233 during lipid mixing. Analysis of particle dye diffusion kinetics show that in this heterotypic format,
234 1-Opal can induce hemifusion (Figure 5A). The hemifusion efficiency (percentage of total
235  particles where the proteoliposome dye diffuses into the supported bilayer) for heterotypic I-Opal
236 was <5% (Figure 6A). Previously published in vitro bulk liposome-based observations for
237  heterotypic I-Opal lipid mixing observed hemifusion efficiencies of 5-10%, despite higher protein
238  copy number per liposome (28). We next compared homotypic I-Opal catalyzed hemifusion and
239  observed shorter mean dwell times than heterotypic I-Opal (Figure 5B & 5C, Figure 5-figure
240  supplement 1). In our assay, we observe homotypic I-Opal induces hemifusion more efficiently
241  than heterotypic I-Opal. We measured a homotypic I-Opal hemifusion efficiency of ~15%
242 (Figure 6A). For comparison, in vitro measurements of viral membrane hemifusion, show
243  efficiencies of ~25-80% (35, 36). This comparison is imperfect, as viral particles have many more
244  copies of their fusion proteins on their membrane surface and viral fusogens do not undergo
245  multiple cycles of nucleotide hydrolysis, like Opal.

246
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247  Following hemifusion, pore opening is the key step where both leaflets merge and content from
248  the two compartments can mix. We observed pore opening by monitoring content dye (calcein)
249  release under these conditions (37). Of all homotypic tethered particles, ~18% undergo
250 hemifusion. Of these particles undergoing hemifusion, approximately half proceed to full fusion
251 (8% of all homotypic tethered particles). Both s-Opal alone (at 0.16 pg/ml, or 2x10° nmol
252 concentration), or I-Opal in the heterotypic format did not release content (Figure 6A). In contrast,
253  ~8% of homotypic I-Opal:l-Opal particles undergo pore opening and content release. These
254  observations indicate, 1-Opal alone is sufficient for pore opening, while s-Opal alone or
255  heterotypic |I-Opal are insufficient for full fusion.

256

257 Ratio of s-Opal:l-Opal regulate pore opening efficiency and kinetics

258  Our observation that I-Opal is sufficient for pore opening leaves open the role of s-Opal for fusion.
259  Previous studies suggest an active role for s-Mgm1 (the yeast orthologue of s-Opal) in fusion (25).
260 In this work, I-Mgm1 GTPase activity was dispensable for fusion in the presence of wild-type s-
261  Mgml (25). Work in mammalian cells suggest different roles for s-Opal. Studies from the Chan
262  group showed Opal processing helps promote a tubular mitochondrial network (18). In contrast,
263  other studies showed upregulated Opal processing in damaged or unhealthy mitochondria,
264  resulting in accumulation of s-Opal and fragmented mitochondria (18, 28, 38). The interpretation
265  of the latter experiments was that, in contrast to the yeast observations, s-Opal suppresses fusion
266  activity. Furthermore, studies using Opal mutations that abolish processing of I-Opal to s-Opal
267  suggest the short form is dispensable for fusion, and s-Opal may even mediate fission (39, 40).
268  These different, and at times opposing, interpretations of experimental observations have been
269  difficult to reconcile.

270

271  To address how s-Opal and I-Opal cooperate, we added s-Opal to the I-Opal homotypic
272 supported bilayer/liposome fusion experiment. I-Opal-only homotypic fusion has an average
273 dwell time of 20 s and an efficiency of ~10% (Figure 6B-E & Figure 6-figure supplement 1).
274 Upon addition of s-Opal, we observe a marked increase in pore opening efficiency, reaching 80%
275  at equimolar I-Opal and s-Opal (Figure 6B). At equimolar levels of s-Opal, we also observe a
276  marked change in pore opening kinetics, with a four-fold decrease in mean dwell time (Figure

277  6C). The efficiency peaks at an equimolar ratio of s-Opal to |-Opal, showing that s-Opal
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278  cooperates with I-Opal to catalyze fast and efficient fusion. When s-Opal levels exceed I-Opal
279  (ata 2:1 ratio or greater), particles begin to detach, effectively reducing fusion efficiency. This is
280  consistent with a dominant negative effect, where s-Opal likely disrupts the homotypic I-Opal:l-
281  Opal interaction. We quantified particle untethering, and observe a dose-dependent detachment
282  of I-Opal:l-Opal tethered particles with the addition of G300E s-Opal (Figure S8).

283

284  Discussion

285

286  Our experiments suggest different assembled forms of Opal represent functional intermediates
287  along the membrane fusion reaction coordinate, each of which can be a checkpoint for membrane
288  fusion and remodeling. We show that s-Opal alone is sufficient to mediate membrane tethering
289  but is unable to dock and merge lipids in the two bilayers, and thus, insufficient for hemifusion
290 (Figure 7A). In contrast, I-Opal, in a heterotypic format, can tether and hemifuse bilayers, but is
291 unable to transition through the final step of pore opening (Figure 7B). Homotypic I-Opal can
292  hemifuse membranes and mediate low levels of pore opening (Figure 7C i.). However, our results
293  show that s-Opal and I-Opal together, synergistically catalyze efficient and fast membrane pore
294  opening (Figure 7C ii.). Importantly, we find that excess levels of s-Opal are inhibitory for pore
295  opening, providing a means to down-regulate fusion activity (Figure 7C iii.).

296

297  Our model proposes that 1-Opal:s-Opal stoichiometry, resulting from proteolytic processing,
298  gates the final step of fusion, pore opening. Electron tomography studies of mitofusin show a
299 unevenly distributed ring of proteins clustering at an extensive site of close membrane docking,
300 butonly local regions of pore formation (41). Our study is consistent with local regions of contact
301 and low protein copy number mediating lipid mixing and pore formation (42). Our study would
302  predict that s-Opal enrichment in regions of the mitochondrial inner-membrane would suppress
303 fusion. This study did not explore the roles of s-Opal assemblies (helical or 2-dimensional) in
304  fusion (16). Cellular validation of our proposed model, and other states, will require correlating I-
305 Opal:s-Opal ratio and protein spatial distribution with fusion efficiency and kinetics. This studied
306  focused on the S1 form of s-Opal. The behavior of other Opal splice isoforms, which vary in the
307  processing region, remains another important area for future investigation (43).

308

10
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309 The results and model presented here help resolve the apparent contradicting nature of the Chan
310 and Langer cellular observations. As observed by the Langer group, I1-Opal alone in our system,
311 s indeed sufficient for full fusion, albeit at very low levels (6). The activity of unprocessed Opal
312  was not ruled out in previous studies of Chan and colleagues (18). In contrast to the Langer group’s
313  conclusions, we find that Opal processing strongly stimulates fusion activity, as observed by the
314  Chan and colleagues (18). Under conditions of s-Opal overexpression, Langer et al. observed, a
315  fragmented mitochondrial network. We do not see any evidence for fission or fusion, for s-Opal
316 alone, under our reconstitution conditions. Instead, our data and model suggest this is due to s-
317  Opal disrupting I-Opal activity, swinging the membrane dynamics equilibrium toward fission.
318

319  Mitochondrial dysfunction is often associated with Opal processing (44). The activity of the
320 mitochondrial inner-membrane proteases, YmelL and Omal, is regulated by mitochondrial matrix
321  state, thereby coupling organelle health to fusion activity (6, 40, 44-46). Basal levels of Opal
322 cleavage are observed in healthy cells (18). Upon respiratory chain collapse and membrane
323  depolarization increased protease activity elevates s-Opal levels, downregulating fusion (47). Our
324  results point to the importance of basal Opal processing, and are consistent with observations that
325  both over-processing and under-processing of I1-Opal can result in a loss of function (6).

326

327  Key questions remain in understanding the function of different Opal conformational states, and
328 the nature of a fusogenic Opal complex. Recent structural studies show s-Mgm1 self-assembles
329 via interfaces in the stalk region (16, 48). The nucleotide-independent tethering we observe also
330 implicate stalk region interactions, outside of a GTPase-domain dimer, in membrane tethering.
331  How does nucleotide hydrolysis influence these interactions during fusion? Outstanding questions
332 also remain in understanding the cooperative interplay between local membrane environment, s-
333  Opal, and I-Opal. Could the cooperative activity of I-Opal and s-Opal be mediated by direct
334  protein-protein interactions, local membrane change, or both? Could tethered states (e.g.
335 homotypic I-Opal or heterotypic I-Opal) bridge bilayers to support membrane spacings seen in
336  cristae? Answers to these questions, and others, await further mechanistic dissection to relate
337  protein conformational state, in situ architecture and physiological regulation.

338

339
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Key Resources Table

Reagent type Designation Source or Identifiers Additional
(species) or reference information
resource
Chemical 18:1 (A9-Cis) PC [ Avanti Polar
compound, drug | (DOPC) lipids Cat #: 850375P
Chemical 1',3-bis[1,2- Avanti Polar
compound, drug | dioleoyl-sn- lipids Cat #: 710335P
glycero-3-
phosphol-
glycerol (sodium
salt)
Chemical 1,2-dioleoyl-sn- Avanti Polar
compound, drug | glycero-3- lipids Cat #: 880130P
phosphoethanol
amine-N-
[methoxy(polyeth
ylene glycol)-
2000]
(ammonium salt)
Chemical L-a- Avanti Polar Cat #:
compound, drug | lysophosphatidyli | lipids 850091P
nositol (Liver,
Bovine) (sodium
salt)
Chemical 1-palmitoyl-2- Avanti Polar Cat #:
compound, drug | oleoyl-sn- lipids 850757P
glycero-3-
phosphoethanol
amine

13



https://doi.org/10.1101/739078
http://creativecommons.org/licenses/by/4.0/

under aCC-BY 4.0 International license.

bioRxiv preprint doi: https://doi.org/10.1101/739078; this version posted December 11, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

Chemical Texas Red™ ThermoFishe | Cat #:
compound, drug 1,2- r Scientific T1395MP
Dihexadecanoyl-
sn-Glycero-3-
Phosphoethanol
amine,
Triethylammoniu
m Salt (Texas
Red™ DHPE)
Chemical 1,2-dioleoyl-sn- Avanti polar Cat #:
compound, drug | glycero-3- lipid 810335C1mg
phosphoethanol
amine-N-
(Cyanine 5)
Chemical Calcein Sigma- Cat #: C0875;
compound, drug Aldrich PubChem
Substance ID:
24892279
Pichia pastoris SMD1163 Rapoport
strain (his4,pep, prbl) lab; Harvard
Medical
School
Plasmid pPICZ A- GenScript plasmid to
TwinStrep- transform and
IOPA1-Hjo express human
WT |-Opal
(isoform1).
Plasmid pPICZ A- GenScript plasmid to
TwinStrep- transform and
SOPA1-Haio express human
WT s-Opal
(s1).
Plasmid pPICZ A- GenScript plasmid to
TwinStrep- transform and

IOPA1 (G300E)-
Hio

express G300E
mutant of |-
Opal (isoform
1).
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Plasmid pPICZ A- GenScript plasmid
TwinStrep- to transform
sOPA1 (G300E)- and express
Hio G300E mutant

of s-Opal (sl).

Antibody Anti-Opal NOVUS Cat #: NBP2- Western Blot 2
antibody BIOLOGICA | 59770 ug/ml

LS

Antibody 6x-His Tag ThermoFishe | Cat #: MA1- Western Blot
Monoclonal r Scientific 21315 1:2000
Antibody
(HIS.H8)

Antibody StrepMAB- IBA Cat #: 2-1509- | Western Blot
Classic, HRP Lifesciences 001 1:2500/1:32000
conjugate (2-

1509-001)

Antibody Rabbit IgG HRP SIGMA- Cat #:

Linked Whole Ab | ALDRICH GENA934-
INC 1ML
Antibody Mouse I1gG HRP SIGMA- Cat #:
Linked Whole Ab | ALDRICH GENA931-
INC 1ML
Chemical GTP Disodium SIGMA- Cat #:
compound, drug | salt ALDRICH 10106399001
INC

Chemical EnzChek™ ThermoFishe [ Cat #: E6646

compound, drug | Phosphate r Scientific
Assay Kit

Chemical GppCp Jena Cat #: NU-402-

compound, drug | (Gmppcp), Bioscience 5
Guanosine-5'-

[(B,y)-
methyleno]tripho
sphate, Sodium
salt

Chemical n-Dodecyl-B-D- Anatrace Cat #: D310 25

compound, drug | Maltopyranoside GM

Chemical n-Octyl-a-D- Anatrace Cat #:

compound, drug | Glucopyranoside 0O311HA 25

GM
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Chemical Lauryl Maltose Anatrace Cat #: NG310
compound, drug | Neopentyl Glycol
(LMNG)
Chemical LMNG-CHS Pre- | Anatrace Cat #: NG310-
compound, drug | made solution CH210
Drug Zeocin Invivogen Cat #: ant-zn-
1p
Resin Ni-NTA Biorad Cat #:
7800812
Resin StrepTactin XT IBA Cat #: 2-4026-
Lifesciences 001
Chemical Biotin IBA Cat #: 2-1016-
compound Lifesciences 005
Resin Superose 6 GE Cat #:
Increase 10/300 29091596
GL
Reagent TEV protease Prepared in Cat #: 203030
lab,
purchased
from
GenScript
Reagent Benzonase Sigma- Cat #: E1014
Nuclease Aldrich
Reagent Protease Roche Cat #:
inhibitor cocktail 05056489001
Reagent Leupeptin Sigma- Cat #: L2884
Aldrich
Reagent Pepstatin A Sigma- Cat #: P5318
Aldrich
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Reagent Benzamidine Sigma- Cat #: B6506
hydrochloride Aldrich
hydrate
Reagent Phenylmethylsulf | Sigma- Cat #:
onyl fluoride Aldrich 10837091001
(PMSF)
Reagent Aprotinin Sigma- Cat #: A1153
Aldrich
Reagent Trypsin inhibitor Sigma- Cat #: T9128
Aldrich
Reagent Bestatin GoldBio Cat #: B-915-
100
Reagent E-64 GoldBio Cat #: E-064-
25
Reagent Phosphoramidon | Sigma- Cat #: R7385
disodium salt Aldrich
Reagents for 3-12% Bis-Tris ThermoFishe | BN1003BOX
BN-PAGE Protein Gels r Scientific
Reagents for NativePAGE ThermoFishe [ BN2007
BN-PAGE Running Buffer r Scientific
Kit
Reagents for NativePAGE 5% | ThermoFishe | BN2004
BN-PAGE G-250 Sample r Scientific
Additive
Reagents for NativePAGE ThermoFishe | BN2003
BN-PAGE Sample Buffer r Scientific
(4X)
software, Slidebook Intelligent RRID:
algorithm imaging SCR_014300
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software, Fiji /imageJ Fiji SCR_002285
algorithm
software, FCS analysis Smith Lab,
algorithm tool University of
Akron

352

353  Expression and purification

354  Genes encoding I- (residues 88-960) or s- (residues 195-960) OPAL (UniProt O60313-1) were
355  codon optimized for expression in Pichia pastoris and synthesized by GenScript (NJ, USA). The
356  sequences encode Twin-Strep-tag, HRV 3C site, (G4S)s linker at the N-terminus and (G4S)s linker,
357 TEV site, deca-histidine tag at the C-terminus. The plasmids were transformed into the methanol
358 inducible SMD1163 strain (gift from Dr. Tom Rapoport, Harvard Medical School) and the clones
359 exhibiting high Opal expression were determined using established protocols. For purification,
360 cells expressing I-Opal were resuspended in buffer A (50 mM sodium phosphate, 300 mM NacCl,
361 1 mM 2-mercaptoethanol, pH 7.5) supplemented with benzonase nuclease and protease inhibitors
362 and lysed using an Avestin EmulsiFlex-C50 high-pressure homogenizer. The membrane fractions
363  were collected by ultracentrifugation at 235,000 x g for 45 min. at 4 °C. The pellet was resuspended
364 in buffer A containing 2% DDM, (Anatrace, OH, USA) 0.1 mg/ml 18:1 cardiolipin (Avanti Polar
365 Lipids, AL, USA) and protease inhibitors and stirred at 4 °C for 1 hr. The suspension was subjected
366  to ultracentrifugation at 100,000 x g for 1 hr at 4 °C. The extract containing I-Opal was loaded
367 ontoaNi-NTA column (Biorad, CA, USA), washed with 40 column volumes of buffer B (50 mM
368  sodium phosphate, 350 mM NaCl, 1 mM 2-mercaptoethanol, 1 mM DDM, 0.025 mg/ml 18:1
369 cardiolipin, pH 7.5) containing 25 mM imidazole and 60 column volumes of buffer B containing
370 100 mM imidazole. The bound protein was eluted with buffer B containing 500 mM imidazole,
371  buffer exchanged into buffer C (100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM 2-
372 mercaptoethanol, 0.15 mM DDM, 0.025 mg/ml 18:1 cardiolipin, pH 8.0). In all the functional
373  assays, the C-terminal His tag was cleaved by treatment with TEV protease and passed over the
374  Ni-NTA and Strep-Tactin XT Superflow (IBA Life Sciences, Gottingen, Germany) columns
375 attached in tandem. The Strep-Tactin XT column was detached, washed with buffer C and eluted
376  with buffer C containing 50 mM biotin. The elution fractions were concentrated and subjected to
377  size exclusion chromatography in buffer D (25 mM BIS-TRIS propane, 100 mM NaCl, 1 mM
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378 TCEP, 0.025 mg/ml 18:1 cardiolipin, pH 7.5, 0.01% LMNG, 0.001% CHS). s-OPA1 was purified
379  using a similar approach but with one difference: post lysis, the DDM was added to the unclarified
380 lysate at 0.5% concentration and stirred for 30 min. — 1 hr. at 4 °C prior to ultracentrifugation. The
381  supernatant was applied directly to the Ni-NTA column.

382

383  GTPase activity assay

384 The GTPase activity of purified Opal was analyzed using EnzCheck Phosphate Assay Kit
385 (Thermo Fisher, USA) according to the vendor’s protocol. Each condition was performed in
386 triplicate. The GTPase assay buffers contained 25 mM HEPES, 60 mM NaCl, 100 mM KClI, 0.5
387 mM MgCl2 with 0.15 mM DDM. 60 uM GTP was added immediately before data collection. To
388 compare the effect of cardiolipin on GTPase activity, additional 0.5 mg/ml Cardiolipin was
389 dissolved in the reaction buffer and added to the reaction to a final concentration of 0.02 mg/ml.
390 The absorbance at 340 nm of each reaction mixture was recorded using SpectraMax i3 plate reader
391  (Molecular Devices) every 30 seconds. Experiments were performed in triplicate. Resulting Pi
392  concentration was fitted to a single-phase exponential-decay, specific activity data were fitted to a
393  Michaelis-Menten equation (GraphPad Prism 8.1).

394

395  Preparation of polymer-tethered lipid bilayers

396  Lipid reagents, including 1,2-dioleoyl-sn-glycero-3-phosphocholine, (DOPC); 1,2-dioleoyl-sn-
397  glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DOPE-PEG2000), L-
398  a-phosphatidylinositol (Liver PI) and 1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol
399 (cardiolipin) were purchased from Avanti Polar Lipids (AL, USA). To fabricate the polymer-
400 tethered lipid bilayers, we combined Langmuir-Blodgett and Langmuir-Schaefer techniques, using
401  aLlangmuir-Blodgett Trough (KSV-NIMA, NY, USA) (31, 49). For cardiolipin-free lipid bilayers,
402  a lipid mixture with DOPC with 5 % (mol) DOPE-PEG2000 and 0.2 % (mol) Cy5-DSPE at the
403  total concentration of 1 mg/ml was spread on the air water interface in a Langmuir trough. The
404  surface pressure was kept at 30 mN/m for 30 minutes before dipping. The first lipid monolayer
405  was transferred to the glass substrate (25 mm diameter glass cover slide, Fisher Scientific, USA)
406  through Langmuir-Blodgett dipping, where the dipper was moved up at a speed of 22.5 mm/min.

407  The second leaflet of the bilayer was assembled through Langmuir-Schaefer transfer after 1 mg/ml

19


https://doi.org/10.1101/739078
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/739078; this version posted December 11, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

408 of DOPC with 0.2 % (mol) Cy5-PE (Avanti Polar Lipids, AL, USA) was applied to an air-water
409 interface and kept at a surface pressure of 30 mN/m.

410

411  Lipid bilayer with cardiolipin was fabricated in a similar manner, where the bottom leaflet included
412 7% (mol) Liver PI, 20 % (mol) cardiolipin, 20 % (mol) DOPE, 5 % (mol) DOPE-PEG2000, 0.2
413 % (mol) Cy5-PE and 47.8% DOPC. The composition of the top leaflet of the bilayer was identical
414  except for the absence of DOPE-PEG2000. To match the area/molecule at the air-water interface
415  Dbetween CL-free and CL-containing bilayer, the film pressure was kept at 37 mN/m. The final
416  average area per lipid, which is the key factor affecting lipid lateral mobility, was kept constant at
417  a Alipia = 65 A? (50).

418

419  Double bilayers were fabricated according to previous reports (51). The first bilayer containing
420 DOPC with 5 % (mol) DSPE-PEG2000-Maleimide (Avanti Polar Lipids, AL, USA) and 0.2 %
421  (mol) Cy5-DOPE in both inner and outer leaflets was made using Langmuir-Blodgett/Langmuir-
422  Schaefer methods. The second planar lipid bilayer was formed by fusion of lipid vesicles and
423  removal of non-fused vesicles. Lipid vesicles were formed by hydrating dried lipid films with
424 DOPC, 0.2 % (mol) TexasRed-DHPE and 5 % (mol) of linker lipid (DPTE, AL, USA) ina 0.1
425 mM sucrose/1 mM CaClz solution. The lipid suspension was heated for 1.5 hours at 75 °C, and
426  added to the first bilayer in a 0.1 mM glucose/1 mM CaCl: solution. After 2 hours of incubation,
427  additional vesicles were removed by extensive rinsing. The bilayer was then imaged by TIRF
428  microscope.

429

430 Reconstitution of I-Opal into lipid bilayers

431  Purified I-Opal was first desalted into 25 mM Bis-Tris buffer with 150mM NacCl containing 1.2
432 nM DDM and 0.4 pg/L of cardiolipin to remove extra surfactant during purification. The resulting
433  protein was added to each bilayer to the total amount of 1.3x107*2 mol (protein:lipid 1:10000)
434  together with a surfactant mixture of 1.2 nM of DDM and 1.1 nM n-Octyl-B-D-Glucopyranoside
435  (OG, Anatrace, OH, USA). The protein was incubated for 2 hours before removal of the surfactant.
436  To remove the surfactant, Bio-Beads SM2 (Bio-Rad, CA, USA) was added to the solution at a
437  final concentration of 10 ug beads per mL of solution and incubated for 10 minutes. Buffer with

438 25 mM Bis-Tris and 150 mM NaCl was applied to remove the Bio-beads with extensive washing.
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439  Successful reconstitution was determined using fluorescent correlation spectroscopy assay as
440  described in the supplemental materials.

441

442  Preparation of liposomes and proteoliposomes

443  To prepare calcein (MilliporeSigma, MA, USA) encapsulated liposomes, lipid mixtures (7 % (mol)
444 PIl, 20% cardiolipin, 20% PE, 0.2% TexasRed-PE, DOPC (52.8%)), were dissolved in chloroform
445  and dried under argon flow for 25 minutes. The resulting lipid membrane was mixed in 25 mM
446  Bis-Tris with 150mM NaCl and 50 mM calcein through vigorous vortexing. Lipid membranes
447  were further hydrated by incubating the mixtures under 70 °C for 30 min. Large unilamellar
448  vesicles (LUVs) were prepared by extrusion (15 to 20 times) using a mini-extruder with 200 nm
449  polycarbonate membrane.

450

451  Proteoliposomes were prepared by adding purified I-Opal in 0.1 uM DDM to prepared liposomes
452  at a protein: lipid of 1:5000 (2.5 pg I-Opal for 0.2 mg liposome) and incubated for 2 hours.
453  Surfactant was removed by dialysis overnight under 4 °C using a 3.5 KDa dialysis cassette. Excess
454  calcein was removed using a PD-10 desalting column. The final concentration of liposome was
455  determined by TexasRed absorbance, measured in a SpectraMax i3 plate reader (Molecular
456  Devices).

457

458  To evaluate I-Opal reconstitution into proteoliposomes, dye free liposome was prepared with
459  TexasRed conjugated anti-His tag Antibody (ThermoFisher) by mixing lipids with antibody
460 containing buffer. TexasRed Labeling efficiency of the antibody was calculated to be 1.05
461  according to the vendor’s protocol. Antibodies were added at a concentration of 2.6 pg/ml to 0.2
462  mg/ml liposome. Following hydration through vortexing at room temperature for 15 minutes,
463  Large unilamellar vesicles were formed following 20 times extrusion procedure described above.
464  Liposomes labeled with 0.02 % (mol) TexasRed-PE were also prepared as a standard for
465  quantifying reconstitution rate.

466

467  For the co-flotation analysis, 200 pl of 20 mg/ml TexasRed-DHPE (0.2 % (mol)) labeled
468  proteoliposome (reconstitution ratio, protein:lipid 1:5000) was loaded to sucrose gradient (with

469  steps of 0%, 15%, 30%, 60%). The volume of each fraction was 800 pl. Sucrose solutions were
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470  prepared in Bis-Tris buffer (25mM Bis-Tris, 150 mM NaCl, pH 7.4). Samples were then
471  centrifuged using a high-speed centrifuge equipped with SW 55i rotor (Beckmann Coulter, CA,
472 USA) for 2.5 hrs at a speed of 30000 xg. For high salt and carbonate treatment, the same amount
473  of proteoliposome was redistributed in Bis-Tris buffer with 500 mM NaCl (pH 7.4) and buffer
474  containing 50 mM Na2COs and 50 mM NaCl (pH 8.2), respectively. The resulting suspension was
475 loaded in gradient for separation. After centrifugation, all fractions were collected and
476  concentrated to 40 pl. Fractions were detected by western blot and then analyzed by ImagelJ. The
477  presence of liposomes was detected by absorbance at 590 nm using a DeNovix FX photometer
478  (DeNovix, Inc).

479

480  Fluorescent Correlation Spectroscopy

481  Fluorescence correlation spectroscopy (FCS) was performed using a home-built PIE-FCCS system
482 (52, 53). Two pulsed laser beams with wavelengths of 488 nm (9.7 MHz, 5 ps) and 561 nm (9.7
483  MHz, 5 ps) were filtered out from a supercontinuum white light fiber laser (SuperK NKT
484  Photonics, Birkerod, Denmark) and used as excitation beams. The laser beams were sent through
485 a 100X TIRF objective (NA 1.47, oil, Nikon Corp., Tokyo, Japan) to excite the samples in solution
486  or on bilayer. The emission photons were guided through a common 50 um diameter pinhole. The
487  light was spectrally separated by a 560 nm high-pass filter (AC254-100-A-ML, Thorlabs), further
488  filtered by respective bandpass filters (green, 520/44 nm [FF01-520/44-25]; red, 612/69 nm [FFO1-
489  621/69-25], Semrock), and finally reach two single photon avalanche diode (SPAD) detectors
490  (Micro Photon Devices). The synchronized photon data was collected using a time correlated
491  single photon counting (TCSPC) module (PicoHarp 300, PicoQuant, Berlin, Germany).

492

493  The collected photon data was transformed into correlation functions with a home written
494 MATLAB code. The correlation functions were fitted using two-dimensional (1) or three-
495  dimensional (2) Brownian diffusion model for bilayer or solution samples respectively.

496

1 1
497 G(T) = ml_'_r/‘[ ( )
1 1 1
498 G(1) = — 2
© = W, [t @)
499
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500 Where N is the average number of particles in the system, w is the waist of the excitation beam,
501 and 7o is the dwell time that can be used to calculate the diffusion coefficient (D) of the particles.
502

w
503 W=
504  (52)
505

506  Measurements were made on buffers with evenly distributed liposomes, proteoliposomes and
507 antibodies in a glass-bottom 96 well plate at room temperature. The plates were pre-coated with
508 lipid bilayer fabricated from 100 nm DOPC liposomes. For each solution, data was collected in
509 five successive 15 second increments.

510

511  For characterization of I-Opal reconstitution into planar bilayers, an anti-Opal C-terminal
512  antibody (Novus Biologicals, CO, USA) was used. The antibody was labeled by TexasRed (Texas
513  Red™-X Protein Labeling Kit, ThermoFisher, CA, USA). Labeling efficiency of the antibody was
514  determined as 1.52 TexasRed/antibody, as determined by NanoDrop (ThermoFisher, CA, USA).
515  The labeled antibody was added to 1-Opal in the supported bilayer at twice the total introduced
516  Opal concentration. Excess antibody was removed by extensive rinsing.

517

518  To estimate reconstitution efficiency, 0.002 % (mol) I-Opal was added to the bilayer. In a separate
519  experiment 0.002 % (mol) TexasRed-PE was introduced to the bilayer. The reconstitution
520 efficiency was calculated from the anti-I-Opal antibody TexasRed fluorophore density divided by
521 the TexasRed-PE fluorphore density, normalized by the antibody labeling efficiency (1.5 dye
522  molecules/antibody).

523

524  Total Internal Reflection Fluorescent Microscopy (TIRF)

525  Liposome docking and lipid exchange events were imaged using a Vector TIRF system (Intelligent
526 Imaging Innovations, Inc, Denver, CO, USA) equipped with a W-view Gemini system
527  (Hamamatsu photonics, Bridgewater, NJ). TIRF images were acquired using a 100X oil immersion
528  objective (Ziess, N.A 1.4). A 543 nm laser was used for the analysis of TexasRed-PE embedded

529 liposomes and proteoliposomes, while a 633 nm laser was applied for the analysis of Cy5-PE
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530 embedded in the planar lipid bilayer. Fluorescent emission was simultaneously observed through
531 a 609-emission filter with a band width of 40 nm and a 698-emission filter with a band width of
532 70 nm. The microscope system was equipped with a Prime 95B scientific CMOS camera
533  (Photometrics), maintained at -10 °C. Images were taken at room temperature, before adding any
534  liposome or proteoliposome, after 15 mins of addition, and after 30 mins of adding GTP (1 mM)
535 and MgCl2 (1 mM). Each data point was acquired from 5 different bilayers, each bilayer data
536  contains 5-10 particles on average.

537

538  Dwell times for hemifused particles were recorded from the moment of GTP addition for pre-
539 tethered particles, until the time of half-maximal TexasRed signal decay. Full fusion events were
540 recorded by monitoring the calcein channel at particle locations identified through the TexasRed
541 signal. Particle identification and localization used both uTrack(54) and Slidebook (Intelligent
542  Imaging Innovations, Inc., Denver, CO) built-in algorithms. To calibrate the point spread function
543 100 nm and 50 nm fluorescent particles (ThermoFisher Scientific) were used. 2D Gaussian
544  detection were applied in both cases. 2-way ANOVA tests was done using GraphPad Prism.
545 Intensity and distribution of the particles were analyzed using ImageJ.

546

547  For analysis of protein reconstitution in proteoliposome (stoichiometry), a TIRF microscope
548  modified from an inverted microscope (Nikon Eclipse Ti, Nikon Instruments) was used. A 561 nm
549  diode laser (OBIS, Coherent Inc., Santa Clara, USA) was applied at TIRF angle through a 100X
550 TIRF objective (NA 1.47, oil, Nikon) and the fluorescence signals were collected by an EMCCD
551 camera (Evolve 512, Photometrics).

552

553  Nanosight NTA analysis

554 A NTA300 Nanosight instrument was used to evaluate size distribution of liposome and
555  proteoliposome under different conditions. The equipment was equipped with a 405 nm laser and
556 a CMOS camera. 1 ml of 0.1 pg/ml sample was measured, to reach the recommended particle
557 number of 1x 10° particles/mL (corresponding to the dilution factor of 1:100,000). Image
558 acquisition were conducted for 40 sec for each acquisition and repeated for 10 times for every
559 injection. Three parallel samples were examined for the determination of size distribution. Under

560 each run, the camera level was set to 12 and the detection threshold was set at 3.
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Blue native polyacrylamide gel electrophoresis (BN-PAGE)

Bis-Tris gradient gels (3-12%) were purchased from ThermoFisher Scientific (Cat. No.
BN1003BOX) and BN-PAGE was performed according to manufacturer’s instructions. Gel
samples (10 ul) were prepared by mixing indicated quantity of Opal with sample buffer containing
0.25% Coomassie G-250 and 1 mM DDM. For experiments involving 1-Opal and s-Opal
mixtures, the samples were incubated on ice for 10 min before loading. The cathode buffer
contained 1 mM DDM and electrophoresis was performed at 4°C with an ice jacket surrounding

the apparatus.
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571  Figure Legends

572

573  Figurel

574  A. Mitochondrial membrane fusion involves sequential outer and inner membrane fusion. The
575 mitofusins (Mfnl/2) catalyze outer membrane fusion. In metazoans, mitochondrial inner-
576  membrane fusion is mediated by Opal. B. Linear domain arrangement of I-Opal. C. Schema of
577  the experimental setup. D. Fusion assay. Membrane tethering, docking, lipid mixing, and content
578 release can be distinguished using fluorescent reporters that specifically reflect each transition of
579  the reaction.

580

581 Figure 2

582  A. Representative size-exclusion chromatograph and SDS-PAGE gel of human I-Opal purified
583  from P. pastoris. B. SDS-PAGE gel of human s-Opal purified from P. pastoris. I-Opal activity,
584  with velocity (C) and specific activity (D) of GTP hydrolysis in the presence and absence of
585  cardiolipin, while varying protein concentration of Opal. Data are shown as mean + SD, with error
586  bars from 3 independent experiments. Representative single-liposome photobleaching steps (E &
587 F) and histogram of step sizes (distribution for 110 liposomes shown) (G). Source data: Figure2-
588  source datal.zip

589

590 Figure 2 —figure supplement 1

591  GTP hydrolysis (GTPase) activity of I-Opal (A) and s-Opal (B) in the presence and absence of
592  cardiolipin. Both G300E I-Opal and G300E s-Opal do not show any GTPase activity (C & D).
593  Mixing G300E s-Opal with WT I-Opal at 1:1 molar ratio (E) does not alter the GTPase activity
594  of, detergent solubilized, WT I-Opal significantly (E and A, P>0.2, t-test). A similar effect is seen
595 upon addition of G300E [-Opal to WT s-Opal at 1:1 ratio (F). Under these conditions, s-Opal
596  GTPase activity is similar to s-Opal alone (F & B, P>0.2, t-test). Data shown as mean = SD, error
597  bars from 3 experiments. Source data: Figure 2-fig sup 1-source datal.zip

598
599  Figure 2 —figure supplement 2
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600 Liposome co-flotation analysis: Reconstituted 1-Opal co-floats with liposomes both with and
601  without cardiolipin (A & D). Liposomes were labeled with 0.2 % (mol) TexasRed-DHPE and their
602  distribution was confirmed by liposome dye absorbance at 590 nm. Opal distribution was analyzed
603 by Western blot. Opal/liposome fractions was mostly found near 15~30% sucrose. This
604  reconstitution is stable under high salt (B & E) or carbonate conditions (C & F). s-Opal interacts
605  with liposomes in a cardiolipin-dependent manner (G-L). This interaction is resistant to high salt
606  (H) but sensitive to carbonate treatment (1), where the protein was found in the bottom fractions
607 lacking liposome (60% sucrose). s-Opal does not associate with DOPC liposomes (J-L). These
608  results indicate that I-Opal was successfully reconstituted through integral transmembrane region,
609  whereas the s-Opal bilayer-association is through a cardiolipin:s-Opal peripheral membrane
610 interaction. Source data: Figure 2-fig sup 2-source datal.zip

611

612  Figure 2 —figure supplement 3

613  Epifluorescence image of polymer-tethered lipid bilayers before (A) and after Opal reconstitution
614  (B), showing a homogeneous lipid bilayer. Scale bar: 10 um. FCS profiles of TexasRed-PE and
615 TexasRed labeled anti-Opal antibody show slower diffusion for reconstituted I-Opal (C),
616 indicating successful reconstitution, and that the reconstituted 1-Opal diffuses freely. Source data:
617  Figure 2-fig sup 3-source datal.zip

618

619  Figure 2 —figure supplement 4

620  A. Blue native (BN-PAGE) gels show WT I-Opal and s-Opal can self-assemble as oligomers in
621 DDM. B. Mixtures of WT |-Opal and WT s-Opal show a range of species from ~480 KDa - ~1
622 MDa. G300E I-Opal, in the presence of WT s-Opal, does not alter this gel migration pattern. In
623  contrast, complexes comprising WT [-Opal and G300E s-Opal show a slight shift to a population
624  mainly containing a ~480 Kda and 720 KDa species.

625

626  Figure 2 —figure supplement 5

627  Fluorescence autocorrelation profiles of TexasRed labeled anti-His antibody in the presence of
628  unlabeled liposomes (A), and TexasRed-PE-labeled liposomes (B), showing diffusion coefficients

629  of unbound antibody versus liposomes. FCS profile of reconstituted I-Opal (detected with a
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630 TexasRed labeled antibody) (C) is similar to that of dye-labeled liposomes (B), indicating
631  successful reconstitution of Opal. Source data: Figure 2-fig sup 5-source datal.zip

632

633  Figure 3

634  The number of liposomes tethered on the planar bilayers in a homotypic format (I-Opal on both
635 bilayers) increases in the presence of GTP, when both bilayers contain cardiolipin. A.
636  Representative images of liposomes tethered on lipid bilayer (both containing cardiolipin) before
637  (apo, or nucleotide free) and after GTP addition. Scale bar: 5um. B. Bar graph: In the presence of
638 cardiolipin, addition of GTP doubles the number of liposomes. ( ***p<0.001, two way ANOVA).
639 C. Addition of GMPPCP decreases amount of tethered 1-Opal liposomes (apo, indicating
640  nucleotide free) (P<0.005, two-way ANOVA). D. I-Opal in the liposome bilayer alone is sufficient
641  to tether liposomes to a cardiolipin containing bilayer. Tethering is enhanced in the presence of
642  GTP (apo, indicating nucleotide free) (P<0.005, two-way ANOVA). E. s-Opal tethers liposomes
643  toacardiolipin-containing bilayer. Number of tethered liposomes when both bilayer and liposomes
644  contain 20% (mol) cardiolipin. Before addition of GTP (apo, indicating nucleotide-free), a
645  moderate amount of liposome tethering was observed. The addition of GTP enhances this tethering
646  effect (P<0.005, two-way ANOVA). Data are shown as mean + SD. Error bars are from 5
647  independent experiments (> 10 images across one bilayer per for each experiment). Source data:
648  Figure 3-source datal.zip

649

650  Figure 3 —figure supplement 1

651  Effect of s-Opal competition on membrane tethering. Addition of G300E s-Opal detaches the I-
652  Opal proteoliposomes tethered to I-Opal-containing supported lipid (A). G300E I-Opal does not
653  tether liposomes to a supported bilayer (B). G300E I-Opal in the presence of G300E s-Opal also

654  does not tether membranes. Source data: Figure 3-fig sup 1-source datal.zip

655

656  Figure 3 —figure supplement 2

657 Normalized relative and cumulative size distributions show cardiolipin containing
658  proteoliposomes shift to larger sizes 1 hour following GTP addition (green trace), as measured by

659  Nanosight light scattering. Source data: Figure 3-fig sup 2-source datal.zip
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660

661 Figure 4

662  A. Homotypic I-Opal docks liposomes in a GTP-hydrolysis dependent manner. s-Opal, alone is
663 insufficient to closely dock liposomes. I-Opal in a heterotypic format (on the liposome alone) is
664  competent to closely dock to a bilayer, but this docking is not stimulated by nucleotide. Bar graphs
665 shown as mean + SD (P<0.0001, one-way ANOVA). Error bars are from 3-5 independent
666  experiments (each experiment with >150 particles in a given bilayer). B. In the presence of
667  cardiolipin on both bilayers, FRET signal reports on close liposome docking mediated by I-Opal.
668  Left: Green = Cy5 emission signal upon excitation at 543 (TexasRed excitation). Red = Cy5
669  emission signal in membrane upon excitation at 633 (Cy5 excitation). Right: Green = TexasRed
670  emission upon excitation at 543 nm (TexasRed excitation). Scale bar: 5um. Source data: Figure 4-
671  source datal.zip

672

673  Figure 4 —figure supplement 1

674  A. Controls for intra-membrane and inter-membrane FRET: When both TexasRed and Cy5 PE are
675  present in the same bilayer, high FRET efficiency is observed. When TexasRed and Cy5 PE are
676  present in two different bilayers, with a ~7 nm tethering distance (from bilayer center to bilayer
677  center in the double bilayer stack), FRET efficiency was low (data analyzed from 10 random spots
678 in 2 bilayers (P<0.0001, t test). Analysis of ~20 particles show ~40% FRET efficiency for both
679  homotypic and heterotypic tethering. This indicates that I-Opal is able to bring the two membranes
680  within close proximity (< 7 nm) without mixing the two membranes. B. Quantification of DOPC
681  liposomes tethered to a DOPC bilayer containing reconstituted I-Opal. Liposomes do not tether to
682  the supported bilayer, indicating that in the absence of cardiolipin, 1-Opal does not tether
683  liposomes alone. The lack of liposome docking to exposed regions also argues that few defects
684  were introduced into the bilayer following reconstitution. Data from 3 different bilayers. Source

685  data: Figure 4-fig sup 1-source datal.zip

686

687 Figure5

688 A. Heterotypic hemifusion. Top panels: time trace of proteo-liposome lipid dye diffusion
689  (TexasRed). Bottom panels: no content release is observed for this particle (calcein signal remains

690  quenched). Scale bar: 1 um. B. Homotypic hemifusion. Top panels: time trace of liposome lipid
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691  dye diffusion (TexasRed). Bottom panels: no content release is observed for this particle (calcein
692  signal remains quenched). Scale bar: 1 um. C. Representative intensity traces of a control particle
693  not undergoing fusion (black), with heterotypic hemifusion event (solid red), and homotypic
694  hemifusion event (dotted red). Source data: Figure 5-source datal.zip

695

696  Figure 5 — figure supplement 1

697  Additional kinetic traces for hemifusion curves under homotypic (A) and heterotypic (B) Opal
698  hemifusion conditions. Control particle trace shown in black. Hemifusion trace shown in red.

699  Source data: Figure 5-fig sup 1-source datal.zip

700

701  Figure 6

702  A. Hemifusion (lipid mixing) and full fusion (content release and pore opening) efficiency for
703  homotypic I-Opal, heterotypic I-Opal and s-Opal (P<0.001, two-way ANOVA). Bar graphs
704  shown as mean + SD. Error bars are from 5 different experiments (50-200 particles were analyzed
705  per bilayer in each experiment). B. Full fusion (pore opening) efficiency at different s-Opal:l-
706  Opal ratios. Data is shown as mean + SD. Error bars are from 4-6 experiments (80-150 particles
707  per bilayer in each experiment). The significance of the data was confirmed using one-way
708  ANOVA (Prism 8.3) where P<0.0001. C. Mean pore opening time in the absence of s-Opal and
709 at equimolar s-Opal. Significance of the difference was confirmed using t-test (Prism 8.3,
710 P<0.0001). D. Representative hemifusion and pore opening fluorescence time series for homotypic
711  1-Opal experiment, in the absence of s-Opal, top and bottom panels, respectively. Scale bar: 1
712  um. E: representative traces of TexasRed (liposome signal) and calcein (content signal) intensity
713 for homotypic I-Opal experiment. F. Representative hemifusion and pore opening fluorescence
714  traces for a homotypic |-Opal experiment in the presence of equimolar s-Opal. Scale bar: 1 pum.
715  G: Representative trace of TexasRed (liposome signal) and calcein (content signal) intensity for a
716  homotypic I-Opal experiment in the presence of equimolar s-Opal. Source data: Figure 6-source
717  datal.zip

718

719  Figure 6 — figure supplement 1

720  Additional kinetic traces for hemifusion and pore opening under homotypic I-Opal conditions (A),

721  homotypic I-Opal, and I-Opal + s-Opal (1:1) (B) conditions. Hemifusion (TexasRed) trace show
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in red. Pore opening (calcein, content release) trace shown in green. Figure 6-fig supl-source

datal.zip

Figure 7

Summary model for modes of regulation in Opal-mediated membrane fusion. A. s-Opal alone is
capable of tethering bilayers, but insufficient for close membrane docking and hemifusion. B. I-
Opal, in a heterotypic arrangement, can tether bilayers, and upon GTP stimulation promote low
levels of lipid mixing, but no full fusion, pore opening or content release. C. Homotypic I-Opal-I-
Opal tethered bilayers can mediate full content release (i). This activity is greatly stimulated by
the presence of s-Opal, with peak activity at 1:1 s-Opal:l-Opal (ii). Excess levels of s-Opal
suppress fusion, likely through competing with the 1-Opal-lI-Opal homotypic tethering interface

(iii).
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Figure 6-figure supplement 1

A. Additional examples of I-Opa1 (on both bilayers) hemifusion and pore opening
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. Additional examples of I-Opa1 (on both bilayers) + s-Opa1 hemifusion and pore opening
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Figure 7
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