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Abstract

Magnetotactic bacteria produce chains of complex membrane-bound organelles that
direct the biomineralization of magnetic nanoparticles and serve for magnetic field
navigation. These magnetosome compartments have recently emerged as a model for
studying the subcellular organization of prokaryotic organelles. Previous studies
indicated the presence of specific proteins with various functions in magnetosome
biosynthesis. However, the exact composition and stoichiometry of the magnetosome

subproteome have remained unknown.

In order to quantify and unambiguously identify all proteins specifically targeted to
the magnetosome membrane of the Alphaproteobacterium Magnetospirillum
gryphiswaldense, we analyzed the protein composition of several cellular fractions
by semi-quantitative mass spectrometry. We found that nearly all genuine
magnetosome membrane-integral proteins belong to a well-defined set of previously
identified proteins encoded by gene clusters within a genomic island, indicating a
highly controlled protein composition. Magnetosome proteins were present in
different quantities with up to 120 copies per particle as estimated by correlating our
results with available quantitative Western blot data. This high abundance suggests
an unusually crowded protein composition of the membrane and a tight packing with
transmembrane domains of integral proteins. Our findings will help to further define
the structure of the organelle and contribute to the elucidation of magnetosome

biogenesis.
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Significance

Magnetosomes are one of the most complex bacterial organelles and consist of
membrane-bounded crystals of magnetic minerals. The exact composition and
stoichiometry of the associated membrane integral proteins are of major interest for a
deeper understanding of prokaryotic organelle assembly; however, previous
proteomic studies failed to reveal meaningful estimations due to the lack of precise
and quantitative data, and the inherently high degree of accumulated protein
contaminants in purified magnetosomes. Using a highly sensitive mass spectrometer,
we acquired proteomic data from several cellular fractions of a magnetosome
producing magnetotactic bacterium and developed a comparative algorithm to
identify all genuine magnetosome membrane-integral proteins and to discriminate
them from contaminants. Furthermore, by combining our data with previously
published quantitative Western blot data, we were able to model the protein copy
number and density within the magnetosome membrane. Our results suggest that the
magnetosome membrane is specifically associated with a small subset of integral
proteins that are tightly packed within the lipid layer. Our study provides by far the
most comprehensive estimation of magnetosomal protein composition and
stoichiometry and will help to elucidate the complex process of magnetosome

biogenesis.
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Highlights

First quantitative and unbiased assessment of the membrane-integral sub-
proteome of bacterial organelles (magnetosomes).

A comparative algorithm allows to distinguish genuine magnetosome
integral protein from contaminants acquired during the isolation process,
and to identify putative novel magnetosome membrane constituents.
Surface modelling suggests that a very specific subset of integral proteins

is highly enriched and tightly packed within the magnetosome membrane.
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Introduction

The Alphaproteobacterium Magnetospirillum gryphiswaldense and related
magnetotactic bacteria form intracellular, membrane-bounded crystals of a magnetic
mineral, the magnetosomes, which serve as magnetic sensors to help to direct
bacterial swimming towards growth-favoring suboxic zones in the sediments of
natural waters [1]. Magnetosome biosynthesis comprises the invagination of
magnetosome membrane vesicles from the cytoplasmic membrane [2,3], in which
conditions are properly controlled for the biomineralization of nano-sized crystals of
the iron oxide magnetite. Nascent magnetosomes are then aligned into linear chains
along cytoskeletal filaments to achieve one of the highest structural levels found in
prokaryotic cells [4].

Magnetosome biosynthesis is thought to involve the sorting of a complex set of
proteins to the magnetosome membrane [3-5]. First comparative analyses suggested
the presence of specific magnetosome membrane proteins in various quantities which
co-purified with magnetosome particles isolated by magnetic collection and
ultracentrifugation [6-8]. Attempts to assess the magnetosome membrane proteome
of M. gryphiswaldense by denaturing one- and two-dimensional gel electrophoresis
followed by Edmann degradation and mass spectroscopy in combination with
comparative genomic analysis identified a set of about 25 bona fide magnetosome
proteins termed Mam (magnetosome membrane) and Mms (magnetosome membrane
specific) [7,9,10] which are thought to have key functions in magnetosome
membrane biogenesis, iron transport, nucleation and crystallization of magnetite as
well as the assembly of magnetosome chains [4]. The corresponding genes are
clustered within four operons of a hypervariable genomic magnetosome island

(MALI), namely mamABop (17 genes), mamGFDCop (4 genes), mms6op (4 genes)
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and mamXYop (4 genes) [10,11]. Other genes within the MAI but located outside
these clusters were later also implicated in magnetosome formation (mamF2,
mamD?2, feoAB1, mamW; [10], [R. Uebe, manuscript in preparation]. However, in
addition to bona fide magnetosome proteins, these MAI gene clusters also predict a
number of further proteins which remained undetected in previous approaches, and it
Is unknown whether those represent genuine integral magnetosome membrane
constituents or are just loosely attached, whether they are targeted exclusively to this
compartment or also present in the cytoplasmic membrane, or in some cases, whether
they are expressed at all.

In addition, a multitude of other proteins encoded outside the well-established MAI
gene clusters were found to co-purify with isolated magnetosomes [8,9,12], and so
far it has yet not been resolved if some of these proteins represent either further
functional integral constituents native to the magnetosome membrane, or
contaminants that become bound upon cell disruption and isolation [8,13].
Moreover, previous proteomic approaches indicated that Mam and Mms proteins are
present in the magnetosome membrane in vastly different quantities. However,
attempts to estimate the abundance of several integral magnetosome membrane
proteins by Coomassie-stained band intensities in protein gels [9] were inherently
inaccurate. Thus, the complete protein complement of the magnetosome membrane
still remains unknown, and it is not understood how and in which stoichiometry
magnetosome proteins are assembled to form the structural framework required for
biomineralization and organization of functional magnetic organelles.

In this study we performed a highly sensitive, semi-quantitative mass spectrometry
analysis of purified magnetosomes and several other cellular fractions and used a

comparative algorithm to reveal the genuine membrane-integral magnetosome sub-
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proteome and to confidently estimate the relative abundances of the individual
proteins.

With one exception we detected all previously predicted Mam and Mms proteins and
demonstrate that several of them are highly and specifically enriched in the
magnetosome membrane. Furthermore, we identified several novel putative genuine
magnetosome-membrane proteins, of which one (MGR_4114) is encoded within the
MAI. Our results also indicate that most of the proteins detected within the
magnetosome-membrane fraction, but encoded outside the MAI are likely
contaminants from other cellular compartments.

Correlation of our semi-quantitative proteomic data with available quantitative
Western blot data allowed us to approximate the absolute copy numbers of
magnetosome membrane proteins within the organelle. The magnetite-nucleating
Mms6 was identified as the most abundant membrane-integral magnetosome protein,
followed by MamC and MamD, together accounting for >40% of all genuine
magnetosome membrane proteins. Using the predicted topology of magnetosome
proteins, we could further estimate the membrane coverage of integral proteins,
which hints towards an unusually crowded protein organization within the
magnetosome membrane. In summary, our data allowed the most accurate estimation
of protein composition of the complex magnetosome membrane up to date and will
contribute to uncover the processes involved in biogenesis of this sophisticated

bacterial organelle.
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Experimental Procedures

Cultivation and cell harvesting of M. gryphiswaldense, Cyag determinations
Bacterial strains and plasmids used in this study are listed in suppl. Table S 7. E. coli
strains were cultivated in lysogeny broth (LB) medium. When necessary, kanamycin
(Km) was added to 25 ug mL™. E. coli BW29427 and WM3064 cultures were
supplemented with 1 mM DL-a,e-diaminopimelic acid. Media were solidified by
addition of 1.5% (w/v) agar. M. gryphiswaldense cultures were grown at 30°C in
modified flask standard medium (FSM) [14]. When appropriate, Km was added to 5
ng mL™. Optical density (OD) and magnetic response (Cmag) of exponentially
growing cultures were measured photometrically at 565 nm as described previously
[15]. Conjugations of plasmids were performed essentially as described earlier

[16,17].

Cellular fractionation and purification

Cultivation and all further fractionation steps were performed in independent
triplicates as described in the workflow chart of Figure 1. M. gryphiswaldense was
cultivated and scaled up to 4,5 L culture in closed 5 L-Schott bottles (500 ml air in
headspace) over-night at 30°C and harvested by centrifugation (10,000 g, 15 min,
4°C). The cell pellets were washed in buffer containing 20 mM HEPES (pH 7.4) and
5 mM EDTA, and frozen at -20°C. All further steps were carried out at 4°C. The cell
pellets obtained from cell harvesting were resuspended in buffer containing 50 mM
HEPES (pH 7.4), 1 mM EDTA and complete protease inhibitor (Roche, Germany)
and lysed by a high-pressure cell disruption system. Cellular storage
polyhydroxybutyrate (PHB) granules were removed by centrifugation (210 g, 10 min
4°C) of the lysate. The lysate was applied on MACS cell separation column type CS

(Miltenyi Biotec, Germany), magnetized with two neodymium-iron-boron cube
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magnets (gravity flow). The flow-through was applied a second time on the column
and then collected as total nonmagnetic lysate (non-mag). The fraction bound to
the separation column was washed with 50 mL extraction buffer [10 mM HEPES
(pH 7.4), 1 mM EDTA, 0.1 mM PMSF], two times 50 mL salt buffer [10 mM
HEPES (pH 7.4), 1 mM EDTA, 200 mM NaCl, 0.1 mM PMSF] and again 50 mL
extraction buffer by gravity flow. The magnets were removed; the magnetic fraction
eluted from the column with approx. 10 mL H,0 and supplemented to final HEPES
(pH 7.4), EDTA and PMSF concentrations of the extraction buffer. An
ultracentrifugation tube was filled with 60% (w/w) sucrose (in extraction buffer) and
overlaid with the magnetic fraction. After ultracentrifugation (100,000 g, 1.5 h),
pellet was resuspended in 2 mL extraction buffer as magnetically separated
magnetosome fraction (mag).

The total nonmagnetic cellular lysate was centrifuged for 1 h at 100,000 g and the
membrane pellet resuspended (central small white PHB pellet was omitted) and
incubated in carbonate buffer (200 MM Na,COg3, 10 mM EDTA, 1 mM PMSF, pH
11.0) for 30 min under mild shaking. After centrifugation for 1 h at 100,000 g, the
pellet was resuspended in high-salt buffer (20 mM Tris, 1 M NaCl, 10 mM EDTA, 1
mM PMSF, pH 7.5) and incubated under mild shaking for 30 min. After
centrifugation for 1 h at 100,000 g, the pellet was resuspended in 50 mM TEAB (pH
7.8) and immediately pelleted for 1 h at 100,000 g. The pellet formed the total
nonmagnetic membrane fraction (mem).

The magnetically separated magnetosomes (mag) were centrifuged for 30 min at
100,000 g and the pellet resuspended in carbonate buffer. Subsequent purification
was performed as described for the membrane fraction, with 30 min centrifugation
runs between washes. The resulting pellet formed the stringently washed

magnetosome (mag.str) fraction (Figure 1).
9
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SDS-PAGE, tryptic digestion and mass spectroscopy analysis

All triplicate fractions were treated independently. For sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), all liquid samples were
supplemented and all pelleted samples were dissolved in 2x SDS sample buffer
[0.125 M Tris (pH 6.8), 4% SDS, 2% glycerol, 10% 2-mercaptoethanol, 0.004%
(w/v) Bromophenol blue] and heated at 60°C for 5 min. Appropriate amounts of
samples were determined empirically (Fig S 2). Electrophoresis of the protein
samples was performed on 12% polyacrylamide gels. Staining, in gel tryptic
digestion and LC-MS/MS was performed according to [18] with minor
modifications. In brief, the in-gel digested peptides were separated with an easy nLC
2 (Thermo Fisher Scientific, MA, USA) column and analyzed with an LTQ Orbitrap
Velos (Thermo Fisher Scientific). The 20 most intense precursor ions of each full
scan were selected for collision induced dissociation fragmentation. A list of all open
reading frames (ORFs) from the draft genome sequence of M. gryphiswaldense [10],
was used as target database, supplemented with entries of recently assigned ORFs.
The resulting output files were compiled with Scaffold 4 (Proteome Software, OR,
USA). Proteins were only considered as identified if at least two unique peptides,
matching solid quality criteria (AcN > 0.1 and XCorr > 2.2; 3.3; 3.7 for doubly,
triply, or higher charged peptides) have been assigned, resulting in a false positive
rate below 0.2% on protein level. Only two reverse decoy peptides were assigned in
the screen, indicating good filter criteria. Spectral counts for these two peptides were
omitted from further analysis. Spectral counts from known contaminants (e.g. human

source, trypsin) were also excluded from further analysis

10
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Proteinase K membrane shaving

If not otherwise noted, all steps were carried out at 4°C. A schematic description of
the process is presented in Figure 3. A 1 mL batch of magnetically separated
magnetosomes (mag) was centrifuged for 30 min at 100,000 g. The pellet was
resuspended in carbonate buffer and incubated for 1 h under mild shaking. Urea was
added to final concentration of 8 M. For protein reduction, tris(2-
carboxyethyl)phosphine hydrochloride was added to final concentration of 5 mM and
sample incubated for 45 min at 60°C. Alkylation was performed by addition of 10
mM iodoacetamide and incubation for 15 min at room temperature in the dark.
Proteinase K was added to a final concentration of 3 pg/ml and the sample was
proteolytically digested for 15 h at 37°C under mild shaking. Samples were
supplemented with 5% acetonitril, cooled down on ice and centrifuged for 1 h at
100,000 g. Supernatant was removed and pellet overlaid with 50 mM TEAB solution
before centrifugation for 1 h at 100,000 g. The resulting pellet was frozen at -70°C.
Pellet was resuspended in 180 pL of digestion buffer [50 mM TEAB, pH 7.8, 0.5%
RapiGest (Waters, MA, USA)] and incubated for 30 min at 30°C under mild shaking.
6 ug of Chymotrypsin and 10 mM CaCl, were added and solubilized sample digested
for 7 h at 30°C with mild shaking. HCI was added to final concentration of 250 mM
and sample incubated at 37°C for 45 min to precipitate detergent. Sample was
repetitively centrifuged for 12 min at 20,000 g, until no magnetosome and membrane
pellet was visible. The supernatant formed the shaved magnetosome
transmembrane peptide fraction and was analyzed by LC-MS/MS as described in

[19].

11
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Mass spectrometry proteomics Raw data deposition

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [20] partner repository with the

dataset identifier PXD006166.

Data analysis
All calculations described in the main text were performed in Microsoft Excel and
are included in the supplements (suppl. File 1). To develop our working model, we

made the following assumptions:

(1) The relative abundance of a single protein in a complex sample can be
estimated by normalizing the assigned peptide spectra for this specific protein
with the total number of peptide spectra measured in this sample and with the
molecular weight (MW) of the protein. This normalization allows a size-
independent comparison of protein abundance over several fractions. The

estimated abundance (A) of protein N is defined by
Av = SPCN/
N [(ZiZ1SPCi) X MW y]

whereas

N is the protein index

SpC is the number of unique peptide spectra matching the protein
MW is the molecular weight of the protein

n is the total number of proteins identified in the screen of a single sample

For further calculations, the Ay of all detected proteins was independently

determined in all samples and averaged over the three replicate fractions of a sample
type.

12
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(2) A genuine integral magnetosome membrane protein has to fulfill the
following conditions:

a. The protein is relatively more enriched in the membrane fraction than
in the total non-magnetic lysate, i.e. it is a membrane protein.
Determined by:

Amem®NY Anon-magN) = 1

b. The protein is comparatively more [or by the factor of ‘f> much more]
enriched in the magnetosome membrane than in the non-magnetic
membrane fraction of the cell. Determined by:

AmagNy/Amemy > 1>

c. The protein becomes more highly enriched in magnetosomes that
were depleted from associated proteins and contaminations by
stringent washing. Determined by:

Amag strNy Amagn) = 1

d. Optional condition: The protein has comparatively very high relative
abundance in the magnetosome membrane fraction. Determined by:
Amag strNy Amag stqvame) > T (The estimated abundance of the protein
has to at least meet threshold 7, when compared to a known highly

abundant magnetosome protein, here MamC)

Calculations for magnetosome protein abundance and surface coverage model
Based on quantitative Western blots with MamC-GFP labeled magnetosomes and the
correlation with magnetite crystal size and density, a conservatively estimated
number of approximately 100 molecules (estimated range: 80 - 250) of MamC were
suggested for an average-sized magnetosome [21]. By calculating the

Anmag.str(ny Amag strgviame) Value for every protein of interest, we estimated its copy

13



292  number in an average magnetosome, assuming a MamcC reference copy number of
293  100. To calculate the transmembrane domain (TMD) coverage of the magnetosome
294  membrane, we made the following assumptions: i) A simple transmembrane helix
295  (TMH), perpendicularly inserted into the lipid bilayer, has a cross-section diameter
296  of atleast 1.1 nm [22]. This is a very conservative assumption, since contributing
297  large amino acid residues and different insertion angles might increase the cross-
298  section diameter ii) TMHs are surrounded by boundary lipids that interact with the
299  hydrophobic protein domain. The major phospholipids in the cytoplasmic and

300  magnetosome membrane of M. gryphiswaldense are phosphatidylethanolamine (PE)
301 and phosphatidylglycerol (PG) [9]. The lipid head cross-section area and the

302  diameter of dilauroyl-PE and dilauroyl-PG are 0.39 nm? (0.70 nm) and 0.43 nm?
303  (0.74 nm), respectively [23]. On average, the diameter of a lipid head group in the
304  magnetosome membrane can therefore be estimated to be 0.72 nm. Hence, an

305 annular boundary lipid shell would increase the diameter of an embedded TMH to
306 2.5 and 4.0 nm for one and two rings of boundary lipids, respectively. iii) TMHSs of
307  multi-membrane spanning proteins are more packed and without internal lipid

308  boundary layers. According to Jacobson et al. [22], a diameter of 2.4 nm can be

309 assumed for the whole TMD of a tetraspan-protein, and a diameter of 3.2 nm for a
310  heptaspan-protein, excluding boundary lipids (Figure 3). We interpolated these

311  values for magnetosome membrane proteins that exhibit 1 to 18 predicted TMH [5]
312 by power regression. The average diameter of a magnetosome vesicle from M.

313  gryphiswaldense is 45.5 nm [3]; the spherical surface area therefore can be calculated
314  to be approx. 6450 nm?. Taking into account the number of predicted TMHSs and the
315  here estimated absolute copy numbers of genuine magnetosome proteins, we

316 calculated the integral protein occupancy of the membrane (surface) for both the

14



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

scenarios that all TMH are isolated and that TMHs of a single protein form a packed

TMD (Figure 3).

To control our quantification results, we also used the protein abundance index (PAI)
as an alternative method for quantifications [24]. The method does not take into
account the molecular weight of the protein for normalization, but rather the number
of peptides that are theoretically generated by the utilized protease (here: trypsin) and
also excludes peptides that are too small or big to be measured by mass spectroscopy.
We calculated three different PAI values for all assigned Mam and Mms proteins
(PAI I: assuming theoretical tryptic peptides between 600 and 5000 Da, PAI II:
assuming theoretical tryptic peptides with 7 to 25 amino acids and maximum
molecular weight of 5000 Da and PAI I11: assuming the number of tryptic peptides

that were actually detected in our analysis). See also suppl. File 1.

Molecular and genetic techniques

Oligonucleotides were purchased from Sigma-Aldrich (Germany) and are listed in
suppl. Table S 8. Plasmids were constructed by standard recombinant techniques
using enzymes from Thermo Fisher Scientific and Agilent Technologies (CA, USA)
and confirmed using BigDye terminator v3.1 chemistry on an ABI 3700 capillary
sequencer (Thermo Fisher Scientific). All plasmids used in this study are listed in
suppl. Table S 7.

Plasmids pOR129 and pOR156 for markerless in-frame deletion of MGR_3691 and
the MGR_4114 operon respectively, were created by PCR amplification and fusion
of approximately 750 bp regions up- and downstream of the target sequences and
cloning into pPORFM. Genes were deleted as described in [25].

Magnetosome proteins were C- or N-terminally fused to enhanced green fluorescent

protein (EGFP) and (over)expressed under control of the strong Pmampcas [21]

15
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promotor either from replicative plasmids or by transposon mediated random
integration in the genome. In all cases, the two fusion proteins were separated by a
25 amino acid alpha-helical linker region [LA(EAAAK),AAA] (HL) [3,26].
Alternatively, in-frame genomic fusions were constructed. Replicative plasmids
pORO079, pOR089 and pOR099 were constructed by replacing maml in pOR075 by
PCR-amplified mamW, mamR or mms6 sequences, respectively, using restriction
digestion. Similarly, pPOR085, pOR087, pOR088, were constructed by replacing
mamQ in pOR086 by mmsF, mamR and mamE sequences, respectively. The Pynampc-
mamE-HL-egfp sequence form pOR088 was further cloned into the transposable
plasmid pBAM-1 by restriction digestion, creating pOR148. A chromosomal mamA-
GFP fusion was generated as described in [25], using plasmid pOR068. The plasmid
was created by exchanging flanking regions of mamcC in pFM236, by approximately

750 bp homologous flanking regions of mamA using restriction digestion.

Microscopy methods

For fluorescence microscopy, 3 pl samples of M. gryphiswaldense over-night
cultures were immobilized on 1% (w/v) agarose pads with FSM medium salts. The
samples were imaged with an BX81 microscope (Olympus, Japan) equipped with a
100xUPLSAPO100XO 1.4NA objective and an Orca-ER camera (Hamamatsu,
Japan) and appropriate filer sets using Olympus Xcellence software. For transmission
electron microscopy (TEM), unstained formaldehyde-fixed (0.075% w/v) M.
gryphiswaldense cells were absorbed on carbon coated copper grids. Bright field
TEM was performed on a Phillips (Netherlands) CM200 instrument using an
accelerating voltage of 160 kV. Images were captured with an Eagle 4k CCD camera

using EMMenu 4.0 (Tietz, Germany).
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Results and Discussion

The four following different cellular fractions from M. gryphiswaldense were
prepared for comparative mass spectroscopy analysis: (1) Magnetically separated
magnetosomes (mag) following previously suggested protocols [27]; (2) stringently
washed magnetosomes (mag.str), additionally washed in high-salt and alkaline
carbonate buffer to deplete contaminating proteins; (3) total non-magnetic lysate
(non-mag) obtained as flow-through of magnetic column separation; (4) total
enriched non-magnetic membrane fraction (mem), washed in high-salt and
alkaline carbonate buffer (Figure 1). Analysis of the mass spectroscopy data in total
showed peptides of 2237 unique proteins in all fractions and replicates, which would
account for approximately 53% off all predicted open reading frames (ORFs) of

M. gryphiswaldense [28], and over 1000 proteins in the magnetosome fraction,
indicating that the number of magnetosome-associated proteins would be
unreasonably high without adequate filter algorithms to identify the most realistic
subset of genuine magnetosome-associated proteins. Peptides of 1135 proteins were
detected in magnetically separated magnetosomes, 1027 proteins in the stringently
washed magnetosome fraction, 2031 proteins in the total non-magnetic fraction and

1305 proteins in the enriched non-magnetic membrane fraction.

Establishing and evaluating criteria to identify the genuine integral magnetosome
membrane sub proteome

Genuine integral magnetosome proteins are bound to the magnetosome membrane in
vivo and are specifically and exclusively enriched in this compartment. We
developed a working model to identify these genuine integral magnetosome proteins
and to discriminate them from contaminates by simply comparing and weighting the
estimated relative abundance A of all proteins found within four cellular fractions. To
fulfill our criteria, the protein has to be (I) a membrane-associated protein

(determined by Amem/Anon-mag-ratio of > 1), (I1) strongly enriched in the magnetosome
17
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membrane compared to the non-magnetic membrane fraction (determined by
Anmag/ Amem-ratio of > 1), and (I11) would not become depleted from the magnetosome
by stringent washing (determined by Amagst/Amag-ratio of >1) (For more
information, see data analysis section in experimental procedures).

In total, only 81 proteins (of which 23 were Mam and Mms annotated) were assigned
genuine integral magnetosome membrane proteins if the parameters of our model
were set t0 Amem/Anon-mag =1, Amag/Amem>1 and Amagsi/Amag > 1, (Table 1).
Application of each individual criteria contributed to the exclusion of proteins from
the list of genuine magnetosome proteins, i.e. without taking into account every term,
the number of assigned magnetosome proteins, especially those that are not encoded
by the mam and mms operons, would have been unreasonably high (up to 651)
(Table 1 and

suppl. Table S 1). On the other hand, when Amem/Anon-mag 8Nd Amag st/ Amag Were set
above the value of > 1, e.g. to >3 and > 2, respectively, the number of assigned
proteins, and especially of those encoded outside the well-established mam and mms
gene clusters shrank dramatically, indicating that the two terms should not

exceed > 1 (

suppl. Table S 1).

Accordingly, the total number of assigned proteins further decreased when the
Anmag/ Amem ratio was set more stringently, while the number of assigned Mam/Mms
magnetosome membrane proteins only decreased by two when Amag/Amem Was
changed from > 1 to > 4 (Table 1 and suppl. Table S 2), indicating that the more
stringent conditions are still sufficient to identify experimentally confirmed
magnetosome membrane proteins. Therefore, parameter sets of Amem/Anon-mag = 1,
Amag/ Amem = 4 and Amag.str/ Amag = 1 seemed to be appropriate to predict the most

likely genuine magnetosome proteins.

By comparing the estimated abundance of individual proteins within the stringently

washed magnetosome fraction, the set of genuine magnetosome proteins might be

18



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

further refined. MamC was previously suggested to be the most abundant protein in
the magnetosome membrane [7,29]. An Amag.str(ny/Amag.strvamc)-threshold of 0.01
would indicate that for 100 estimated copies of MamC, at least one copy of the
protein of interest N has to be present in the magnetosome membrane. The effect of
supplementing the aforementioned conditions by the filter Amag.strv)/Amag.strame) > T
(T of 0.1, 0.01 or 0.001) to eliminate low abundant proteins is visualized in suppl.
Table S 3. A threshold T of 0.1 further reduced the number of predicted non-
magnetosome membrane proteins by 38 for Amem/Anon-mag > 1, Amag/Amem > 1,
Amag st/ Amag > 1 and by 4 for the more restrictive Amem/Anon-mag > 1, Amag/Amem > 4,
Anmag.st! Amag > 1, While being alone not sufficient for adequate filtering (suppl. Table
S 3). In combination with the parameters Amem/Anon-mag = 0, Amag/Amem > 4,

Anmag.str! Amag > 1, @ Amag st/ Amag stvame) threshold T of 0.01 predicted only 30 genuine
magnetosome membrane proteins, of which 22 were previously identified Mam/Mms
proteins. These values are comparable to the effects of Amem/Anon-mag > 1,

Amag/Amem = 4, Amag.st/ Amag > 1 without MamC abundancy threshold and particular
interesting as an alternative because the Amem/Anon-mag COfficient could potentially
also exclude proteins that are so highly affine to the magnetosome membrane that

they are completely undetectable in the nonmagnetic membrane fraction.

Mam and Mms proteins comprise the major fraction of the genuine magnetosome
membrane proteome

With the exception of the small MamL, all other proteins encoded by the mam and
mms gene clusters were identified in our proteomic data, including the recently
identified MamF2 and MamD2 as well as MamX and Maml, which escaped
detection in previous proteomic studies [13]. MamL is a small (approx. 9 kDa)

protein that contains two predicted hydrophobic transmembrane domains. Although
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two predicted tryptic peptides are in the theoretically detectable mass range, they
were not detected in any of the samples of this study. However, as indicated by
studies with MamL-GFP fusions and the strong magnetosome phenotype of gene
deletion [3,30], the MamL protein is expressed and at least partially targeted to the
magnetosome membrane, but was also never detected in previous proteomic
analyses. In contrast, small proteins of comparable low mass such like MamR
(approx. 8 kDa) and Maml (approx. 7 kDa) were confidently identified in this study.
Maml also comprises two predicted trans-membrane domains, but more predicted
tryptic peptides than MamL. The absence of MamL peptides from the data is an
indication that for unknown reasons some proteins might be underrepresented or
false-negatives in our screen.

With the stringent parameter setting of Amem/Anon-mag = 1, Amag/Amem = 4,

Anmag.st! Amag = 1, the 21 assigned and also predicted genuine integral magnetosome-
membrane proteins were: MamE, MamD, Mms6, MamO, MamM, MamC, MamB,
MamY, MamP, MamF2, MmsF, MamF, MamS, MamH, MamT, MamZ, Maml,
MamN, MamW, MamX and MamG. The two proteins MamQ and Mms48
(MGR_4070) met Amem/Anon-mag = 1 and Amag.su/Amag = 1, but only showed an
Anmag/ Amem Value of 2.0 or 1.6 respectively, therefore barely escaping our
classification as genuine magnetosome membrane proteins. It is thus possible that
both proteins are indeed genuine magnetosome-membrane proteins that are similarly
abundant in the cytoplasmic membrane; however, with an Amag.str/ Amag.strvamc) Value
of 0.01, the abundance of Mms48 in the magnetosome membrane fraction is very
low (i. e. 100 times less abundant than MamC). In the case of MamQ, this is
consistent with the observation by microscopy that MamQ-GFP within the cells was
mostly localized in the CM rather than the magnetosomes [3].

Several other Mam/Mms proteins also did not meet the criteria for genuine
20
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magnetosome-membrane proteins. MamA, for example, failed by two criteria:
Although its calculated Amag/Amem Value of 51.2 was the second highest in the whole
experiment, it did not fulfill the membrane protein threshold (Amem/Anon-mag = 0.6)
and was depleted from the magnetosome membrane in the purification process
(Amag.str/ Amag = 0.3). Consistent with its lack of predicted transmembrane helices
(TMH), it is well-established that MamA only associates to the magnetosome surface
and is not an integral part of the MM membrane, but becomes readily depleted with
alkaline treatment [31-33]. Our results therefore are in good agreement with
previous findings, and provide a further validation for the effectiveness of the
selected parameter set. MamJ was excluded for the same reasons, however shows
less clear parameter values (Amem/Anon-mag 3Nd Amag st/ Amag = 0.9). Since it also does
not contain predictable transmembrane domains, MamJ in vivo is most likely
strongly magnetosome-membrane associated, but not integral. The actin-like MamK
protein was excluded since it was more abundant in the non-magnetic membrane
(mem) than the magnetosome membrane (mag) and the total non-magnetic lysate
(non-mag). The latter indicates that polymerized, high molecular weight MamK is
either pelleted with the membrane fraction, or is bound to the cytoplasmic

membrane.

Although MamD?2 (like MamF2) was highly enriched in the magnetosome
membrane, the protein did not meet the criteria since it became depleted from
stringently washed magnetosomes (Amag.st/Amag = 0.6. The relevance of this finding
remains unclear, but might indicate that the protein is not an integral magnetosome
membrane protein, despite of its two predicted transmembrane domains. On the
contrary, the 8 kDa MamR lacks any predicted transmembrane domain. However, it

was virtually exclusively found in the magnetosome fraction, and could not be
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depleted. With a Amag stramr)/Amag.str(vamc) Value of 0.2, it was additionally highly
abundant and therefore seems to be tightly magnetosome associated. Since it was
undetectable in the non-magnetic membrane (mem) and almost undetectable in the
soluble protein fraction (non-mag), MamR is an ambiguous case but formally had to
be excluded. Although MamD and MamR are thus most likely no integral
components, the proteins seem tightly bound to purified particles. Similar to Mms48,
Mms36 was excluded because of its 10w Amag/Amem Value of 1.0. Additionally, both
proteins show a very low predicted abundance in the magnetosomes. Hence, Mms48
and Mms36, which were found to have a non-essential role in magnetite formation
[34], rather are localized in the cytoplasmic membrane in vivo. The mamXY operon
encoded protein FtsZm by far failed all criteria and was almost non-detectable in
magnetosomes. It is therefore most likely also active in another cellular compartment
in vivo, presumably the cytoplasm. Finally, the predicted soluble MamU was found
to be expressed, but also failed to pass any of the set criteria and therefore is most
likely not magnetosome associated in vivo, which is in line with the absence of a
discernible magnetosome phenotype upon deletion of mamuU [34]. The MAI-encoded
iron transporter homologue FeoABL1 [R. Uebe, manuscript in preparation] was
recently implicated in magnetite formation [35]. While FeoAl was not found in our
screen, FeoB1 was present with the same abundance in magnetic and non-magnetic
membrane fraction (Amag/Amem = 1.0, Amem/Anon-mag = 2.7, Amag.st/ Amag = 1.2), and
therefore not found to be specifically enriched in the magnetosome membrane, but
might still be a potential constituent of it.

The predominant localizations of many Mam/Mms proteins in M. gryphiswaldense
and other magnetotactic bacteria were already assessed by tagging and fluorescence
microcopy analysis in previous studies [e.g 25,36—-38]. In order to corroborate the

findings of the proteome analysis, we investigated the intracellular localization of
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some of those Mam/Mms proteins whose localization was not yet assessed
previously in M. gryphiswaldense. GFP-labeled Mms6 and MmsF predominantly
showed a strong linear fluorescent signal within the cells, resembling the
organization of the magnetosome chain and indicating a strong enrichment in the
magnetosome membrane (Figure 2A+B) as seen in our proteomic analysis. GFP-
MamE also showed an accumulation of signal at mid-cell, however with higher
cellular background (Figure 2C). Since MamW is only conserved in magnetospirilla,
not part of one of the four major operons of the MAI, and its gene deletion did not
shown any phenotype [13,30], its participation in magnetosome formation was yet
not proved. The linear signal of the MamW-GFP fusion (Figure 2F) however is
consistent with its proteomic detection and further suggests that MamW is
specifically and genuinely magnetosome-integral. MamR and MamA GFP-fusions
also showed a weak linear localization signal within the cell, along with a high
cytoplasmic background (Figure 2D+E). These results corroborate the finding that
both proteins were not assigned genuine integral magnetosome membrane proteins in
this study, but were still found highly enriched in the magnetosome fraction,

indicating strong magnetosome association.

Given the high sensitivity of detection, it is highly likely that most of the 1000
proteins that were detected in the magnetosome fraction represent contaminations
from other cellular compartments, resulting from unspecific binding during cell
disruption and purification. Comparable to previous proteomic studies, predicted
outer membrane proteins and ATPase subunits were some of the most abundant
proteins in the magnetosome membrane fraction (mag) [7-9] (Table 2). However,
these proteins are known to be among the most abundant cytoplasmic membrane
proteins in all bacteria [39] and did not meet our stringent filter criteria for genuine
magnetosome-membrane proteins, showing that some highly abundant proteins in
the magnetosome fraction are likely contaminants.
Next, we assessed if novel candidates identified in our screen for genuine
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magnetosome-membrane proteins could be linked to magnetosome biosynthesis:
Besides the known Mam and Mms proteins discussed above, only few other proteins
met our filter criteria or were highly enriched in the magnetosome membrane (Table
1 and Fehler! Verweisquelle konnte nicht gefunden werden.), but are not
predicted to be magnetosome-associated (non Mam/Mms). Only one of those, the
small (7 kDa) hypothetical transmembrane protein MGR_4114, is conspicuously
encoded within the genomic magnetosome island, forming an operon together with
two additional hypothetical proteins and one protein with similarities to ParA/MinD-
like ATPases. However, our deletion of the entire operon failed to cause a discernible

magnetosome phenotype (

Fig S 3). Another candidate, MGR_3691 (also known as MM22 [9]) exhibited the
highest magnetosome enrichment of all proteins identified in our screen
(Amag/Amem = 64.8), but was not assigned genuine integral magnetosome protein, as it
became depleted in stringently washed magnetosomes, and did not meet the integral
membrane protein threshold (Amagst/Amag = 0.5, Amem/Anon-mag = 0.5). Indeed,
deletion of the gene did also not cause any magnetosome phenotype (

Fig S 3), indicating that it has no important function in magnetosome formation.
Among the most abundant proteins, the previously identified Mms16 (MGR_0659)
was also identified, but not assigned genuine magnetosome protein (Table 2) due to
an Amem/Anon-mag Value of only 0.6 and an Amag/Amem Value of 2.4. The protein was
previously implicated in magnetosome formation [40], but later in fact shown to
represent a phasin that rather functions in PHB metabolism of M. gryphiswaldense
[41]. This indicates that contaminations can be successfully uncovered by our
approach. While three of the other magnetosome assigned (according to our results),
but non-magnetosome predicted proteins showed & Amag strMamr)/ Amag.strmamc) below
0.01 (Table 2), five further proteins exhibited a value between 0.01 and 0.02. These
are the hypothetical proteins MGR_2833, MGR_0916 and MGR_2730 as well as the
histidine kinase MGR_0622 and the ccbh3-type cytochrome oxidase maturation

protein MGR_2552 (Table 2). Since their abundance in the magnetosome membrane
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is very low in comparison with MamC and currently no functional connection to
magnetosome formation is known for those proteins, it is highly likely that they
represent false positives with respect to identified genuine magnetosome-membrane
proteins.

Table 3 shows additional proteins that might be genuine magnetosome-membrane
proteins, identified using less stringent filter parameters (Amem/Anon-mag = 1,
Anmag/Amem = 1, Amag.st/Amag = 1), but with a predicted abundance of at least two
protein copies per magnetosome (Amag.strN)/Amag.stvamc) > 0.02). Besides MamQ,
these proteins comprise putative translocases, peptidases, hypothetical proteins, acyl-
or glycosyl-transferases. However, only MamQ shows a reasonably high Amag/Amem
enrichment coefficient and also Amag st/ Amag.strvamc) abundance. Similarly, ignoring
the Amag/ Amem threshold, only MamR and a putative phasin could be additionally
associated with high Amag.str/ Amag.strvamc) abundance.

In summary, except few novel candidate proteins, of which only one showed higher
confidence (MGR_4114), it therefore appears that the specific integral
magnetosome-membrane sub-proteome is comprised of only previously predicted

magnetosome-membrane proteins.

Proteinase K-shaved magnetosome membranes mostly contain MAI-encoded
Mam/Mms protein fragments

To obtain additional information about the integral magnetosome-membrane
proteome, we performed a Proteinase K membrane shaving assay on isolated
magnetosomes, which should cleave off and digest all external protein domains,
while buried transmembrane and membrane enclosed domains stay intact. Mass
spectroscopy analysis of shaved magnetosomes membranes assigned peptide spectra

to 61 proteins (suppl. Table S 4). Although we found previously undetected peptides
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derived from predicted hydrophobic transmembrane helices of Mam and Mms
proteins, most assigned spectra were from predicted soluble protein domains.
However, among the 20 proteins with the highest exclusive un-normalized peptide
spectra counts (SpC), 15 were Mam and Mms proteins (suppl. Table S 4). While
19% of all spectra were assigned to the magnetosome protein MamO, the top-10
proteins with highest SpC already covered 75% of all spectra (top-20 — 89%).
Besides MamS and MamP, all identified genuine Mam and Mms magnetosome
membrane proteins (according to Table 2) were also detected in the membrane
shaving assay, however with highly variable SpC. Additionally, MamJ, MamA and
MamD?2 were also identified with comparably low SpC (suppl. Table S 4). Although
with low SpC, only MGR_2730 and the MAI-encoded MGR_4114 were identified
from the list of non-Mam/Mms proteins, but assigned genuine magnetosome proteins
(Table 2). As in whole magnetosomes, MGR_3691 was again identified with a high
SpC (suppl. Table S 4), emphasizing its role as a candidate magnetosome membrane
protein. Six proteins previously not found in any of the analyzed fractions had
assigned peptide spectra, of which MGR_1410, a predicted ammonia permease, had
the highest SpC. Notably, also FeoB1 was detected with intermediate SpC. Most
other identified proteins, most of them with a comparably low SpC, were
components of transporters or of redox pathways and other proteins of the energy-
metabolism. The results from the Proteinase K membrane shaving assay again
suggest that magnetosome membranes are specifically enriched mainly with Mam

and Mms proteins.
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Predictions of protein stoichiometry suggest that the magnetosome membrane is
densely packed with integral proteins.
Recently, based on quantitative Western blots with MamC-GFP labeled
magnetosomes, a conservatively estimated number of approximately 100 molecules
of MamC was suggested for an average sized magnetosome [21]. Based on this
number and the calculated Amag.strv)/Amag.strvame)-Values, we estimated the putative
copy numbers of the integral genuine magnetosome proteins for an average wild type
magnetosome of 45.5 nm diameter [3] (Table 2). Within the membrane, TMHSs of
integral proteins are associated with one or two boundary lipid shells that interact
with the hydrophobic protein domain. The diameter of the most prevalent lipid head
groups in magnetosome membrane is approximately 0.72 nm. Hence, an annular
boundary lipid shell would increase the diameter of an embedded TMH to 2.5 and
4.0 nm for one and two boundary lipid layers, respectively (Figure 3A and B). TMHSs
of multi-membrane spanning proteins might be packed without internal lipid
boundary layers. According to Jacobson et al. [22], a diameter of 2.4 nm can be
assumed for the whole transmembrane domain (TMD) of a packed tetraspan-protein,
and a diameter of 3.2 nm for a packed heptaspan-protein (Figure 3C-E). We
interpolated these values for magnetosome membrane proteins that exhibit 1 to 18
TMHs and calculated the average TMH-coverage of the magnetosome membrane
(surface) based on the predicted copy numbers of the proteins and different boundary
lipid assumptions (see experimental procedures for details) (Table 4). We chose to
focus only on genuine Mam and Mms proteins, since the copy numbers of other
potential integral magnetosome-membrane proteins are negligible, together
accounting for only 2 % (Table 2).
According to this calculation, TMDs of magnetosome proteins already cover 18-20%

of the magnetosome surface, without taking into account boundary lipids. If one shell
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of boundary lipid is added, this coverage increases to 62-97% and further to
impossible 131-238% if a second shell of boundary lipids is included. Assuming a
mixed TMH-packing model in reality, this indicates that TMHs of all proteins seem
to be in close contact to each other and in most cases can be only surrounded by one
layer of boundary lipids. We used the alternative PAI quantification method to
estimate protein abundance and membrane coverage (suppl. Table S 5 and suppl.
Table S 6, full calculation can be found in suppl. File 1). Using PAI, we even
estimated higher copy numbers for most proteins and up to 170% higher membrane
coverages (suppl. Table S 6). Therefore, the magnetosome membrane seems to be
very rigid and tightly packed with trans-membrane proteins and only contains a
smaller number of “free” lipids. For comparison, the hepta-spanning archaeal
bacteriorhodopsin is one of the most tightly clustered transmembrane proteins and
might be present in up to 600,000 molecules on a surface of 15 pm? [42]. Assuming
a trimer configuration of the molecule with an approximate TMD-diameter of 5.2 nm
[PDB] (including 3 enclosed lipids), this would indicate a total membrane coverage
of 28%, which is somewhat higher but in the same range as our conservatively

estimated coverage of the magnetosome membrane.

Conclusions

In summary, our proteomic data and modelling estimated the composition of the
integral magnetosome-membrane proteome of MSR-1. Although the prediction of
relative protein abundancies from label-free mass spectroscopy data is inherently
error-prone and might lead to under- or overestimations for individual proteins, the
cautious interpretation of our data allowed us to approximate the protein composition
and coverage of the magnetosome membrane in a novel approach. Absolute

quantifications of other individual magnetosomes-membrane proteins in the future
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will further refine our model, which will be the basis for more precise determination
of the structure of this unique bacterial organelle. By directly comparing protein
abundances of magnetosomes purified from single magnetosome gene deletion
mutants with those of the wild-type, our approach could be utilized to systematically
assay the interdependency on protein localization to the organelle. This might prove
as a powerful tool to further investigate the complex interaction-network of
magnetosome proteins. Finally, our prediction of an unusually crowded protein
composition within the membrane of the organelle also might substantially
contribute to the assumption that a lipid raft like association of magnetosome-
membrane proteins takes place prior to the magnetosome invagination [3,5].
Altogether our results will help to elucidate the processes involved in biogenesis of

magnetosomes.
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859

860  Figure 1: Fractionation workflow of magnetically separated magnetosomes,
861  stringently washed magnetosomes, non-magnetic cell lysate and enriched non-
862  magnetic membrane fraction. Additionally, workflow to obtain transmembrane

863  peptides from magnetosome proteins by Proteinase K membrane shaving is outlined.

864  UC: Ultracentrifugation
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MamR-GEP (also N-ter) MamA-GFP

Figure 2: Cellular localization of six Mam/Mms proteins in M. gryphiswaldense. All
proteins were C- or N-terminally fused to EGFP and expressed in the wild type. A 30
amino acid alpha-helical linker (HL) was placed in between the fusion proteins. A)
C-terminal Pyampc-mms6-HL-egfp construct, expressed from plasmid. B) N-terminal
Pmampc-mmsF-HL-egfp construct, expressed from plasmid. C) N-terminal Pyampc-
mamE-HL-egfp construct, expressed from ectopic chromosomal locus. D) C-terminal
Pmampc-mamR-HL-egfp construct, expressed from plasmid. N-terminal fusion
exhibited comparable localization pattern. E) C-terminal mamA-HL-egfp construct,
expressed from native chromosomal locus (in-frame gene fusion) F) C-terminal
Pmampc-mamW-HL-egfp construct, expressed from plasmid. Fluorescence (left) and
corresponding differential interference contrast (right) images are shown. Scale bar:

21m

38



880

881
882
883
884
885
886
887
888
889
890
891
892
893

894

Figure 3: Model of transmembrane helices (domains) embedded in a membrane.
Transmembrane helices (domains) are colored in red, primary boundary lipids in
blue, secondary boundary lipids in green and non-interacting (‘free’) lipids in grey.
Approximate cross section diameters of several entities are indicated within the
figure. A) Top view of single transmembrane helix with two layers of boundary
lipids. B) Side view of transmembrane helix with two layers of boundary lipids and
one layer of free lipids. C) Side view of three transmembrane helices of a single
protein all embedded by boundary lipids. D) Side view of three transmembrane
helices of a single protein packed in one domain embedded by boundary lipids but
without internal lipids. E) Top view of an array of transmembrane domains of several
proteins surrounded by variable numbers of boundary lipids. One of these proteins is
a packed protein with transmembrane domains consisting of three transmembrane

helices (tetra-span) and another protein with seven (hepta-span) helices.
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Table 1: Number of assigned genuine magnetosome proteins under different

parameter conditions

Parameters

Amem/Anon-mag = 1 0 1 1 0 1 1 0
Amag/Amem > 1 1 0 1 1 4 1 4 4
Amagstr/Amag = 1 1 1 0 0 1 1 1
Amag str/ Amag str(Mamc) > - - - - - - 0.01 0.01 0.01
Total # of assigned proteins 4 81 151 556 155 651 30 43 26 30 |
# assigned predicted MMP B 23 24 24 24 27 21 23 21 22

# non-assigned predicted MMP ¢ 9 8 8 8 5 11 9 11 10

# assigned predicted non-MMP P 58 127 532 131 624 9 20 5 8

A total number of proteins that meet the applied parameter filter set (= assigned)

® number of assigned proteins that are predicted magnetosome membrane proteins (MMPs)

[encoded within mam or mms operons (including mamW, mamF2, mamD2 and ftsZm]

© humber of proteins that are predicted MMPs, but do not meet parameter criteria

P number of assigned proteins that are not predicted MMPs
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Table 2: Top20-abundant and all assigned genuine magnetosome proteins. The
following parameters were applied: Amem/Anon-mag > 1, Amag/Amem > 4, Amag.st/ Amag >
1. Abundance relative to MamC was calculated by Amag st/ Amag.strqvamc) Value. The
number of predicted protein copies is estimated by assuming a MamC copy number
of 100 per magnetosome [21]. Genuine magnetosome-membrane proteins meeting
the parameter criteria are marked by grey columns; other proteins only show high
abundance values compared to MamC copy number.

Abundance
Rank relative to Molecular
Abundance MamC Protein name [main putative function[4]] weisht
(Amagstr) [predicted g
copy number]

4 0.48 YajC [preprotein translocase subunit] 13 kDa

7 0.26 MGR_0659 (Mms16) [Phasin] 16 kDa

9 0.24 MGR_3650 [Outer membrane protein (porin)] 41 kDa

13 0.20 MamR [magnetite crystal growth] 8 kDa

14 0.18 AtpF [ATP synthase B chain precursor] 19 kDa
15 0.18 MGR_1798 [Outer membrane protein] 17 kDa
16 0.17 MamA [magnetosome maturation| 24 kDa

19 0.13 AtpG [ATP synthase B' chain] 18 kDa
20 0.13 Mam] [magnetosome chain formation] 44 kDa
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Table 3: Additional candidate genuine magnetosome membrane proteins
predicted by less stringent filter parameters. Proteins here are only listed if not
already mentioned in Table 2.

Amag.str/ Ra nl{ SEt pal' ameters: Amem/ Anon-mag 2 1 5]
Amag.str('MamC) ( A ) Amag/ Amem > 1; Amag.str/ Amag = 1;
Tagstr Amag.str(N)/ Amag.str('MamC) =0.02

Amem/ Amag/ Amag.str/
Anon-mag Amem Amag

MGR_3120 Bacterial sec-independent
34 1.3 1.5 0.07 34 translocation protein mttA/Hcf106 (8
kDa

MGR_0255 conserved hypothetical

1.2 14 1.0 0.05 46 rotein (11 kDa

1.1 1.2 1.2 0.02 87 MGR_4238 regulatory protein (22 kDa)

MGR_0417 serine O-acetyltransferase

6.6 1.3 1.9 0.02 114 27 kDa

Amag.str/
Amag.str(MamC) ( A . tr) Amag/ Amem > 4‘, Amag.str/ Amag = 1:
T Amag > 0.

. >
Rank Set parameters: Amem/Anon-mag = 0

Amem/ Amag/ Amag.str/
Anon-mag Amem Amag
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Table 4: Coverage of the magnetosome membrane surface by transmembrane

domains of integral magnetosome proteins

Integral magnetosome
membrane coverage by
TMDs A

All TMHs B are isolated
from each other

TMHs of individual
proteins are tightly packed

No boundary lipid

One boundary lipid

Two boundary lipids

18 %

97 %

238 %

20%

63 %

132 %

A: Transmembrane domain
B: Transmembrane helix

44



922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

Supplementary information
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Fig S 1: Organization of genes associated with magnetosome formation within the

genomic magnetosome island (MAI) of M. gryphiswaldense.
Fig S 2: 2D SDS-PAGE of fractions employed for mass spectrometry analysis:

Fig S 3: Representative Transmission Electron Micrographs of M. gryphiswaldense
wild type (A), Amgr3691 (AMM22) (B) and Amgr4114op (C). Scale bar represents

500 nm
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