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Dnm1 and Fis1 expression and purification  

A pMALc2x plasmid encoding the gene for E. coli maltose-binding protein (MBP), 
followed by ENLYFQS (a tobacco etch virus (TEV) protease recognition sequence) and the S. 
cerevisiae Dnm1 sequence, was transformed into Rosetta cells (Novagen) and grown at 37 ºC to 
an OD600 of 0.5 in Super Broth with chloramphenicol (34 μg/mL) and kanamycin (30 μg/mL). 
Protein expression was induced with 0.6 mM isopropyl 1-thio-β-D-galactopyranoside at 18 ºC 
overnight. Cells were harvested by centrifugation and resuspended in MBP column buffer (50 mM 
phosphate pH 7.4, 500 mM NaCl, 5 mM MgCl2, 1 mM DTT) containing protease inhibitors (Roche 
Applied Science). Cells were lysed with 5 passes through an EmulsiFlex C3 (Avestin) at 20,000 
psi. DNase was added to the lysate to 2 μg/mL, and cell debris was removed by centrifugation. 
The resulting supernatant was applied to an amylose resin (New England BioLabs) and the desired 
product eluted using 20 mM maltose added to MBP buffer. The MBP-tag was cleaved by 
incubation with TEV protease (1:100 molar ratio) overnight at 4 °C and the reaction mixture was 
applied to an S200 size exclusion column to separate MBP from Dnm1. The mass of Dnm1 was 
confirmed by mass spectrometry and the purity was evaluated to be >90% homogeneous by 
Coomassie-stained SDS-PAGE. 

For Fis1, protein was expressed and purified as previously described.1 A pET29b plasmid 
encoding the S. cerevisiae Fis1 gene lacking the last 27 amino acids, followed by the amino acid 
sequence ENLYFQS that is recognized by TEV protease and a 6xHis tag, was transformed into 
Rosetta cells (Novagen) and grown at 37 ºC to an OD600 of 0.6–0.9 in Luria Broth with 
chloramphenicol (34 μg/mL) and kanamycin (30 μg/mL). Protein expression was induced with 0.4 
mM isopropyl 1-thio-β-D-galactopyranoside at 18 ºC overnight. Cells were harvested by 
centrifugation and resuspended in column buffer A (25 mM Tris pH 7.4, 50 mM NaCl and 30 mM 
imidazole) containing protease inhibitors (Roche Applied Science). Cells were lysed by three 
passes through an Emulsiflex C3 Homogenizer (Avestin) at 20,000 psi. DNase was added at 1 
μg/mL with 10 mM MgCl2, and the lysates were clarified by centrifugation. Fis1-His was isolated 
by Ni2+ affinity chromatography (GE-Amersham) and eluted in column buffer containing 500 mM 
imidazole. TEV protease was added to pooled fractions from the elution at 1:100 molar ratio for 4 
hours at room temperature to cleave the C-terminal 6xHis tag. The resulting reaction mixture was 
re-applied to Ni2+ affinity resin re-equilibrated in column buffer A. Fis1 from the flow-through 
was collected, concentrated, and applied to an SE-75 sizing column (GE-Amersham). Sample 
purity was assessed by Coomassie-stained SDS-PAGE and found to be >95% pure. Mass was 
confirmed by MALDI-TOF mass spectrometry. 

Machine-learning screen for membrane-active sequences 

Full details of the membrane activity prediction tool are described in prior work.2 Here, we 
employ the classifier to identify putative membrane-active subsequences within proteins 
Dnm1/Drp1 and Fis1. Using Python, all subsequences of 10–25 amino acids in length were 
generated for these two proteins and cross-referenced with either the known secondary structure 
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from crystallographic data or from a secondary structure prediction algorithm. Helical segments 
from Dnm1/Drp1 and Fis1 were screened using the machine-learning classifier, and σ and P(+1) 
values were sorted and tabulated. The top helical subsequences for each protein were sorted by 
P(+1). In other analyses, sequences from 33 dynamin superfamily members that aligned with the 
top helical segments of Dnm1/Drp1 were screened in a similar manner. 

To generate a probability map for segments of Dnm1 that contain a high probability for 
membrane activity, all subsequences were aligned with the entire Dnm1 sequence. A normalized 
net σ score was assigned to each residue, equal to the sum of all σ scores corresponding to 
subsequences in which that residue appears, divided by the number of times that amino acid 
appears in a subsequence (Figure 1A). This ensures that residues are weighted by the magnitude 
of σ, which is proportional to the likelihood of membrane activity. 

Sequence alignment and 3D modeling 

Initial sequence alignment of Dnm1 and Drp1 was carried out using T-Coffee 
(http://tcoffee.crg.cat/apps/tcoffee/index.html), and the outputs were formatted using BoxShade 
(http://www.ch.embnet.org/software/BOX_form.html). Homology model of Dnm1 was generated 
from Drp1 using MODELLER.3 All 3D images for Dnm1, Drp1, Fis1, and hFis1 were generated 
with MODELLER or the Tachyon plugin for VMD. 

SAXS experiments 

Lyophilized phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cardiolipin (CL) were obtained from Avanti 
Polar Lipids and dissolved in chloroform at 20 mg/mL to produce individual lipid stock solutions. 
Ternary lipid compositions were prepared from the lipid stock solutions as mixtures of 
DOPE/DOPC/CL at molar ratios of 75/15/10 and 75/5/20, evaporated under nitrogen, and 
desiccated under vacuum overnight to form a dry lipid film. Lipid films were resuspended in 
aqueous 100 mM KCl, 10 mM N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES) (pH 
7.4) to a concentration of 20 mg/mL. Lipid suspensions were incubated overnight at 37 °C, 
sonicated until clear, and extruded through a 0.2 μm pore Nucleopore filter (Whatman) to form 
SUVs. 

 The Dnm1 and Fis1 protein concentrations used in SAXS experiments were comparable to 
those used in a large number of protein–lipid interaction studies for Dnm1 and Fis1.4-10 Solubilized 
Dnm1 and Fis1 were mixed with SUVs at specified P/L molar ratios and hermetically sealed into 
quartz capillaries (Hilgenberg GmbH, Mark-tubes) for SAXS measurements taken at the Stanford 
Synchrotron Radiation Lightsource (SSRL, beamline 4-2) using monochromatic X-rays with an 
energy of 9 keV. A Rayonix MX255-HE detector (73.2 μm pixel size) was used to collect the 
scattered radiation and the resulting 2D SAXS powder patterns were integrated using Nika 1.5011 
package for Igor Pro 6.31 and FIT2D.12 

For experiments with MBP-Dnm1, SUVs were prepared from a third ternary lipid 
composition of DOPE/DOPC/1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) at a molar 
ratio of 75/5/20. SUVs were incubated with MBP-Dnm1 (P/L = 1/1300) alone or in combination 
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with Fis1 (P/L = 1/650) and their resulting membrane structures were characterized using SAXS 
as described above. 

 SAXS data were analyzed by plotting the integrated scattering intensity I(Q) against Q 
using Origin Lab software. The phases present in each sample were determined by comparing the 
ratios of measured peak positions, Qmeasured, with those of the permitted reflections for different 
crystal phases. The linear regression through points corresponding to the peaks was then used to 
calculate the lattice parameter, a, of each identified phase. For both powder-averaged hexagonal 
and cubic phases, each peak was represented by a point having coordinates of the assigned 
reflection, in terms of Miller indices (h, k, l), and Qmeasured. For a hexagonal phase, Q ൌ

ቀ4ߨ/൫ܽ√3൯ቁ√݄ଶ  ݄݇  ݇ଶ, and for a cubic phase, Q ൌ ሺ2ߨ ܽ⁄ ሻ√݄ଶ  ݇ଶ  ݈ଶ, where a is the 

lattice parameter. The slopes of the regressions of Qmeasured versus √݄ଶ  ݄݇  ݇ଶ and Qmeasured 
versus √݄ଶ  ݇ଶ  ݈ଶ are 4ߨ ൫ܽ√3൯⁄  and 2ߨ ܽ⁄ , respectively, which can then be used to calculate 
a. 

Phylogenetic analysis 

A multiple sequence alignment of 33 dynamin superfamily members was carried out with 
default parameters using MUSCLE.13,14 Newick tree topologies were extracted from the multiple 
sequence alignment using Simple Phylogeny 
(http://www.ebi.ac.uk/Tools/phylogeny/simple_phylogeny/). A phylogram was reconstructed 
using TreeVector.15 

Statistical analysis 

Bootstrap analysis for linear and nonlinear correlations were done in R. Correlation 
coefficients, 95% confidence intervals, and P-values were calculated with N = 100,000 sampling 
iterations. The ‘minerva’16 and ‘energy’17 packages were used to calculate MIC and dCor 
respectively. Null-hypothesis significance tests were carried out with a significance threshold α = 
0.05. 
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Figure S1. Full sequence alignment of Drp1 and Dnm1. Putative helical domains are boxed in 
red. 

Drp1    1 GPHMGGSMEALIPVINKLQDVFNTVGADIIQLPQIVVVGTQSSGKSSVLESLVGRDLLPR
Dnm1    1 ---M-ASLEDLIPTVNKLQDVMYDSGIDTLDLPILAVVGSQSSGKSSILETLVGRDFLPR

Drp1   61 GTGIVTRRPLILQLVHVSQED---------------KRKTTGEENGV-----------EA
Dnm1   57 GTGIVTRRPLVLQLNNISPNSPLIEEDDNSVNPHDEVTKISGFEAGTKPLEYRGKERNHA

Drp1   95 EEWGKFLHTKNKLYTDFDEIRQEIENETERISGNNKGVSPEPIHLKIFSPNVVNLTLVDL
Dnm1  117 DEWGEFLHIPGKRFYDFDDIKREIENETARIAGKDKGISKIPINLKVFSPHVLNLTLVDL

Drp1  155 PGMTKVPVGDQPKDIELQIRELILRFISNPNSIILAVTAANTDMATSEALKISREVDPDG
Dnm1  177 PGITKVPIGEQPPDIEKQIKNLILDYIATPNCLILAVSPANVDLVNSESLKLAREVDPQG

Drp1  215 RRTLAVITKLDLMDAGTDAMDVLMGRVIPVKLGIIGVVNRSQLDINNKKSVTDSIRDEYA
Dnm1  237 KRTIGVITKLDLMDSGTNALDILSGKMYPLKLGFVGVVNRSQQDIQLNKTVEESLDKEED

Drp1  275 FLQK--KYPSLANRNGTKYLARTLNRLLMHHIRDCLPELKTRINVLAAQYQSLLNSYGEP
Dnm1  297 YFRKHPVYRTISTKCGTRYLAKLLNQTLLSHIRDKLPDIKTKLNTLISQTEQELARYGGV

Drp1  333 ----VDDKSATLLQLITKFATEYCNTIEGTAKYIETSELCGGARICYIFHETFGRTLESV
Dnm1  357 GATTNESRASLVLQLMNKFSTNFISSIDGTSSDINTKELCGGARIYYIYNNVFGNSLKSI

Drp1  389 DPLGGLNTIDILTAIRNATAAAAALFVPEVSFELLVKRQIKRLEEPSLRCVELVHEEMQR
Dnm1  417 DPTSNLSVLDVRTAIRNSTGPRPTLFVPELAFDLLVKPQIKLLLEPSQRCVELVYEELMK

Drp1  449 IIQHCSNYSTQELLRFPKLHDAIVEVVTCLLRKRLPVTNEMVHNLVAIELAYINTKHPDF
Dnm1  477 ICHKCG---SAELARYPKLKSMLIEVISELLRERLQPTRSYVESLIDIHRAYINTNHPNF

Drp1  509 ADACGLMNNNIE------------------------------------------------
Dnm1  534 LSATEAMDDIMKTRRKRNQELLKSKLSQQENGQTNGINGTSSISSNIDQDSAKNSDYDDD

Drp1  521 ------------------------------------------------------------
Dnm1  594 GIDAESKQTKDKFLNYFFGKDKKGQPVFDASDKKRSIAGDGNIEDFRNLQISDFSLGDID

Drp1  521 ------------EQRDCEVIERLIKSYFLIVRKNIQDSVPKAVMHFLVNHVKDTLQSELV
Dnm1  654 DLENAEPPLTEREELECELIKRLIVSYFDIIREMIEDQVPKAVMCLLVNYCKDSVQNRLV

Drp1  569 GQLYKSSLLDDLLTESEDMAQRRKEAADMLKALQGASQIIAEIRETHLW
Dnm1  714 TKLYKETLFEELLVEDQTLAQDRELCVKSLGVYKKAATLISNIL-----
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Figure S2. SAXS spectra for SUV control samples. 75/15/10 and 75/5/20 PE/PC/CL, and 
75/5/20 PE/PC/PS lipid vesicles displayed form factors consistent with that of unilamellar vesicles. 
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Figure S3. SAXS spectra for SUVs with MBP-Dnm1 alone and in the presence of Fis1. (A) 
MBP-Dnm1 (P/L = 1/1300) incubated with 75/5/20 PE/PC/PS model membrane resulted in HII 
and Im3m QII phases (top curve). Correlation peaks corresponding to assigned reflections are 
indicated for hexagonal (green) and cubic (black) phases. Like with the PE/PC/CL membranes, 
Fis1 (P/L = 1/650) also did not restructure the 75/5/20 PE/PC/PS membrane (bottom curve). When 
MBP-Dnm1 and Fis1 are incubated together with 75/5/20 PE/PC/PS SUVs, the Im3m QII phase 
that was induced by MBP-Dnm1 alone is no longer present (middle curve). (B) Indexing of HII 
and Im3m QII phases generated in the 75/5/20 PE/PC/PS membrane and their respective lattice 
parameters.  
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Figure S4. Mutability analysis of the Dnm1 N-terminal helix. Plot of the total number of fitness-
reducing single mutations (Δσ < 0) at each amino acid along the length of the N-terminal helix of 
Dnm1. 19 total mutations are possible at each of the 17 positions. Residues L1, L4, N9, K10, L11, 
D13, and D17 exhibit strong aversion to mutation. A 2D heat map and distribution of all single 
mutants of this helix are found in Figure 6A,B. 
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Figure S5. Multiple sequence alignment of dynamin superfamily proteins. Multiple sequence 
alignment of Dnm1/Drp1 with other dynamin superfamily members shows the conserved helix in 
N-terminal region (top half).  
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Table S1. Machine-learning screen and phylogenetic distances of dynamins. 33 dynamin 
family members were screened for membrane activity using the previously described machine-
learning algorithm. Membrane activity prediction (+1 or −1), distance-to-hyperplane (σ), 
probability of classification (P(+1)), aligned sequence, phylogenetic distance, and accession codes 
are reported for each sequence. This data is plotted in Figure 6D. 

ID Prediction σ P(+1) Sequence 
Phylogenetic 

Distance 
Uniprot Accession Codes 

DYN1_Hs 1 0.69 0.91 
LIPLVNRLQDA

FSAIG 
0.00 sp|Q05193|DYN1_HUMAN 

DYN2_Hs 1 2.60 1.00 
LIPLVNKLQDA

FSSIG 
0.33 sp|P50570|DYN2_HUMAN 

DYN3_Hs 1 0.71 0.91 
LIPLVNRLQDA

FSALG 
0.32 sp|Q9UQ16|Dynamin-3 

DYN1_Dr 1 0.03 0.53 
LIPLVNRMQDA

FSAIG 
0.15 tr|E4VNZ2|E4VNZ2_DANRE 

DYN2_Dr 1 2.68 1.00 
LIPLINKLQDAF

SSIG 
0.31 tr|Q4V8Z7|Q4V8Z7_DANRE 

DYN_Dm 1 2.35 1.00 
LITIVNKLQDA

FTSLG 
0.61 sp|P27619|Dynamin 

DYN_Ce 1 0.78 0.93 
LIPVINRVQDA

FSQLG 
0.72 sp|P39055|DYN1_CAEEL 

VPS1_Sc 1 2.14 1.00 
LISTINKLQDAL

APLG 
2.18 sp|P21576|Vacuolar 

DRP1_Hs 1 2.41 1.00 
LIPVINKLQDV

FNTVG 
2.23 sp|O00429|DNM1L_HUMAN 

DRP1_Dr 1 2.41 1.00 
LIPVINKLQDV

FNTVG 
2.23 sp|Q7SXN5|DNM1L_DANRE 

DRP1_Dm 1 2.41 1.00 
LIPVINKLQDV

FNTVG 
2.27 

tr|Q9VQE0|Q9VQE0_DROM
E 

DRP1_Ce 1 1.96 1.00 
LIPVVNKLQDV

FATLG 
2.26 tr|G5EDY8|G5EDY8_CAEEL 

DNM1_Sc 1 1.41 0.99 
LIPTVNKLQDV

MYDSG 
2.25 sp|P54861|Dynamin-related 

MXA_Hs -1 -0.29 0.29 
KVRPCIDLIDSL

RALG 
4.16 sp|P20591|MX1_HUMAN 

MXB_Hs -1 -0.29 0.29 
KVRPCIDLIDSL

RALG 
4.38 sp|P20592|Interferon-induced 

MXA_Dr -1 -0.09 0.43 
KIRPCIDTIDNL

RSLG 
4.00 sp|Q8JH68|Interferon-induced 

MXB_Dr -1 -0.09 0.43 
KIRPCIDTIDNL

RSLG 
4.07 sp|Q800G8|Interferon-induced 

MFN1_Hs -1 -1.42 0.01 
DLVEMQGYKD

KLSIIG 
7.93 sp|Q8IWA4|MFN1_HUMAN 

MFN2_Hs -1 -0.47 0.18 
QVLDVKGYLS

KVRGIS 
8.09 sp|O95140|MFN2_HUMAN 

MFN1_Dr -1 -0.58 0.13 
QLDEIESYTSK

LSIIQ 
7.71 tr|Q6PFP9|Q6PFP9_DANRE 

MFN2_Dr 1 0.57 0.87 
QVAEVRGYLS

KVAGIG 
8.05 tr|A8WIN6|A8WIN6_DANRE 

FZO_Dm -1 -0.70 0.09 
MLEHLCAFSSR

VEAIA 
7.38 sp|O18412|Transmembrane 
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FZO1_Ce -1 -1.59 0.01 
QREEIEAIGDSI

KTIM 
8.28 sp|Q23424|Transmembrane 

FZO1_Sc -1 -0.03 0.49 
LLPSLRSSNSK

AHLIS 
10.25 sp|P38297|Mitofusin 

ATLA1_Hs -1 -1.14 0.02 
PVKKAGPVQV

LIVKDD 
8.49 

sp|Q8WXF7|ATLA1_HUMA
N 

ATLA3_Dr -1 -0.38 0.23 
QIVTVNKEKHS

FDLDT 
8.59 tr|Q5XJ96|Q5XJ96_DANRE 

ATLA_Dm -1 -1.40 0.01 
AVQVINASEEH

TFVLN 
8.49 sp|Q9VC57|Atlastin 

OPA1_Hs -1 -0.75 0.08 
LAPDFDKIVES

LSLLK 
5.78 sp|O60313|OPA1_HUMAN 

OPA1_Dr -1 -0.74 0.08 
LLPDMEKIGEN

FTFLK 
5.73 sp|Q5U3A7|Dynamin-like 

OPA1_Dm -1 -2.36 0.00 
LVKNAIEVDPK

LKQLG 
5.30 tr|A1Z9N0|A1Z9N0_DROME 

EAT3_Ce -1 -0.55 0.14 
FSQKMKGIKD

GFGADG 
5.67 tr|Q18965|Q18965_CAEEL 

MGM1_Sc 1 0.39 0.79 
ASSFTKDKLDR

IKDLG 
4.58 sp|P32266|Dynamin-like 

GBP1_Hs -1 -1.17 0.02 
PMCLIENTNGR

LMANP 
8.53 sp|P32455|GBP1_HUMAN 
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