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Abstract: Mitochondria are double-membrane organelles that continuously undergo fission and
fusion. Outer mitochondrial membrane fusion is mediated by the membrane proteins mitofusin 1
(Mfn1) and mitofusin 2 (Mfn2), carrying a GTP hydrolyzing domain (GTPase) and two coiled-coil
repeats. The detailed mechanism on how the GTP hydrolysis allows Mfns to approach adjacent
membranes into proximity and promote their fusion is currently under debate. Using model
membranes built up as giant unilamellar vesicles (GUVs), we show here that Mfnl promotes
membrane adhesion of apposing lipid vesicles. The adhesion forces were sustained by the GDP-bound
state of Mfn1 after GTP hydrolysis. In contrast, the incubation with the GDP:AIF, , which mimics
the GTP transition state, did not induce membrane adhesion. Due to the flexible nature of lipid
membranes, the adhesion strength depended on the surface concentration of Mfnl through a
cooperative binding mechanism. We discuss a possible scenario for the outer mitochondrial
membrane fusion based on the modulated action of Mfn1.
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1. Introduction

The fusion and fission of biomembranes are important events within the eukaryotic cell.
The continuous remodelling of the organelle morphology such as the endoplasmic reticulum (ER) or
mitochondria are essential to maintain cellular homeostasis and viability [1,2]. Membrane remodelling
needs to overcome various energy barriers, where the target membranes must first be brought into
very close proximity and then be destabilised to merge their lipid bilayers. Membrane merging
occurs via a hemi-fusion intermediate structure in which the outer lipid monolayers are mixed
whereas the inner monolayers remain unmixed [3]. Biological systems overcome energy barriers
with the help of specialised proteins to control the efficiency of membrane fusion and fission.
In the Endoplasmic Reticulum (ER), the fusion of membranes and tubules is mediated by the
atlastin protein (ATL), a large membrane-anchored dynamin-like protein (DLP) of the dynamin
superfamily [4]. ATL is next to dynamin one of the best studied DLPs [5]. DLPs are membrane
active GTP hydrolysing proteins (GTPases) with high structural similarity, but low sequence identity
that operate in different organelles within the eukaryotic cell where they trigger vesicle formation,
membrane fusion, or organelle division [4,6,7]. ATL is a bifunctional protein that catalyses the docking
(or adhesion) of the ER membranes through a GTP-dependent dimerization of its GTPase domain
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originating from adjacent membranes (frans), whereas the membrane fusion event is mediated by its
carboxy-terminal (C-terminal) amphipathic helix that destabilises the lipid bilayer [8].

By analogy, mitochondrial fusion is controlled by the membrane-anchored outer mitochondrial
membrane (OMM) DLPs mitofusin 1 (Mfn1), mitofusin 2 (Mfn2) [2,9] and the inner mitochondrial
membrane (IMM) optic atrophy 1 protein (OPA1) [10]. Mfnl and Mfn2 share a high homology of
their amino acid sequence with an identity of 63.46% [11-13]. As ATLs, Mfns are transmembrane
proteins with a large amino-terminal (N-terminal) GTPase domain, two heptad repeat domains (HR1
and HR2) suggested to arrange into coiled-coil structures (Ccl and Cc2) and a hydrophobic region
separated by five amino acids that might arrange into one [14] or two transmembrane segments
(TMSs) [12]. Though the detailed mechanism of the Mfn-mediated membrane fusion is currently
under debate [15], genetics indicate that the presence of a functional GTPase domain is mandatory [16].
Moreover, the available holo and apo crystal structures of truncated Mfn1 [17] together with the crystal
structures of the bacterial DLP (BDLP) suggest that the GTP hydrolysis produces a power-stroke
that changes Mfn from an extended four-helix bundle arrangement to a compact fold-knife like
closed conformation [18,19]. Analogous to ATL, Mfn is hypothesised to approach adjacent trans
Mifn-containing membranes into close proximity through this power-stroke and in this way to promote
the membrane tethering and fusion [17]. The TMSs are absent in solved Mfn crystal structures,
therefore their role during mitochondrial fusion remains speculative. In contrast, the TMSs of ATL
were claimed to be critical for ER membrane fusion and shown to be organised as an intra-membrane
hairpin rather than a bilayer-spanning [20]. Thus, for Mfn, the presence of one or two TMSs might be
crucial to understand the correct protein topology and the molecular movement upon GTP hydrolysis.
The power-stroke might be effected different if the C-terminal end of the protein faces either the
mitochondrial intermembrane space or the cellular cytosol. To date, the accurate sequence of events
remains hypothetical as only a few studies consider the use of the full length Mfn proteins [16,21].

Here we present the existence of a Mfnl-mediated membrane fusion intermediate. The full length
human Mfn1 (homo sapiens Mfn1, hsMfn1) protein was heterologously produced in Escherichia coli and
isolated inner membrane vesicles were tested for membrane fusion activity. In vitro, we monitored
membrane remodelling in the presence of GTP but we did not record any membrane fusion-like event.
These data were extended by the use of palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) giant
vesicles (GUVs) doped with 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (DOGS-NTA) lipids and E. coli membranes carrying histidine tagged hisMfn1. Upon GDP
or GTP incubation, we observed stable adhesion events of apposing vesicles. Surprisingly, in the
presence of the GTP transition-state analogue GDP:AlF, , no adhesion events were observed. Therefore
we suggest that the hydrolysis of GTP as well as bound GDP renders #sMfn1 into an adhesion
competent state. In addition, DOGS-NTA allowed to modulate the amount of histidine tagged
hsMifn1 present on the surface of POPC/DGS-NTA GUVs. We found that the increasing amounts of
hsMfn1 led to a stronger adhesion strength compatible with a cooperative protein—protein binding
interaction. The increasing number of interacting molecules decreases the thermal fluctuation of
the elastic membrane bilayer, which on its turn might promote and facilitate additional Mfn1-Mfn1
contacts from adjacent membranes [22].

2. Materials and Methods

2.1. Chemicals

Potassium chloride (KCI), glucose, sucrose, and 2-Amino-2-thydroxy methyl)-1,3-propane
diol (Tris), hydroxy-pyrene-1,3,6-trisulfonic acid (Pyranine), guanine-5-diphosphate (GDP) and
guanine-5-triphosphate (GTP) were purchased from Sigma-Aldrich. n-Dodecyl-beta-D-maltoside
(DDM) was purchased from Anatrace. Ultrapure water was produced from a Milli-Q unit (Millipore,
conductivity below 18 MQ) cm).
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2.2. Lipids

1,2-dioleoyl-sn-glycero 3-phosphoethanolamine (DOPE), 1-Palmitoyl-2-oleoyl-sn-glycero
3-phosphocholine (POPC), 1,2-di-(9Z-octa decenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxy- pentyl)
iminodiacetic acid) succinyl] (ammonium salt) (DOGS-NTA), E. coli total lipid extract (E. coli
TLE) and the fluorescent probes 1,2-di oleoyl-sn-glycero-3- phosphoethanolamine- N- (lissamine
rhodamine B sulfonyl) (Rh-PE) and 1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]
dodecanoyl]-sn-Glycero-3-Phosphocholine (NBD-PC) were supplied by Avanti Polar Lipids and
suspended in chloroform at 1 mg/mL and stored at —20 °C under nitrogen.

2.3. Cloning of Full-Length Homo Sapiens Mitofusin 1 (hsMfn1)

The gene coding for the homo sapiens MFN1 gene (hsMFN1) was obtained by polymerase chain
reaction (PCR) using template of total cDNA obtained from a human blood sample donated by Hospital
12 de Octubre, Madrid. The hsMfn1 gene underwent PCR under standard conditions [23] using Taq
polymerase (Roche), primers MFN1-FW( 5-GCG GCA GCC ATA TGG CAG AACCTGTTT CTC Q)
and MEN1-RV (5" TGC TCG AGT GCG GCC GCA AGC TTG TCG ACT TAG GAT TCT TCA TTG CTT
GAA GG) and a primer annealing temperature of 50 °C. The obtained PCR product was cloned into the
PGEM-T easy (Promega) vector to construct plasmid pTL1 and was verified by DNA sequence analysis
(UCM-Center for Research Support (CAI) Genémica y Proteémica, Universidad Complutense, Madrid).
To construct His-Mfn1, the #1sMfn1 protein with an N-terminal histidine sequence extension under
the control of a T7 promoter, the hlsMFEN1 gene was excised from pTL1 with restriction endonucleases
Ncol and Xhol and transferred to the bacterial expression vector pET15 (Novagen) to construct pTL2.

2.4. Heterologous Production of hsMfn1 in Escherichia coli

The E. coli SF100 (DE3)-Codon plus-RP strain transformed with plasmid pTL2 (herein: SF100
(DE3)+/pTL2) was used to heterologous produce the histidine tagged full length h1sMfn1. This strain
contains the Codon Plusp CP-RP plasmid (Stratagene) that codes for tRNAs argU and proL that
recognises the arginine and the proline codons respectively of GC-rich mammalian genomes and
necessary to produce human proteins in bacterial systems. The E. coli SF100 strain (F-, AlacX74, galE,
galK, thi, rpsL, AphoA, AompA), a derivative of the E. coli KS272 strain deficient for periplasmic OmpT
protein (protease VII) [24], was further modified to E. coli SF100 (DE3) by the addition of the lambda
phage DE3 cassette (A DE3 Lysogenization Kit-Novagen, Merck Millipore) for protein production
according to manufacturer’s instructions. DE3 allows the Isopropyl g-D-1-thiogalacto-pyranoside
(IPTG) inducible production of T7 polymerase. For protein production, SF100 (DE3)+/pTL2 was
inoculated overnight (ON) at 37 °C in LB growth medium [23] supplemented with 100 pug/mL
ampicillin and 35 pug/mL chloramphenicol. The next day, the ON culture was diluted 1:100 in fresh LB
supplemented with 0.2% glucose, 100 ug/mL ampicillin and 35 pg/mL chloramphenicol in a final
volume of 1 L and incubated at 37 °C in an orbital shaker. At an optical density of 600 nm (ODgp)
of 0.6 culture was supplemented with 1 mM of IPTG and incubated for 1 h. Cells were collected by
centrifugation (10 min at 10,000 x g; Beckman A-10 Rotor; Beckman Coulter Allegra 25R Centrifuge),
resuspended in 50 mM Tris-HCl pH 8.0 supplemented with 20% sucrose (w/v), flash frozen in liquid
nitrogen and stored at —80 °C until further use.

2.5. Isolation of E. coli Inner Membrane Containing hsMfn1

E. coli inner membrane vesicles (IMVs) and IMVs containing #isMfn1 (Mfn1-IMVs), although with
minor modifications, were essentially isolated as described in [25]. Thawed cells were broken
by sonication (10 min; amplitude: 40%; 30 sec on/off cycles) with a Sonics Vibracell VC 750 tip
sonicator (Sonics and Materials Inc. USA) in the presence of 1 mM PMSF (Sigma), 1 mM DTT
(Sigma), 1 mM DNasel (Sigma) and EDTA-free protease inhibitor cocktail (cCOMPLETE; Roche).
Low-spin centrifugation was performed on a Beckman-Coulter Allegra centrifuge (TA-10-250 rotor:
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10 min at 10,000 x g) and high-spin centrifugation was performed on a Beckman Optima-MAX-XP
ultracentrifuge (MLA 80 rotor: 90 min at 327,578 ¢ and TLA 100.3 rotor: 30 min at 264,499x g).
Further characterisation of Mfn1-IMVs as Mfn1 protein stability and or protein orientation was
checked by SDS PAGE [26] and Western blotting [27] using the Mfn1 specific monoclonal antibody
Mfn1 D10 (sc-166644, Santa Cruz biotechnology Inc.) raised against amino acids 10-74 of hsMfn1,
mapping within an N-terminal cytoplasmic domain. The GTP hydrolysing activity of hisMfn1 was
checked by the malachite green phosphate assay [28] that detected inorganic phosphate liberated from
GTP during GTP hydrolysis.

2.6. Preparation of Large Unilamellar Vesicles (LUVs) and Dynamic Light Scattering (DLS) Measurements

Liposomes were prepared according to the standard thin-film hydration method [29]. For the
different formulations used here, the lipid chloroform solutions were mixed and dried using a vacuum
concentrator (Eppendorf). The dried film was then hydrated with 500 uL of buffer solution (50 mM
Tris HCI pH 8) and the final lipid concentration was 1 mg/mL. After vortexing for 10 min, the sample
was extruded through a polycarbonate membrane (100 nm pore size; Avanti lipids). The diameters of
the liposomes at different experimental conditions were measured by dynamic light scattering (DLS)
in a 90 Plus Particle Analyzer (Brookhaven Instruments).

2.7. Total Lipid-Mixing Fluorescence Assay

To monitor the lipid mixing occurring between IMVs, carrying or not Mfn1, upon incubation
with GTP, two sets of IMVs (fluorescent and non-fluorescent) were mixed together in a final volume
of 100 uL. The ratio between fluorescent and non-fluorescent IMVs was 1:6 respectively leading
to a total protein concentration of 1 mg/mL. Prior to mixing, the fluorescent set of vesicles was
labelled with NBD-PC and RhoPE at a 1:5 molar ratio. At this ratio, the NBD group is quenched by
the Rhodamine dye through Forster resonance energy transfer (FRET) [30]. The total concentration
of dyes was lower than 1% mol with respect the lipid content. The fluorescence emission spectra
(480-700 nm) were recorded for an excitation wavelength of 460 nm in a AMINCO Bowman Series 2
spectrofluorimeter before and after 60 min incubation with 10mM GTP. The FRET efficiency before and
after GTP incubation was calculated through the ratio between the acceptor emission (at 593 nm) and
the donor emission (at 523 nm). Control experiments were performed using LUVs made of E. coli TLE.

2.8. Electroformation of Giant Unilamellar Vesicles (GUVs).

Giant vesicles were prepared using the standard electroformation protocol [31]. The fabrication
chamber was composed of two 1-mm spaced conductor indium tin oxide (ITO)-coated slides
(7.5 x 2.5 cm?; 15-25 Q) /sq surface resistivity; Sigma). GUVs were prepared by transferring two 5 pL
drops of 0.5 mg/mL of the lipid mixture to each ITO slide. After solvent evaporation, the fabrication
chamber was sealed using Vitrex paste (Vitrex Medical, Herlev, Denmark). Then, the films were
rehydrated in 200 mM sucrose solution and the electrodes of the chamber connected to an AC power
supply (Agilent, 10 Hz, 1.1 V) for at least 3 h. When indicated, the lipid composition was supplemented
with 0.5% of Rh-PE.

2.9. Confocal Fluorescence Microscopy

Confocal microscopy images of GUVs were collected at 22 °C with a Nikon Ti-E inverted
microscope equipped with a Nikon C2 scanning confocal module, 488 and 561 nm continuous lasers,
emission bandpass filters, and a Nikon Plan Apo 100x NA 1.45 oil immersion objective. The observation
chamber was composed of two circular microscope cover slides (¢ = 25 mm) spaced by a rubber ring
(2.5 mm thickness). To avoid GUV adhesion or breakage, the bottom slide was incubated with
10 mg/mL BSA solution for 20 min prior to use. For observation, the chamber was extensively
washed with 200 mM of sucrose solution. To bind hsMfn1 via its N-terminal histidine tag to the NTA
moiety of the DOGS-NTA lipid present on the surface of GUVs, we collected the detergent resistant
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membrane fraction of Mfn1-IMVs and extruded it through a 100 nm pore. Control experiments were
performed with native E. coli IMVs that did not carry hsMfn1. Then 90 uL of preformed GUVs were
mixed with 10 pL of IMVs and incubated for at least 1 h at 22 °C before used. Subsequently the
monoclonal Alexa Fluor 488 labelled Mfn1 Antibody (sc-166644 AF488) was supplemented to label
the presence of Mfn1l on the GUV surface. When indicated, GUVs were imaged in the absence of
fluorescent antibody, but in the presence of the fluorescent lipid probe Rh-PE, which was added to the
lipid composition previously to electroformation. The confocal fluorescence images were captured with
the Nikon NIS-Elements software and then further processed with Image]J [32], where the fluorescence
signal of the images were normalised to 50% of maximal intensities and the background fluorescence
noise was reduced though the Image J despeckle function.

2.10. Quantification of the Adhesion Energy

The adhesion assay was performed by adding to different nucleotides (GTP, GDP or GDP:AIF, )
and MgCl, at a final concentration of 10 mM and 2.5 mM respectively. The magnesium concentration
was not further increased to double its concentration with respect to the nucleotide concentration as it
will cause the deformation and alteration of the GUV integrity and introduce experimental artefacts.
Adhesion energies of Mfn1-GUVs in the presence of GTP or GDP were measured from the overall
shape of adhered doublets as previously described [33]. Briefly, for each adhesion event, we acquired
confocal microscopy images of the equatorial cross-sections and then further processed with the Nikon
NIS-Elements software. The doublet contour of the GUVs was identified with MATLAB R2013b
(The MathWorks Inc.). Adhesion energy densities E,;, were calculated from the lateral tension and
contact angles based on Young’s equation:

Eggn = 01(1 — cosyy) + 02 (1 — cosypa) 1)

where 01 and o7 are the lateral tensions, and ¥; and 1, are the contact angles. Lateral tension values
were then directly calculated by inserting the reported bending rigidity of POPC-containing GUVs
(x =10 kpT; [34]) in the correlation length ¢, = (x/¢)/2, obtained from fittings of the exponential
functiony = ééx_x(’) /&s + yo to the membrane contour, considered from the rim of the contact area
up to the asymptote in the free membrane. This procedure was repeated for each adhesion event,
thus obtaining an averaged adhesion energy density of all the adhesion events.

2.11. Cooperative Binding Adhesion

The adhesion strength can be analyzed in terms of the theoretical frame provided by the
Dembo et al. [35]
Eqan = kgT[Mfnl4]ln(1+ [Mfnlg]Ksp) @

where [Mfnl,]| and [Mfnlg] are the surface concentrations of Mfn1 in vesicle A and Mfn1 in vesicle B
respectively, kpT is the thermal energy and Kyp is the two-dimensional binding equilibrium constant
defined by:

Kop = [Mfn1"]/[Mfnla][Mfnlg] @)

where [M fn1*], is the surface concentration of the Mfn1-Mfn1 complex. In the limit of [M fn1p]|Kyp < 1
as expected for a weak adhesion regime, E4, is proportional to Kyp, i.e.,

Eudh ~ kBT[anlA][Mfi’llB]KzD (4)

In contrast to rigid surfaces, the specific interactions through multiple Mfn1-Mfn1 membrane
complexes, needs to suppress the repulsive membrane undulations of lipid bilayer counterparts.
This implies that the two-dimensional binding equilibrium constant Kyp is not constant but depend
on the Mfn1 concentration [22]:
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Kop = c(x/ (kgT))2[Mfnl4)[Mfnlg](Kp)? )

where ¢ is a numerical prefactor, « a is the bending rigidity of vesicles, [ is the binding range defined as
the difference between the smallest and the largest local membrane separation at which Mfn1 proteins
can bind and K’ZD is a two-dimensional binding equilibrium constant for planar membranes at the
Mfn1-Mfn1 optimal separation. Inserting Equation (5) into Equation (4) and considering that 3 NTA
lipids can bind one Mfn1 molecule [36], leads to:

Ean ~ (c/81)xI?(Kyp )2[NTAJ* (6)

2.12. Statistical Analysis

When indicated, Student’s t-test was performed to measure the significance of statistical difference
between the different groups. p < 0.05, (x) and p < 0.001, (* * *) were considered statistically significant.

3. Results

3.1. The Heterologous Production of Human Mfn1 Protein in Escherichia coli

The gene of the homo sapiens mitofusin 1 (hisMfn1) protein was cloned and heterologously produced
in Escherichia coli (E. coli). Plasmid pTL2 that carry the MFN1 under the control of T7 promoter was
expressed in OmpT protease deficient strain E. coli SF100 (DE3). Though the overproduction of hsMfn1
was not appreciated on SDS-PAGE (Figure 1A, left), Western blotting using the specific Mfn1 antibody
showed that hisMfnl was present at 60 min and 90 min upon the induction with IPTG, but is then
degraded at later time points (Figure 1A, right). We tried to optimise and maximise the production
of hsMfn1 by testing other growth conditions during protein production as the change of growth
temperature, IPTG concentration or induction time, but we were not successful to obtain higher
amounts of protein with the used strain, nor in other strains (E. coli BL21(DE3) or E. coli C41 (DE3) [37])
known to be optimised for the production of soluble and membrane proteins strains respectively.
For the further experimental setup, we isolated E. coli inner membrane vesicles (IMVs) containing
hsMfnl (Mfn1-IMVs).

3.2. GTP-Hydrolysis of E. coli IMV's Carrying hsMfn1

We tested the ability of Mfn1-IMVs and IMVs that did not carry Mfnl for GTP hydrolysing
(GTPase) activity. We used IMVs at a total protein concentration of 0.1, 0.5 and 1 mg/mL resuspended
in assay buffer (50 mM Tris HCI pH 8; 1 mM MgCl,) and incubated for 30 min at 37 °C in the presence
of either 2 mM or 10 mM of GTP. GTPase activity detected through malachite green assay [28] that
detected the amount of inorganic phosphate released upon GTP hydrolysis. Compared to the control
IMVs, we observed a stimulated GTP hydrolysis of Mfn1-IMVs when incubated with 10 mM GTP
(Figure 1B). No significant GTP hydrolysis was observed when IMVs were incubated with 2 mM of
GTP (data not shown). We observed a correlation of the the amount of P; produced with the amount of
total protein tested (Mfn1-IMVs) and the increase in incubation time (30, 60 and 100 min). At 100 min
the amount of GTP in the sample must have been depleted as no significant increase of the amount of
P; was observed with respect to 60 min of incubation. These results suggest that the heterologously
produced hsMfn1l was proficient for GTP hydrolysing activity, but as we needed a high concentration
(10 mM) of nucleotide to observe the GTP hydrolysis we must conclude that our #sMfn1 protein either
bound or hydrolyzed the nucleotide with a low affinity.
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Figure 1. Characterisation of histidine-tagged full length human Mfn1 protein produced in E. coli
SF100(DE3) strain. (A) 12% SDS-PAGE (left) and Western blot (right) with E. coli SF100(DE3)+/pTL2
cells before (-) or after (60, 90 120 min) after the addition of 1 mM IPTG. The arrowhead indicates
the position of hsMfn1 (~ 82 kDa); (B) GTPase activity of Mfn1-IMVs supplemented with 10 mM
GTP and incubated as indicated at 37 °C before developing with malachite green GTPase hydrolysis
assay of E. coli IMVs in the presence of 10 mM of GTP. IMVs with a total protein concentration of
0.1, 0.5 and 1 mg/mL in the absence (white bars; control) and presence of h1sMfn1 (black bars) were
incubated for 30, 60 and 100 min at 37 °C. Student’s t-test was performed to measure the significance of
statistical difference between the different groups. p < 0.05, (%) and p < 0.001, (* * %) were considered
statistically significant. (C) Protease protection assay of Mfn1-IMVs at a total protein concentration of
1 mg/mL in the absence (No-PK) or presence of 0.1 mg/mL of PK. IMVs No-PK were incubated at
37 °C and IMVs PK were incubated at 4 °C to be able to follow the breakdown. (D) Time evolution of
protein breakdown as quantified from the protein band intensity during PK treatment.

3.3. Characterisation of E. coli IMV's Carrying hsMfn1

To check if hisMfn1 was routed to the cytoplasmic membrane of E. coli, we fractionated the broken
histidine-tagged Mfn1 protein-producing E. coli SF100(DE3)+ cells and identified the presence of
hsMin1 in the isolated cytoplasmic membrane or inner membrane vesicles (IMV). We checked our full
length hsMfn1 for orientation within or IMVs to see if this material was suitable for membrane fusion
experiments. The current model states that for membrane fusion the GTPase domains of adjacent
membranes must face each other and that upon direct interaction and GTP hydrolysis membrane fusion
will take place [21]. We expected the orientation of the membrane and membrane proteins within the
IMVs to be orientated in a scrambled orientation as we used sonication for cell disruption [38]. First
we incubated Mfn1-IMVs up to 1 h in 50 mM Tris HCI pH 8, 50 mM NaCl in the absence of proteinase
K (PK) to test the protein stability within an experimental time frame that should lead to membrane
fusion. The presence of hsMfnl was checked by Western blotting. No degradation of hisMfnl was
observed (Figure 1C, left). Then, we incubated Mfn1-IMVs at 4 °C in the presence of 0.1 mg/mL PK
(Figure 1C, right). At 4 °C PK activity was moderated and under this condition we could detect a
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difference in protein profile and avoid the immediate collapse of the Mfn1-IMVs. Within the first
four minutes we observed a 60% reduction of the Mfn1 signal, whereas the total protein profile of the
background did not significantly change (Figure 1D). Longer incubation times deteriorated the total
protein profile (80% degradation of hsMfn1 after 8 min and 85-90% degradation of hsMfn1 after 15 to
30 min) (Figure 1D). Eventually the PK collapsed the IMVs and digested all proteins present in the
membrane. This experiment roughly indicated that hsMfn1 was oriented approximately 50:50 with its
large N-terminal soluble domain facing both sides of the membrane. Here we could not conclude if the
N- and C-terminal domain of Mfn1 faced the same or opposite sites of the membrane. These results
indicate that our material is suitable for in vitro fusion experiments as the h1sMfn1 protein that was
oriented to the external face of the membrane will participate in the fusion process.

3.4. Lipid Mixing Assay of Mfn1-IMV's

The fusion between lipid membranes was accompanied with the mixing of the lipid content
present on both bilayers, so that the lipids from one membrane were able to diffuse into the other
membrane and vice versa. A FRET-based assay is typically used to monitor the lipid exchange [39].
The principle consists of labelling one population of membranes with lipid fluorescent probes acting as
donor and acceptor at sufficient concentration to produce FRET. Figure 2A shows IMVs labelled with
NBD-PC (donor) and RhoPE (acceptor) at different molar ratios. An efficient FRET signal from the
NBD dye to the rhodamine dye was found at a molar ratio of 1:5 respectively. The fusion of labelled
IMVs with non-labelled IMVs leads to a dilution of fluorophores present of the labelled membranes
by increasing the distance among them and a decrease the FRET efficiency was monitored upon
excitation of the donor probe. Because the presence of 1sMfnl might have led to vesicle fusion upon
GTP hydrolysis, we monitored the fusion between Mfn1-IMVs and compared the result with fusion
of IMVs in the absence of Mfnl. Surprisingly, for both cases we observed an average increase of 20%
of the FRET efficiency (Figure 2B). The absence of an expected FRET decrease for hisMfnl-carrying
membranes suggested the existence of membrane remodelling effects, such as aggregation, rather
than membrane fusion. To support this interpretation, we also monitored, as a control experiment,
the spontaneous membrane fusion of LUVs made of E. coli total lipid extract (E. coli TLE) in the
presence of 10 mM GTP and the absence of proteins. In this case, the observed decreased FRET signal
within the measured experimental time-scale was associated with the dilution of NBD-PC and RhoPE
concentrations as the result of spontaneous membrane fusion (Figure 2B).
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Figure 2. Total lipid mixing assay of inner membrane vesicles (IMVs). (A) Fluorescence emission
spectra of IMVs labelled with NBD-PC (donor, D) and RhoPE (acceptor, A) at a different molar ratios.
The excitation wavelength was 460 nm. The peaks at 523 and 593 nm correspond to the maximum
fluorescence emission of the donor and acceptor respectively. An optimal Forster resonance energy
transfer (FRET) from NBD to Rhodamine was observed at molar ratios of 1:5 between the donor and
the acceptor. (B) FRET efficiency ratio of IMVs (left), Mfn1-IMVs (middle) and E. coli total lipid extract
(TLE) large unilamellar vesicles (LUVs) (right), before and after 60 min incubation with 10 mM GTP.
Student’s t-test was performed to measure the significance of statistical difference between the different
groups. p < 0.05, (%) and p < 0.001, (x * =) were considered statistically significant.
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3.5. Specific Binding of hsMfn1 Protein to the GUV's

To visualise differences in membrane remodelling events mediated by hsMfn1, we used giant
unilamellar vesicles (GUVs) composed of POPC mixed with DOGS-NTA at a mol% ratio of 80 to 20,
respectively. GUVs were decorated with the detergent resistant fraction of Mfn1-IMVs. To confirm
the specific binding of hsMfn1 to the DOGS-NTA moiety on the POPC/DOGS-NTA GUVs surface we
used the monoclonal Alexa Fluor 488 conjugated Mfn1 Antibody (x-Mfn1-488). The incorporation of
the histidine-tagged Mfn1 on the lipid surface of GUVs (hsMfn1-GUVs) was monitored by confocal
fluorescence microscopy as an increase in the fluorescent signal of the vesicle contour (Figure 3,
top row). We observed a dotted fluorescence signal along the contour of vesicles, which kept their
spherical shape with a variable size ranging from a few up to several tens of pm. The addition of
imidazole up to a final concentration of 100 mM cleared the sharp fluorescent contour of the GUVs
(Figure 3, middle row). Imidazole disrupts the interaction of the DOGS-NTA lipid and the histidine
residues of the hisMfnl protein and the dislodged protein (and its fluorescent label) returned into
the buffer solution. An additional proof for the specific interaction between histidine-tagged Mfn1
and NTA lipids was obtained by incubating POPC GUVS (without DOGS-NTA) with hsMfn1 and its
fluorescent antibody, as well as POPC/DOGS-NTA GUVs with solubilised native E. coli IMVs that did
not contained #sMfn1 and the fluorescent Mfnl-antibody. Under these conditions we did not obseve a
discrete fluorescent contour of GUVs but rather a weak, fuzzy and diluted background signal of the

buffer (Figure 3 bottom row).

; = Mfn1-IMVs

imidazole

+GTP

Figure 3. Specific binding of hsMfnl protein to giant unilamellar vesicles (GUVs). Confocal
fluorescence microscopy images showing the time series of the binding (top row) and release (middle
row) of ®-Mfn1-488 antibody to hsMfnl immobilised on the surface of POPC/DOGS-NTA GUVs.
Prior to the incubation with POPC/DOGS-NTA GUVs, hsMfnl itself was incubated with a-Mfn1-488
(green signal). To release the bound hsMfn1 from the POPC/DOGS-NTA GUVs, increasing amounts of
imidazole were added to the sample. Control assays (bottom row), where POPC GUVs (in the absence
of DOGS-NTA) were incubated with Mfn1-IMVs (bottom row, Mfn1-IMVs) or POPC/NTA GUVs were
incubated with solubilised E. coli IMVs (bottom row, IMVs) showed no labelling of the GUV contour
upon incubation with a-Mfn1-488. To visualise the presence of GUVs in the fluorescence images of the
control experiments, the raw data were not corrected for signal-to-noise ratios. The addition of GTP to
these samples did not promote adhesion of vesicles. Scale bars are 10 um. Each control was repeated
independently at least three times.
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3.6. The GDP-Bound State of Mfnl Promotes the Adhesion of Lipid Vesicles

Upon the incubation of hisMfn1-GUVs with GTP and MgCl, at a final concentration of 10 mM and
2.5 mM respectively, we observed individual and multiple formation of adhesion areas when GUVs
came into proximity (Figure 4A,B). The incubation of hsMfn1-GUVs with GDP and MgCl, also induced
the formation of individual and multiple adhesion events of #1sMfn1-GUVs (Figure 4C). These findings
suggested that under both conditions, we might look at the GDP-bound state of #sMfn1. To confirm
this hypothesis, we performed the same experiment in the presence of the GDP:AIF, (Figure 4D).
GDP:AIF, bound to the nucleotide binding site of Mfn1 where the fluoride molecule mimicked the
v-phosphate of GTP and and the protein remains trapped in the GTP transition state [40]. As expected,
we did not observe any significant adhesion of vesicles (Figure 4D). This result indicated that the
hydrolysis GTP was important for membrane adhesion. Crystal stuctures showed that the Mfn1 dimer
was only formed in the presence of GDP:AIF,; or GDP:BeF; [41]. GTP- or GDP-bound Mfn1 crystals
resided as monomers and were indistinguishable from the apo-Mfn1 [41]. If present, the reported
GDP:AIF, Mfnl dimer [17] must have been present in a cis interaction originating from the same
membrane surface. This dimer was not proficient in membrane adhesion. The hydrolysis of GTP
unlocked the transition state and induced a 77° rotation of the GTPase-domain re-orienting the Mfn1
binding interface [17].

o GD‘P D GDP:AIF,-

Figure 4. Membrane adhesion of GUVs promoted by hsMfn1. Confocal fluorescence micrographs of
GUVs incubated with solubilised E. coli inner membranes carrying hsMfn1 and the a-Mfn1-488 antibody
(top row, protein channel). (A) in the absence of nucleotide, (B) in the presence of GTP, (C) GDP and
(D) GDP:AIF; . The GDP:AlF, complex did not promote vesicle adhesion. Similar results were
obtained with GUVs labeled with RhoPE in the absence of ®-Mfn1-488 and incubated with solubilised
Min1-IMVs (bottom row, lipid channel). (E) in the absence of nucleotide, (F) in the presence of GTP,
(G) GDP and (H) GDP:AIF, . The lipid composition of GUVs was POPC/DOGS-NTA 80/20 mol%
ratio. Scale bars are 10 um. Each condition was repeated independently at least 3 times.

To exclude that the vesicle adhesion was mediated by the presence of the Mfnl-antibody;,
we performed the assay in the absence of a-Mfn1-488 antibody, but labelled the GUV membrane
with the fluorescent lipid probe Rh-PE. The presence of GTP or GTP also resulted in the adhesion
of single and multiple events whereas the incubation with GDP:AIF, did not promote adhesion
between apposing vesicles (Figure 4E-H). However, the addition of GTP or GDP produced the
formation of lipid fluorescent aggregates inside GUVs. Very recently, the ability of the HR1 of Mfn1
to induce liposome fusion in vitro has been shown. The fusion activity was associated to its capacity
to destabilise membranes through its insertion into the lipid bilayer. This ability might explain
the observed membrane destabilization here [42]. Finally, to rule-out that the observed membrane
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adhesion could be mediated by unspecific interactions between other proteins originating from the
E. coli inner membranes, we incubated with 10 mM GTP both the solubilised Mfn1-IMVs incubated
with POPC GUVs (in the absence of DOGS-NTA) (Figure 3 bottom row, hisMfn1) and the solubilised
native IMVs with POPC/DOGS-NTA GUVs (Figure 3 bottom row, EcIMVs). No adhesion events
were observed in those samples as i1sMfn1 was either absent or not able to bind to the GUV surface.
The presence of Mfn1-IMVs between two adhered vesicles could trigger vesicle association through
histidine-tag/Ni-NTA interactions from both IMV-GUYV interfaces, as long as there are multiple Mfn1 in
IMVs. However the histidine-tag/Ni-NTA interaction did not depend on GTP hydrolysis and we never
observed membrane adhesion of GUVs incubated with Mfn1-IMVs in the absence of nucleotide (see
Figure 4A,E). Thus we can conclude that the histidine-tag/Ni-NTA interaction from an hypothetical
GUV-IMV-GUYV arrangement can be ignored.

3.7. GTP-Dependent Change of the Average Diameters Mfnl-LUVs

To obtain an estimate of particle size of our preparations, we determined the average diameters
of POPC/DOGS-NTA LUVs (80:20 mol%) after incubation with Mfn1-IMVs in the presence of
GTP by means of dynamic light scattering (DLS) on a ZetaPlus Particle Analyzer (Brookhaven
Instruments). Pure POPC/DOGS-NTA LUVs were found to have a mean diameter of 98 + 1 nm at
20 °C. Upon incubation with Mfn1-IMVs, the mean hsMfn1-LUV diameter increased to 111 + 1 nm.
The addition of GTP to a final concentration of 10 mM increased the mean /sMfn1-LUV diameter
within 1 h from 121 £ 2 nm to 145 4+ 3 nm. This observed increase in size of ~32% supports the
Mfnl-mediated adhesion of LUVs upon GTP hydrolysis. In addition, the polidispersity index found
for all samples (PDI < 0.2) indicated that the samples were monodisperse.

3.8. The Adhesion Strength Mediated by GDP-Mfn1 Is Comparable to GTP-Mfn1

We measured the nucleotide-dependent adhesion strength of hisMfnl proteins in vesicle pairs.
The quantification of the adhesion strength was based on geometrical considerations from the shape of
adhered vesicles regardless the nature of the binding molecules. Two adhesion regimes were described
depending on the “tension state” of adhered vesicles [43]. In the weak adhesion regime (E,g, < 107°
J/m?2), the shape of the vesicles results from the interplay between adhesion and bending energy and
the septum between vesicles exhibit a curved shape. In the strong adhesion regime (E, g, > 107°]/m?),
the bending rigidity is negligible and the vesicles form a shape that is very close to a spherical cap. In
our case, the curved contacts displayed by vesicles (see Figure 4) were consistent with a weak adhesion
scenario. Depending on the adhesion strength, different approaches were used to obtain the binding
strength of adhering molecules [33,44,45]. None of them provided information on the origin of the
physical interactions between molecules but have been widely used to determine the adhesion energy
promoted by very different systems based on polymer-induced osmotic depletion [44], ligand-receptor
interaction [46] or electrically-induced adhesion [45].

We analysed [33] multiple adhesive events and measured the contact angles 1, {, between
adhering GUVs (see Figure 5A for details). The bending modulus x of the lipid bilayers, which is
needed to estimate the lateral tensions (see Equation (1)), were taken from the reported values of POPC
vesicles [34]. Finally, we calculated the adhesion energy using the experimental values of the pair
averages of angles and tensions of adhering vesicles using Young’s Equation (1). We measured an
adhesion strength of E g, = (2.7 & 0.7)1078 J/m? upon GTP incubation that remained unchanged
to E,gn = (2.7 £0.5)1078 J/m? when incubated with GDP (Figure 5B). Although the presence
of the a-Mfn1-488 alone was not able to artificially tether the GUVs and produce the adhesion
interface (see Figure 3, top row and Figure 4A), it is well known that at high concentration and
close vicinity immunoglobulins can induce “artificial” protein-protein interaction or contact [47].
To estimate the effect of the labelled antibody on the adhesion energy of GUVs we also quantified
the adhesion strength in the presence of GTP or GDP but in the absence of Mfnl-antibody.
We obtained E,z; = (1.4 +£0.3)1078 J/m? and E,4, = (1.8 £0.5)1078 J/m? respectively (Figure 5B).
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Although slightly lower, the obtained values are of the same order to that obtained in the presence
of Mfnl-antibody. These results exclude a significant contribution of the labelled antibody to the
adhesion of vesicles.
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Figure 5. Quantification of adhesion strength. (A) Schematic diagram of two GUVs in adhesive
contact. Contact angles are denoted by 1, ¢, and 07 and 0 are the lateral tensions. The vesicle contour
was obtained from the pixels with maximum fluorescence intensity (stars in the zoomed area) and

(X*X())/C'V
a

fitted to the function y = ¢, + yo from the rim of the contact area up to the asymptote in the free

membrane. Lateral tension values were directly calculated using the correlation length & = (x/0)1/2,
where x = 10xgT is the reported bending rigidity of POPC-containing GUVs [34]. (B) Adhesion
strength of POPC/DOGS-NTA GUVs (80:20 mol%) carrying hsMfn1 proteins under GTP (N = 35, 10) or
GDP (N = 16, 10) incubation and the presence (squares) or absence (circles) of ®-Mfn1-488 respectively.
(C) Adhesion strength of POPC/DOGS-NTA GUVs binding hsMfn1 proteins under GDP incubation
and as a function of the concentration of NTA. In parenthesis, the number of adhesive events analysed.

Data were fitted to Equation (6).
3.9. Binding Cooperativity of Mfn1-Mediated Membrane Adhesion

In general, binding cooperativity during membrane adhesion resulted from a decrease in the
roughness of the lipid bilayers with the increasing number of ligand-receptor bonds. These interactions
constrained the membrane undulations and facilitate the binding of additional receptor and ligand
molecules [22]. A direct approach to alter the adhesion strength was used to confirm and extend this
scenario. We titrated the concentration of the surface-bound #sMfn1 through the DOGS-NTA linker
molar ratio and measured the adhesion strength E,;, for GUVs containing 10, 15, 20 and 25 %mol
DOGS-NTA in the presence of GDP. We did not observe vesicle adhesion below a critical concentration
of 10% mol of DOGS-NTA. A minimal amount of NTA linkers is required to achieve stable binding
of his-tagged molecules through the formation of multivalently bound species and prevent their
desorption [36,48]. In general, vesicles carrying more DOGS-NTA lipids exhibit higher specific
adhesion strength (Figure 5C). Increasing lateral tension through the cooperative binding mechanism
increases the adhesion strength E,; up to approx. 10~7 J/m?. From the fit to E 4, o (Kop)?[NTA]*
(Equation (6)) we obtained a K;J ~ 0.1 nm? per molecule. This value was three orders of magnitude
lower than the two-dimensional binding equilibrium constant obtained for high affinity molecules
such as antibodies [49,50]. Nevertheless, the attractive interactions promoted by Mfn1 molecules were
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strong enough to counterbalance the undulation forces from membrane fluctuations but not sufficient
to drive complete membrane fusion.

3.10. Lipid Mixing Assay of GUVs Bearing Adhesion

Complete membrane fusion proceeds through a series of intermediate stages that include
membrane approach and deformation; membrane adhesion; hemifusion, leading to lipid mixing
of outer monolayers; and formation and growth of a fusion pore, leading to mixing of the two aqueous
compartments [3]. To ascertain if the Mfnl-mediated adhesion of GUVs triggered the formation
of hemifused vesicles we monitored the fluorescence density redistribution between two adhering
vesicles. One of the vesicles contained 0.5 mol% Rh-PE as a fluorescent membrane label and the other
vesicle had no fluorescence. After adhesion only a weak fluorescent rhodamine signal was monitored
on non-fluorescent vesicles (Figure 6, top row). The fluorescence gain measured in non-fluorescent
vesicles was 2-10 times lower than the theoretical ratio displayed for vesicles enduring hemifusion [51].
Nevertheless, we found only that 10% of cases showed lipid redistribution (Figure 6, bottom row).
The absence of lipid exchange indicates the lack of lipid hemifusion structures, a process that is key for
membrane fusion [51]. Protein-independent lipid mixing and subsequent membrane fusion may be
only efficient for highly curved vesicles with a diameter of 100-200 nm [42] or the result of membrane
destabilisation by the presence of non-bilayer lipids [52,53]. To test the role of lipid composition,
we included up to 50 mol% of the fusogenic dioleyl- phosphatidylethanolamine (DOPE) [54] into the
bilayer composition. We were not able to observe any fusion event or GUV collapse evolving from two
adhering vesicles into one spherical vesicle (data not shown). Moreover, the steric hindrance provided
by the existence of Mfn1-IMVs between adhering vesicles might have prevented the formation of the
hemifusion state required for a complete membrane fusion. As we could not discard a lipid transfer
from membranous structures present within the bulk solution, the promotion of membrane hemifusion
by hsMfn1 requires further investigation using micromanipulated vesicles [51].

Figure 6. Time evolution of lipid mixing assay in GUVS bearing Mfnl-induced adhesion.
Lipid mixing was monitored when fluorescence intensity was observed on the non-labelled vesicle
after adhesion of two GUVs, one of them labelled with Rh-PE (0.5%mol). In 90% cases (N = 10) no
fluorescence redistribution between vesicles was observed (top row). Only in one case, a fluorescent
signal appeared in the non-labelled vesicle, suggesting lipid mixing (bottom row). Note that the
equilibrium was only reached after 20-30 min. Scale bars are 10 um.

4. Discussion

Mitochondria are highly dynamic and interconnected organelles that undergo continuous fusion
and fission events to ensure a balanced mitochondrial homeostasis [55] and guarantee the constant
supply of biochemical energy in form of ATP [56,57]. Mitochondrial dynamics are controlled by the
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dynamin-related protein 1 (Drp1l), Mfn1 and Mfn2 and Opal, all dynamin like proteins (DLPs) and
members of the of the Dynamin protein superfamily that catalyse diverse membrane remodelling in
different organelles [58]. Drp1 acts during the fission event, whereas Mfn1, Mfn2 and Opal, localised in
the OMM and the IMM respectively, operate upon the fusion event. During membrane fusion,
DLPs are believed to share common mechanical features derived from dynamin protein including
protein dimerization and a large conformational change within the monomers upon the binding
and hydrolysis of GTP [15,59]. Nonetheless, the DLP family GTPases have been reported to have a
rather low affinity for GTP nucleotides when compared with small regulatory GTPases of the Ras
family, where the balanced action of associated guanine nucleotide-exchange factors (GEF) or guanine
nucleotide-activating proteins (GAP) control their high affinity GTP binding and hydrolysis [60].

The available crystal structure of the Mfn1 deletion mutant that lacked both TMSs (an Mfn1;y;)
resulted in dimerisation in the presence of GDP:AIF,; but remains monomeric in the absence of
nucleotide and in presence and of either GTP or GDP [41]. GDP:AIF, is widely used in functional and
crystallographic studies of GTP binding proteins [61], mimicking the GTP structure where the AIF,
positioned as the y-phosphate of GTP [62] and assembleed into a ternary complex with an enhanced
thermodynamic stability relative to the Mg-GDP-protein complex [63]. The displacement of the Mg?*
reduced the GTP hydrolysis and allowed it to trap the transient GTP induced conformational state of the
GTP binding protein [64]. The binding and hydrolysis of GTP only took place upon dimer formation,
where the GTP transition state during GTP hydrolysis was shown to be stabilised through the presence
of additional sodium or potassium ions within the active site [65]. The dimerization of Mfn1 was
mainly mediated via a hydrophobic cluster and salt bridges within the GTPase-domain interface across
the nucleotide-binding, thus if GTP hydrolysis triggered, among other processes, mitochondrial fission
and fusion, it should be controlled to not squander GTP by continuous hydrolysis [66].

The presence of a control mechanism could be envisaged for the activity of the Mfn1 and Mfn2
proteins. They are very similar in sequence and predicted tertiary structure, but the purified proteins
were shown to differ in their GTP hydrolysis rates during fusion. Mitochondria that only carried
Min1 or Mfn2 displayed a relatively low fusion efficiency [11,67]. Mfn2 exhibited a greater binding
affinity for GTP than Mfn1, but Mfn1 exhibited a higher GTP hydrolyzing activity [16]. This is an
indication that membrane fusion needed the right stoichiometry between Mfnl and Mfn2. This
might be achieved through a pre-translational regulation. The mRNA levels of both Mfnl and
Mifn2 varied among different tissues. Mfnl was preferentially expressed in heart, liver, pancreas,
adrenal glands, and testis [68,69],whereas Mfn2 was more abundant in heart, skeletal muscle, brain,
adrenal glands and brown adipose tissue [13,70,71]. Mutations in Mfn2 were associated with the
neurodegenerative disorder Charcot-Marie-Tooth syndrome type 2A (CMT2A) and some of these
mutants were unable to support fusion alone [72]. However the combination of these mutants in
cis (on the same membrane) or in trans (on opposite membranes) with wild-type Mfn1 was able to
rescue the mitochondrial phenotype and CMT2A [72,73]. Recently, a region within Mfn1 adjacent to
the GTPase domain that extends into the HR1 domain called the mitofusin isoform-specific region
(MISR) was identified [74]. Exchanging this domain between Mfnl and Mfn2 highlighted its unique
contribution to nucleotide-dependent self-assembly of Mfnl and may have been involved in the
regulation of the fusion activity of Mfn1 alone or in concert with Mfn2. In bacterial dynamin-like
proteins (BDLPs), this region contains a hinge that mediates a switch from an open to a closed
conformations of the protein [18]. In analogy to this switch, MISR was proposed to regulate the
fusion events either directly as an interaction interface that promotes higher-order assembly of Mfn
or indirectly through a nucleotide-dependent conformational changes, switching from a “rest” to an
“active” state [74]. In particular, upon GTP hydrolysis, the Mfn1l monomers rotated ~ 77° within their
first HR1 domain giving rise to large conformational change that was interpreted as the power-stroke
necessary for membrane fusion [17,75]. This large rotation disrupted the Mfn cis-dimers and produced
extended GDP-bound monomeric Mfn1 proteins. These monomers did not permit the formation of
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Min1 cis-dimers due to a change in geometry and the displacement of their interaction interface [17]
(Figure 7A).

The post-translational regulation of fusion activity through the modulation of a co-factor or
the oligomeric state of the protein is a feature that seems to be conserved for other dynamin family
members [76] as observed for atlastin (ALT), a membrane protein involved in the fusion of the
endoplasmic reticulum (ER) [77,78].The presence of GTP induces a relatively weak ALT dimer that
is strengthened by GDP:AIF, [79]. The precise timing and necessity of GTP hydrolysis might be
triggered by the availability ions as K* and Mg?*, shown to render the nucleotide-binding pocket
within the GTP binding domain highly selective to promote nucleotide hydrolysis [41,75].

In relationship to the high complexity of the fusion event it is worth mentioning that next
to the described mitochondrial fusion activity, Mfn2 was reported to be implicated in the direct
interaction between mitochondria and the ER. So far, the claims on the ER-mitochondria tether are
based on phenomenological observations giving rise to alternative interpretations that are heavily
under debate [80]. The debate concentrates on the role of Mfn2 during the ER-mitochondria tether.
On one side it is claimed that Mfn2 favours the ER-mitochondria tether [81,82] or rather prevents
it where it functions as a negative regulator [83-86]. The meaning of these observations or their
underlying molecular details are not yet understood, but another indication of the distinct roles of
Min1 and Mfn2 during mitochondrial homeostasis.

Another important aspect that will be mentioned but not further discussed is the regulation of
Min activity through the phosphrylation by the PINK1 phosphorylase that initiates mitochondrial
recruitment for apoptosis. Phosphorylated Mfn2 that promotes mitochondrial mitophagy has
no fusogenic activity [87]. A combination of phosphorylation, either promoting or preventing
mitochondrial fusion, of Mfn and their resulting conformational changes determines the molecular
behaviour of Mfn [88,89].

The fusion of individual mitochondria consists in the physical apposition of the organelles and
the tethering of the adjacent OMMs that further progresses to their fusion which is then followed by
the tethering and fusion of their IMMs [21]. The overall activation energy for spontaneous bilayer
fusion, comprising all the intermediate stages, has been measured very recently [90]. The authors
reported a value of 30 kgT, which is at the lowest range of previously estimated from theoretical
models (20 to 150 kgT). From a thermodynamic point and as long as the membranes are close enough,
a low energy input might trigger membrane fusion. In other words, membranes are ready to fuse if
other forces, such as the steric repulsion from membrane fluctuations, would not prevent the approach
of apposing membranes. The current picture of Mfn-promoted fusion is based on the direct conversion
of the biochemical energy from GTP hydrolysis into mechanical movement; thus proteins are often
seen as mechanical actuators that undergo large conformational upon nucleotide hydrolysis to exert
unbalanced mechanical forces. The energy provided by the hydrolysis of one GTP molecule to GDP
produces about 20 kpT. If we consider that only a 40-50% of this energy is transformed into mechanical
force [91], the hydrolysis of only a few GTP molecules would provide sufficient energy to exceed the
energy barrier required for membrane fusion. However, cryo-EM tomography studies show that the
adhesion state previous to fusion in yeast is structurally maintained by tens of proteins spread over the
contact region between apposing mitocondria, where the initial cluster of the Mfn-homolog Fzolp [92]
creates of a protein-denuded contact zone in both adhering membranes that allows the bilayers to
contact and merge [92]. Considering a cross section for a single adhesion contacts in mitochondria
of 1072 — 10! um? [92]; the surface energy required for fusion would be 30kpT distributed over this
area and E,g, ~ 1078 — 10~7 J/m?. This range matches the experimental value obtained from our
experiments. Moreover, also from the EM experiments, the distribution of 30 kT over 102 molecules
leads to a binding interaction of ~1 kJ/mol, which is the typical value for protein-protein surface
interaction. In consequence, the energy input provided by a single protein is on the order of 1 kT and
only a cooperative mechanism involving multiple contacts would suppress the repulsive membrane
undulations of lipid bilayer counterparts and thus overcome the activation energy barrier for fusion.
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The cooperative action of multiple trans-dimers was commented for Fzolp, where the initial weak
trans protein—protein interaction is strengthened to eventually lead to membrane fusion [92]. It is
believed that Fzolp is able to carry out both functions performed by Mfn1 and Mfn2 [12].

In our experiments (Figure 7B), no adhesion of adjacent Mfn1-GUVs is observed when incubated
with GDP:AIF, [93] (see Figure 4D,H). We propose Mfn1 to reside in a fusion incompetent state as the
material behaves like bare GUVs. This state might correspond to the GTP transient state, structurally
supported by a GTP-bound dimeric coformation of two parallel cis-arranged Mfn1 proteins within the
same membrane[41]. Thermal shape fluctuations of the elastic membrane bilayer, with an amplitude
of 100 nm, might act as a source of long-range interactions between cis-dimers as was observed
for cadherin molecules [94]. Upon GTP hydrolysis, in the presence of GTP or GDP, the GTP-state
turns into an adhesion competent GDP-state (Figure 4B,C,FH). Now, Mfnl dimers might undergo a
large conformational change that leads to the extended GDP-bound monomeric state [17]. Upon the
formation of trans-Mfn dimers, the amplitudes of the membrane fluctuations diminish and a stiffer
membrane facilitates the formation of additional trans-Mfn dimers. We observe that for our set-up
as the GUV adhesion and the adhesion strengths were correlated with the cooperative availability of
Min1 trans-dimers within the adhesion interface Figure 5C [22].
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Figure 7. Working model for the role of Mfn1 on the adhesion of lipid membranes. (A) Crystal
structure of MFN1 construct (without Cc2 and transmembrane domains; pdb 5GOE (green; [17,75]) and
pdb 5YEW (grey; [17]). The conformational change of the GTPase domain relative to the first coiled-coil
domain HRI1 is indicated with an arrow. (B) A possible scenario for Mfnl-mediated membrane
adhesion. According to the available literature, our data suggest that the Mfn1 proteins resides
in a cis-dimer GTP-bound state that is disrupted upon GTP hydrolysis. GTP hydrolysis produces
a conformational change from a compact “GTP-bound” cis-dimer to an elongated “GDP-bound”
monomeric state [17]. These monomers are now able to interact in trans with other extended proteins
GDP-bound Min1 proteins from adjacent membranes. Interaction affinity and the adhesion strength is
primarily determined by the distance between the adjacent undulating membranes. The formation
of trans-dimers limits the local membrane undulations and promotes the formation of additional
trans “GDP”-Mfn1 interactions. In this way, the adhesion force depends in a cooperative manner
depending on the local protein concentration and the strength of membrane undulation. At low protein
coverage, the repulsive membrane undulations prevent membrane adhesion (Top), whereas a high
protein coverage leads to a cooperative binding of the lipid bilayer counterparts (Bottom). With our
setup, we do not observe any fusion event, therefore we suggest that the complete membrane fusion
requires additional factors such as the presence of the Mfn2.
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A similar mechanism might occur in mitochondria and other organelles. According to the
crystal structures of BDLP [18], mitochondrial apposition and tethering would solely be controlled
by the dimerisation of the N-terminal GTPase domains. Though mutations within the functional
GTPase domain interfered with mitochondrial fusion they did not affect mitochondrial tethering [72].
As a result mitochondrial aggregation inside the cell was observed [95]. Very recently it has been
stressed that being a soluble protein [18], the GTPase dimerisation of the BDLPs do not represent
the membrane bound conformation of the DLPs [18,19]. The available crystal structures of Mfnl
or Mfnljys [17] missing either their C-terminal domains or only the predicted TMSs respectively,
have been arranged and modelled with respect to BDLP without considering the missing parts
of the proteins. The C-terminal part as the TMSs have been assigned to be important for proper
orientation and function of the protein. Early biochemistry indicated that the tethering and adhesion
is initiated via an anti-parallel trans binding of the HR2 domain [95,96] and it was proposed that the
C-terminus comprising this region faced to the cytosol [12]. However, recent biochemistry indicate
that the C-termini of Mfn point to the mitochondrial intermembrane space [14] and thus challenges the
topology model and the anti-parallel binding of the HR2 domain. Moreover, the importance of the TMS
and the C-terminal HR2 domain for protein assembly and activity was demonstrated for the proposed
mechanism of ER fusion catalyzed by the ATL protein [97,98]. Within the dynamin super family,
the ATL protein is one of the closest relatives of Mfn. The ATL TMS forms an intramembrane hairpin
that does not span the phospholipid bilayer [20] and Mfn-ATL chimeras carrying the ALT TMS were
localised to the ER and promoted ER fusion [97,98]. Therefore, organelle specific information must be
encoded in this region [74]. In addition, hydrophobic residues upstream to the Mfn TMS were shown
to play a role in membrane targeting but not fusion [97,98]. Whether the conformational changes of
the Mfn are the mechanical basis for mitochondrial tethering and fusion as their arrangement of Mfns
into cis and trans dimers currently remains unclear [55].

5. Conclusions

We have studied the membrane adhering properties of Mfn1 specifically bound to the surface
of giant lipid vesicles through the interaction between the histidine-tagged protein and NTA-lipids.
The adhesion between protein-decorated vesicles was promoted upon incubation with GDP and
GTP, whereas the GTP transition-state analogue GDP:AlF, did not induce membrane remodelling.
The adhesion strength mediated by Mfn1 is weak (=~ 1078 J/m?), but the binding of proteins from
apposing membranes followed a cooperative behaviour as the NTA accessible sites were increased
on the surface of lipid bilayers. Cooperative binding might act as a regulating mechanism to prevent
an uncontrolled ready-to-fuse state of Mfnl. According to the current literature, we propose Mfn1 to
change upon GTP hydrolysis, from a fusion incompetent dimeric state within the same membrane
to an adhering GDP-bound monomeric state. As we did not observe fusion-like events, other factors
might be required to orchestrate the Mfn-mediated fusion process in artificial models. Such claim
forms a solid foundation for further research and requires the joint reconstitution of Mfn1 and other
proteins such as Mfn2 in model lipid bilayers.
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