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Supplemental Information 
 
Supplemental Figures S1-S5 
 
 
 

 
 
 
Figure S1. SAXS analysis of MidA and ITC for MidA mutants binding to SAM and SAH. Related to Figure 1. 
Data were recorded at the SWING beamline (SOLEIL, Saint-Aubin, France) with λ 1.03 Å. The distance of the sample 
to the detector was 1.8 m, resulting in the momentum transfer range of  0.01 Å−1 < q < 0.5 Å−1. Between 30 and 50 
μL of protein was used. For each sample, three concentrations and two buffer blanks were measured. Protein and 
buffer data were selected and averaged. Buffer data were subtracted from the protein data using SWING’s on-site 
software. Programs of the ATSAS45 suite were used for data processing, Guinier plots, distance distributions 
(PRIMUS), ab initio shape determinations (DAMMIF), model fitting (EOM, DAMSUP, CRYSOL). (A) SAXS 
scattering curves, offset for better visibility. Colours are as follows. Apo: green; apo-HLP: yellow; SAM: pink; SAH: 
cyan; SAH-pep: blue. Brown line: fit of MidA model (chi = 4.65). INLAY: Guinier plot for the SEC-SAXS apo MidA 
data. Rg = 25.6. (B) Ab initio  bead model (grey; shown is the average structure of 10 individual runs ‘damfilt.pdb’) 
superimposed onto the MidA structure, colour-ramped from blue (N-terminus) to red (C-terminus). Views are rotated 
by 90˚ with respect to each other. (C) Bottom panels show integrated values for ITC peaks of top panels. 
Representative figure of 3 replicates. 
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Figure S2. Multiple sequence alignment of Human PRMTs with MidA and structural comparison between 
MidA and PRMT5. Related to Figure 1. (A) Red background: strict identity; Red letter: similar physiological 
character; blue box: highly conserved blocks; Residues marked with blue star are involved in SAH binding in MidA. 
The three loops forming the substrate selection domain (labelled I, II and III) are highlighted in yellow and the 
conserved catalytic double E loop and THW motif in other PRMTs are highlighted in blue. (B) Superimposition of 
MidA∆75 (green) onto PRMT5 (dark violet; pdb 3uA3). Structures are superimposed according to the catalytic cores 
superimposition shown in Fig. 2a. Location of the catalytic cores and additional domains are indicated.  
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Figure S3. Multiple Sequence Alignment of MidA with bacterial homologs. Related to Figure 1. Red background: 
strict identity; Red letter: similar physiological character; blue box: highly conserved blocks; Residues marked with 
blue stars are involved in SAH binding in MidA.  
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Figure S4. Multiple sequence alignment of NDUFS2 from MidA with other species and MST data for MidA 
interaction with NDUFS2 peptides and MBP-NDUFS2. Related to Figures 2 and 3. (A) Red background: strict 
identity; Red letter: similar physiological character; blue box: highly conserved blocks. The purple star indicates the 
conserved arginine methylated in NDUFS2. The N-terminal regions conserved between MidA and canonical 
PRMTs are underlined with blue lines. (B) Top panels show raw fluorescence data. Bottom panels show fitted data 
with error bars from three independent experiments. Representative figure of 3 replicates. 

MidA vs MBP-NDUFS2 MidA vs nonmethylated Peptide

MidA vs monomethylated Peptide MidA vs dimethylated Peptide

Kd ~ 0.90 ± 0.14 µM Kd ~ 1.53 ± 0.37 µM

Kd ~ 6.80 ± 1.85 µM Kd ~ 18.60 ± 2.61 µM
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Figure S5. Steady state ATP levels in the parental and MidA-mutant strains of Dictyostelium. Related to Figure 
4. Steady state ATP levels were measured in duplicate in 116 independent experiments by luciferase-based 
luminescence in the parental strain (AX4), the null mutant, and 22 strains expressing the wild type or one of the point 
mutant forms of the MidA protein. Results were normalized to the AX4 control average within each experiment. There 
were no significant differences amongst the mutants within the CI-deficient group (ANOVA, Null & Class E mutants), 
within the rescued group (ANOVA, Wild type and Class N mutants), or between the rescued and either the CI-deficient 
group or the parental AX4 strain (2-sample, 2-sided t-tests, upper pair of probabilities in the panel). Data are 
represented as mean ± SEM. 
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Supplemental Tables S1-S3 
 
Table S1. X-ray diffraction data collection and refinement statistics for MidA crystals. Related to Figure 1. 
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Table S2. DALI score for best matching domains of MidA. Related to Figure 1. (A) High scoring protein 
arginine n-methyl transferases based on DALI scores for MidA PRMT domain. (B) High scoring substrate selection 
domain match based on DALI scores for MidA. 
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Table S3. Binding affinities of MidA towards binding partners and molecular weight determination of NDUFS2 
peptide methylation by MidA using Mass Spectrometry. Related to Figure 2. (A) Affinities from MST and ITC 
experiments, as well as ITC-derived thermodynamic parameters are shown, where ND is not determined. Data are 
represented as mean ± SEM, n=3. (B) Molecular weight determination of NDUFS2 peptide. 
 
 
A

 
 
B 
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Supplemental Experimental Procedure: 
 

Protein cloning, expression and purification 

The MidA (residues 76-484) gene from D. discoideum was cloned into the pGEX 6P1 expression vector between the 
BamHI and XhoI sites and then transformed into BL21 (DE3) cells for expression and grown in LB broth containing 
ampicillin (100 µg/ml). For selenomethionine labeling, protein was expressed in M9 medium supplemented with 25 
mg/l L-SeMet. The bacterial culture was grown at 37 °C until the OD reached 0.6 at λ=600 nm. Subsequently, the 
culture was induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) at a final concentration of 150 μM and 
incubated at 16 °C overnight with shaking at 200 rpm. Cells were harvested by centrifugation at 8,000 g for 10 min. 
The cell pellet from 4 liters culture was re-suspended in 100 ml of lysis buffer [50 mM Tris-HCl (pH 8.0), 200 mM 
NaCl, 3 mM DTT, 0.5% Triton X-100] and lysed by sonication. Cell debris was removed by centrifugation at 30,000 
g for 30 min. The supernatant was purified using glutathione sepharose 4B resins (GE Healthcare). The N-terminal 
GST tag of MidA was removed by overnight incubation with Prescission Protease (GE healthcare) at 4 °C. After GST 
cleavage, the protein was further purified on a HiLoad16/ 60 Superdex 200 prep-grade gel filtration column (GE 
Healthcare) using buffer containing 20 mM HEPES (pH 8.0), 200 mM NaCl, 3 mM DTT. The purified protein was 
concentrated to 8 mg/ml and stored at -80 °C.  

Site directed mutagenesis 

The MidA point mutations were created by site-directed mutagenesis with PCR using as template plasmid constructs 
containing the wild-type MidA full length in pDV-CGFP-CTAP, kindly provided by Prof. Ricardo Escalante (IIB 
institute, Spain) and MidA (76-484) in pGEX6P-1 vector respectively and overlapping primers that incorporated the 
required nucleotide changes and it was further confirmed by DNA sequencing. After excision from the primary clones, 
MidA full length wild-type and point mutant MidA genes were subcloned into the ClaI and XhoI restriction sites 
downstream of the Actin 15 promoter in the Dictyostelium discoideum expression vector pPROF267. The resulting 
expression constructs were named pPROF774 (expressing T135A), pPROF775 (expressing G170V/G172V), 
pPROF776 (expressing E200A), pPROF777 (expressing N205A) and pPROF778 (expressing Q257 F259A) and 
pPROF779 (expressing wild type MidA). 

Crystallization and structure determination 

Initial crystallization conditions of MidA, and of MidA mixed with SAM or SAH at 1:10 molar ratio were identified 
by the hanging drop vapor diffusion method. Diffraction-quality crystals were obtained by equilibrating 1.0 μl of 
protein (8 mg/ml) mixed with 1.0 μl of reservoir solution (8% ethylene glycol, 0.1 M HEPES pH 7.5 and 10% PEG 
8000 for apo-MidA and 0.2 M potassium sodium tartrate tetrahydrate, 0.1 M BIS-TRIS pH 6.5, 10% w/v polyethylene 
glycol 10,000 for MidA with SAH or with SAM), suspended over 0.5 ml of reservoir solution. Crystals grew in 1–3 
days at 23°C. For data collection, 25% glycerol was added as a cryo-protectant and the crystals were flash-cooled in 
liquid nitrogen. A complete multi wavelength anomalous diffraction (MAD) dataset was collected to 2.8 Å, 2.8 Å and 
2.7 Å resolution for apo-MidA, MidA-SAH and MidA-SAM, respectively at beamline 13B1, National Synchrotron 
Radiation Research Centre (Taiwan), using a Quantum-315r charge-coupled device area detector (ADSC). The 
datasets were processed and scaled using HKL2000 (Otwinowski and Minor, 1997). The crystals belonged to space 
group P212121. The positions of the selenium atoms were determined using the program Phenix-Autosol (Terwilliger 
et al., 2009). The obtained phases were further improved by density modification using Autobuild. Over 50% of the 
backbone atoms of the model were built using Autobuild (Terwilliger et al., 2008). The remaining residues were 
manually built using Coot (Emsley and Cowtan, 2004) and subsequently refined using Phenix Refine (Afonine et al., 
2012). For final data recording and model building statistics see Table S1. 

Isothermal titration calorimetry 

MidA (residues 76-484) and its mutants G170V/G172V (double mutant), E200A, T135A were dialysed in degassed 
buffer containing 20 mM HEPES (pH 8.0), 200 mM NaCl and 3 mM DTT. SAM, SAH and synthetic peptides were 
directly dissolved into the last dialysate. Titrations for MidA and its mutants against SAM and SAH were carried out 
on a MicroCal VP-ITC (Malvern) at 25 °C by serially injecting 8 μl of 300 μM SAM and SAH into the measurement 
cell containing 10 μM of MidA and its mutants, respectively. MidA and NDUFS2 peptide titrations were carried out 
on a MicroCal VP-ITC (Malvern) at 25 °C, in the same buffer with NDUFS2 peptide in the syringe (200 μM) and 
MidA (10 μM) in the cell. Titrations were analyzed using Origin software for VP-ITC (Malvern) measurements. All 
the experiments were repeated 3 times and the data are represented as mean ± SEM. 
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Mass spectrometric analysis 

For analysis of Arg methylation sites of the NDUFS2 peptide, catalysed by MidA in vitro, 10 μM of MidA was 
incubated with 100 μM NDUFS2 peptide with a total volume of 40 μl in a reaction buffer containing 20 mM HEPES 
(pH 8.0), 150 mM NaCl and 3 mM DTT at 30 °C for 2 h. The sample was analysed by LC − MS with a liquid 
chromatography system and a Q Exactive mass spectrometer (Agilent). Peptides eluted from the liquid 
chromatography column were transferred directly into the mass spectrometer by electrospray with the application of 
a distal 1.8 kV spray voltage. Molecular weight difference for mono and di-methylation (+14.01565 and +28.0313 
Da) on arginine was considered as variable modifications. All the peptides below 3000 Da were analyzed and changes 
were observed manually. The experiments were repeated 3 times. 

Microscale Thermophoresis 

MidA was N-terminally labelled with the RED dye (NT-647) following the manufacturer’s protocol (Nanotemper). 
Excess free dye was removed by passing through the Sephadex G-25 column. Serial dilutions of unlabeled NDUFS2 
peptides and MBP-NDUFS2 ranging from 100 µM to sub nanomolar range were mixed with 20 nM of NT-647-labeled 
MidA in buffer (50 mM Tris HCl, 150 mM NaCl, 0.005% Tween-20). About 10 µl of sample was loaded into standard 
monolith NT capillaries and assays were carried out in a Nanotemper Monolith NT.015T. The red fluorescence was 
excited by a light-emitting diode, and its emission was recorded on the focused part of capillaries. Using a laser diode, 
a microscopic temperature gradient was created at the same location and the fluorescence depletion was measured. Kd 
values were determined by plotting the concentrations of unlabelled ligands against the changes in fluorescent 
thermophoresis signal, and the data was analysed using the Nanotemper analysis software. All the experiments were 
repeated 3 times and the data are represented as mean ± SEM. 

SAXS analysis 

For SAXS, proteins were dialyzed into 20 mM HEPES, pH 7.5, 150 mM NaCl, 3 mM DTT. Data were recorded at 
the SWING beamline of the SOLEIL synchrotron (Saint-Aubin, France), using an X-ray wavelength of l = 1.03 Å 
and a sample temperature of 10 °C. The distance between sample and detector was 1.8 m, resulting in the momentum 
transfer range of 0.01 Å-1 < q < 0.5 Å-1, where q = 4 π sinθ λ-1 and 2θ is the scattering angle. Using a robot, 30-50 µL 
of protein was either injected directly into the measurement quartz capillary or led through a HPLC-piloted size 
exclusion column. For each directly injected sample, three different concentrations (1, 2.5 and 5 mg/ml), prepared as 
dilution series, were measured, as well as two buffer measurements per sample type. For the inline HPLC size 
exclusion column, an initial MidA concentration of 10 mg/ml was used. Passage through the column diluted the sample 
~5 times, resulting in a final concentration of about 2 mg/ml, in agreement with I0 measurements. The buffer scattering 
was measured using the equilibrated column flux after sample injection during the column dead volume. Individual 
SAXS frames of 1.5 s with a 1 s gap time were collected. The frames for protein and buffer data were inspected for 
radiation damage and other artefacts, manually selected, averaged, and the buffer subtracted from the protein data 
using SWING’s on-site software. Data were scaled and merged using the ATSAS software package (Franke et al., 
2017). ATSAS was also used for calculating Guinier plots, distance distributions, ab initio bead models and fitting 
model-derived SAXS pattern to experimental data. Models of the complete MidA, including residues of the GST 
cleavage site, were prepared using MODELLER. FOXS (Schneidman-Duhovny et al., 2016) was used to obtain the 
ensemble fit of these models to SAXS data. 

Dictyostelium strains and culture conditions 

All the strains used in this study were derived from the MidA-null mutant (originally isolated from the parental wild-
type strain AX4) by transformation with the expression constructs using calcium phosphate co-precipitation (Carilla-
Latorre et al., 2010). Positive transformants were isolated on Micrococcus luteus lawns grown on SM agar medium 
supplemented with 30 µg mL-1 geneticin (Wilczynska and Fisher, 1994). The resulting transformant strains used in 
this work are HPF1298-HPF1302 (containing pPROF779), HPF1303-HPF1312 (containing pPROF774), HPF1313-
HPF1318 (containing pPROF775), HPF1319-HPF1320 (containing pPROF776), HPF1321-HPF1326 (containing 
pPROF777) and HPF1327-HPF1334 (containing pPROF778). 

The cultures were purified and stored as frozen stocks. Growing cultures were maintained with antibiotic selection 
(30 µg mL-1 geneticin) on either solid medium by using Enterobacter aerogenes as a food source on SM agar, or in 
HL-5 liquid medium, supplemented with 50 µg mL-1 streptomycin, 10 µg mL-1 tetracycline and 100 µg mL-1 
ampicillin. Antibiotic selection was removed 24 h prior to and during all phenotypic assays.  
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Phenotypic analysis 

Phototaxis  

The phototaxis assay was performed using the methods developed by Fisher et al. (Fisher et al., 1981) and Fisher & 
Annesley (Fisher and Annesley, 2006). D. discoideum cells growing on Enterobacter aerogenes lawns were harvested, 
washed by differential centrifugation and inoculated at known cell densities (up to 5 x 106 cells/cm2) over 1 cm2 
inoculation sites in the centres of charcoal agar plates. The plates were placed into black polyvinylchloride (PVC) 
boxes with a 4 mm hole drilled in one side and incubated at 21°C for 24-36 hr with the hole facing a lateral light 
resource. The amoebae aggregated and formed slugs which migrated over the agar surface leaving a trail of collapsed 
slime sheath, which was transferred to PVC discs, stained with 0.3% (v/v) Coomassie Blue R, digitized using a 
Summagraphics MM1201 digitizing tablet connected to a linux workstation and analysed using directional statistics 
in the R statistical and graphics environment.  

Plaque expansion rates  

Dictyostelium strains were inoculated in the center of a normal agar plate containing a lawn of E. coli B2 with 4 
replicates for each strain. The plates were incubated at 21°C and the diameter of the plaque was measured twice a day 
at approximate 8 hr intervals for 100 hr. The statistics software package R was used to calculate and analyze the plaque 
expansion rate (mm h-1) using linear regression analysis. 

Growth in HL-5 broth  

The axenic growth of D. discoideum strains was conducted and its growth rate was measured as previously described 
(Bokko et al., 2007). The Dictyostelium cells were inoculated into HL-5 liquid medium and incubated at 21°C shaking 
at 150 rpm. Cells were counted twice a day at an interval of 7-8 hr using a Haemocytometer (Scientific instruments) 
for more than 100 hr. The software package R was used for statistical analysis and calculation of generation time (h) 
after log-linear regression analysis of growth in the exponential phase of the growth curve. 

 

Seahorse respirometry 

The method was described in detail in Lay et al. (Lay et al., 2016). Exponentially growing Dictyostelium amoebae in 
HL-5 medium were harvested, washed and resuspended in SIH assay medium (Formedium), supplemented with 20 
mM sodium pyruvate and 5 mM sodium malate (pH 7.4). For each strain to be tested, 1x105 cells were inoculated into 
each of 8 Matrigel-coated wells in a 24-well assay plate for the Seahorse XFe24 Flux Analyser and allowed to attach 
for about 30 min. After the calibration and equilibration steps (20 min), measurements throughout the assay were 
conducted using cycles of 3 min mixing, 2 min wait and 3 min measurement time. The basal (OCR) was measured for 
3 measurement cycles and this was followed by OCR measurements after sequential injections of 10 μM N,N ′-
dicyclohexylcarbodiimide (DCCD, ATP synthase inhibitor, Sigma-Aldrich; 6 measurement cycles), 10 μM carbonyl 
cyanide 3-chlorophenol hydrazone (CCCP, protonophore, Sigma-Aldrich; 3 measurement cycles), 20 μM rotenone 
(Complex I inhibitor, Sigma-Aldrich; 3 measurement cycles), and either 10 μM antimycin A (Complex III inhibitor, 
Sigma-Aldrich; 4 wells, 3 measurement cycles) or 1.5 mM benzohydroxamic acid (Alternative Oxidase/AOX 
inhibitor, BHAM, Sigma-Aldrich; 4 wells, 3 measurement cycles). The parental AX4 strain was included in every 
experiment in 4 wells (2 for each of the final antimycin A and BHAM injections).  

Bioinformatic analysis 

Protein 3D homology modelling was prepared using Swiss Model (Arnold et al., 2006). The  structures of MidA, 
NDUFS2 and ND1 were docked using the online server ClusPro2.0 (Kozakov et al., 2017). DALI (Holm and 
Rosenstrom, 2010) was used for identifying structural homologues, and the Consurf server (Landau et al., 2005) was 
used for projecting sequence conservation onto the 3D structure. 

 

 

Extended SAXS analysis 

SEC-SAXS data collected on MidAD75 at a concentration of 2 mg/ml fitted well with a monomeric crystallographic 
structure (c= 1.73; Table). Including dimeric and trimeric models, derived from the K219-mediated substrate-
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mimicking conformation, improved the fit (c= 0.82) but the dimeric species was only added with a weight of 5.2 % 
(0% for the trimeric model). Since SEC can break up weak dimers, we also recorded SAXS data without SEC. In 
these measurements, addition of the multimeric model also improved the fit to SAXS data, with the weight of the 
dimeric species slightly increasing to 8.4 % and 12.3%, for concentrations of 2.5 and 5 mg/ml, respectively 
(single/multi-state c were 5.0/3.4 and 15.6/7.2, respectively). However, when adding ten different in silico-docked 
dimer arrangements to the pool of structures, the SAXS and SEC-SAXS samples were best fitted (by a small 
insignificant margin) by multi-state models including 8-13% of different in silico docked dimers. Thus, while these 
data provide some support for the existence of a multimeric form of MidA in solution, they do not allow to 
distinguish between dimeric assemblies, and are equally well explained by a residual non-specific and 
concentration-dependent aggregation. Given the observation of MidA dimers in cells (although controversial), it is 
possible that the first 75 residues stabilise the autoinhibitory interaction between two or more MidA molecules.  

 
 Rg (Å) Dm (Å) Fit monomer (chi) Fit dimer * (chi) 
Apo (SEC-SAXS) 25.4 86 1.73 0.82(0.052)/0.78 (0.088) 

Apo (1 mg/ml) 24.9 83 1.59 2.43(0.061)/2.29 (0.054) 
Apo (2.5 mg/ml) 25.1 93 5.05 3.35(0.084)/3.16(0.078) 
Apo (5 mg/ml) 26.9 100 15.6 7.21(0.123)/7.25(0.127) 
     
SAH (2.5 mg/ml) 25.5 93 5.96 3.45(0.087)/3.41(0.087) 
SAH-pep (2.5 mg/ml) 26.3 95 7.61 4.47(0.082)/4.44(0.092) 

 
* left: only monomers and X-ray derived dimer; right: including also non-crystallographic dimers. 

 


