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Supplementary Figures
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Supplementary Figure 1. Cryo-ET of WT and AmamY strains.
Cryo-ET tomographic slices of several (a) WT (n=7) and (b) AmamY (n=9) cells showing the intracellular

magnetosome chain localization. Slice thickness: 15.7 nm. Scale bars: 200 nm.






Supplementary Figure 2. Magnetic response and mutant complementation assays

(a) Magnetic response (Cmag) of fixed cells from the WT, AmamK, AmamY, AmamJ and AmamKY strains.
The values are derived from four independent samples (n=4) for each strain. A one-way ANOVA and a post
hoc Tukey's multiple comparison test resulted in the differences shown in the plot. The test shows that
AmamJ vs AmamKY strains as well as AmamK vs AmamY do not differ significantly in C g, but all of them
are different from the WT (P values: a = 0.00003214; b = 0.00000496; ¢ and d represent a P value

< 0.00000001; e = 0.11009048 (ns); f=0.20297774 (ns); g =0.00000009; h = 0.00000078;

1=0.05712370 (ns)). ns: not significant. Error bars represent the SD. The centre represent the mean.
Individual data points (diamonds) per strain are overlaid on the bar to indicate the distribution of the data set.
(b) TEM micrograph of AmamY cells complemented with the mamY gene.

(¢) TEM micrograph of AmamKY cells complemented with mamY, (d) mamK and (e) mamK-mamY genes.
Similar magnetosome localization patterns as shown in (b-e) were observed in cells of at least three

independent experiments. Scale bars: 500 nm (except most right micrograph in E: 1 pm).
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Supplementary Figure 3. N- and C-terminally tagged MamY proteins are functional

(a) TEM micrograph of the AmamY strain complemented with mamY-mCherry showing that the C-terminal
tagged MamY restores the WT magnetosome chain positioning and thereby is functional.

(b) TEM micrograph of a markerless native site in-frame chromosomally inserted mCherry gene upstream of
mamY resulting in the mCherry-mamY fusion. This N-terminally tagged MamY shows a WT magnetosome
chain positioning phenotype, demonstrating functionality. Scale bars of TEM micrographs: 500 nm.

(¢) Fluorescence image of a C-terminal mCherry fusion to MamY displaying a linear localization along the
positive curvature of Mgryph. Scale bar: 1 pm. The magnetosome and mCherry-MamY localization patterns
shown could be reproduced in cells of three experiments using independent mutant strains and cell

preparations.
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Supplementary Figure 4. MamY truncation analysis and TM domain exchange

(a-e) Localization patterns of EGFP-tagged MamY variants in AmamY (left panel) and the non-magnetic
mutant Mgryph-1B (right panel) observed by fluorescence microscopy.

(a) MamYryi: consists of a predicted transmembrane (TM) domain plus the cytoplasmic domain (CD).

(b) MamY tvp: harbors the TM domain only.

(c) MamY tmp-cpss): N-terminal 266 amino acids (including TM domain).

(d) MamY ¢p: cytoplasmic domain only.

(e) MamY cpgo1-371): C-terminal 71 amino acids only.

(f) MamY rui-EGFP localizes to the membrane in the rod-shaped E. coli.

(g) MamY TM domain exchanged against a histidine kinase TM domain (TM pxk-MamYcp). Subcellular
localization in the non-magnetic Mgryph-1B (central slice through the cell of a deconvolved z-stack).
Scheme of the protein fusion is not to scale.

(h) TMuk-MamYcp (MamY TM domain exchanged against the TM domain of the histidine kinase (HK)
Mgr 1233) in the heterologous host R. rubrum displays diffuse localization to the membrane.

(i) TMuk-MamY cp-GFP localization in the WT strain.

(j) Localization of the EGFP-tagged TM domain of the histidine kinase (HK) in the Mgryph WT.

(k-1) Spheroplasts of WT and AMALI strains expressing MamY-EGFP. (k) Micrograph slices through a
deconvolved z-stack at several depths of a WT cell. (I) Maximum intensity projection micrograph of MamY -
EGFP signal of a deconvolved z-stack from the cell shown in (k), and the overlay with the DIC channel.
(m) Maximum intensity projection micrographs of MamY-EGFP signal (of a deconvolved z-stack) from
three AMAI cells and overlay with the DIC channel. All linear structures appear membrane associated, either
at the top, bottom or edges of the spheroplasts.

(n) Localization of Mmagnet-MamY fused to EGFP in the Mgryph WT (left panel) and AMALI (right panel,
this strain is devoid of magnetosome-related genes by deletion of the genomic magnetosome island). A
continuous and linear localization from pole-to-pole and likely along the inner positive curvature is evident
in both strains, i.e., even in the absence of native Mgryph-MamY or other magnetosome-related proteins.
The localization patterns of MamY variants were observed in cells of four (a-e), five (£, h, j) and three (g, i,

k-n) experiments using independent mutant strains and cell preparations. All scale bars in the figure: 1pm.
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Supplementary Figure 5. Clustered magnetosome phenotype upon exclusive recruitment of MamyY cp
to the magnetosome membrane by fusion to MamC; reduced MamY content in magnetosomes of the
mamJ mutant, and in vivo-interaction of MamY with MamJ and truncated MamY versions
determined by bacterial two-hybrid (BTH) assays

Fusion of the MamY cytoplasmic domain (MamY c¢p) to MamC results in the mamC-MamYcp allele at the
native mamC locus. TEM micrographs of (a) AmamY, mamC-mamY cp and (b) mamC-mamYcp (in the WT
background, native mamY present) show aggregated magnetosomes primarily located at the negative or
positive curvature, respectively. Similar magnetosome localization patterns were observed in cells of two
experiments using independent mutant strains and cell preparations Scale bars: 1 pm.

(¢) Simultaneous immunodetection of MamC (as reference) and mCherry-MamY on isolated magnetosomes
from WT and the mam.J mutant suggests reduced amounts of MamY at A mam.J magnetosomes (quantified by
densitometry, see Methods section). Similar results were obtained from a second experiment using an
independent cell sample.

(d) Bacterial two-hybrid analysis of MamJ-MamY interaction. E. coli BTH101 was transformed with pairs
of plasmids encoding fusions of MamY to the T18 fragment and Maml to the T25 fragment of Bordetella
pertussis adenylate cyclase. Positive control (+): T25-zip/T18-zip. An interaction in E. coli could not be
detected unambiguously.

(e) Detection of MamY self-interaction by bacterial two-hybrid analysis. E. coli BTH101 was transformed
with pairs of plasmids encoding fusions of MamY to the T25 and T18 fragments. Interaction is evidenced by
the growth of blue colonies. Positive control (+): T25-zip/T18-zip. All BTH experiments were repeated at

least twice and resulted in similar colony coloring.



Supplementary Figure 6. 3D-SIM of mCherry-MamY

3D-SIM imaging of cells expressing mCherry-mamY from the mamY locus. Left panel: Micrograph of a
z-stack maximum intensity projection of the mCherry-MamY signal combined with brightfield channel.
Right panel: mCherry channel only. Similar results were obtained from two independent experiments.

Scale bars: 1um.
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PALM of Dendra2-MamY in the mamK strain
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Supplementary Figure 7. PALM of Dendra2-MamY reveals a linear structure along the positive
curvature in vivo in the absence of MamK

(a-d) Single-molecule detection of Dendra2 fused to MamY in the AmamK strain (native MamY present).
(a) PSF rendering: a computed fluorescence image generated by density rendering of the PSF FWHM of all
detected single events. Insets: brightfield channel. Scale bars: 500 nm.

(b) Local density: each dot represents the geometric center position of a fluorophore. The density of events is
depicted in color-coded values (see methods), where the scale values are equivalent to Figure 4e. Lower
insets: magnification of the indicated area.

(c¢) Nearest neighbor distances of the experimental distribution. Data were edge-corrected using three

different methods (the border method (red line), Kaplan-Meier (black line) or Hanisch (green line)
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estimators) yielding similar results. A theoretical distribution (blue line) represents randomly distributed data
considering identical area and amounts of events per cell as the experimental data.

(d) Clustering: algorithm that takes into consideration the localization precision area of individual events and
the intermolecular distances. Two molecules are clustered if the distance of their localization precision areas
are < 0 nm. Light blue: single molecules and clusters < 5 molecules; Blue: clusters of 5 to 50 molecules;
Dark blue: clusters of > 50 molecules. Insets: magnification of the indicated area showing clusters of
molecules rendered with their corresponding localization precision area.

(e) PALM imaging of Dendra2-MamY in several AmamK cells and application of the clustering algorithm. A
range of 1,850 to 3,900 single-molecule events per cell with a localization precision average of ~25 nm were
acquired. Insets: computed PSF rendering and magnification of the indicated area showing the clusters and
molecules rendered with their corresponding localization precision area (Blue: clusters of 5 to 50 molecules;
Dark blue: clusters of > 50 molecules). Scale bars: 500 nm. PALM data of Dendra2-MamY in the AmamK

strain (across the figure) are representative of three independent experiments.
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a PALM of Dendra2-MamK in the WT strain
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Supplementary Figure 8. Clustering algorithm validation using MamK filaments and

and imaging quality assurance: determination of background events in the WT strain.

(a) PALM of Dendra2-MamK in the WT strain as internal control for application of the clustering algorithm
to a filament/polymer-forming protein. (Left panel) PSF rendering: a computed fluorescence image
generated by density rendering of the PSF FWHM of all detected single events. Scale bar: 500 nm.

(Right panel) Events Clustering: algorithm that takes into consideration the localization precision area of

individual events and the intermolecular distances. Two molecules are clustered if the distance of their
localization precision areas are <0 nm. Light blue: single molecules and clusters <5 molecules; Blue: clusters
of 5 to 50 molecules; Dark blue: clusters of >50 molecules. Localization precision average of ~26 nm.

Insets: magnification of the indicated area showing the clusters and molecules rendered with their
corresponding localization precision area. Results are representative of three independent experiments.

(b) WT cells (no fluorophore present) imaged by PALM. Centroids show the background events intrinsic of
Mgryph cells (average: 82 events/cell, n = 5). Insets: brightfield channel. Scale bars: 500 nm.

13



Dynamic Light Scattering (DLS) of MamY
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Supplementary Figure 9. The cytoplasmic domain of MamY is able to reversibly self-interact in a pH
dependent manner in vitro

The purified cytoplasmic domain of MamY (MamY cp) was subjected to pH shifts and the dynamic light
scattering radius plotted against the total molecules mass. pH changes were as follows:

(a) 7.4-8.0—-6.0; (b) 7.4 —7.6 — 7.4 —7.6. This experiment was performed independently at least 3 times

yielding similar results.
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Supplementary Figure 10. PALM of MamY protein variants shows that the transmembrane domain is
essential for proper formation of the linear structure

(a-f) PALM of Dendra2 fused to MamY ¢p protein in the AmamKY strain. Localization precision average
~25 nm.

(a) PSF rendering: a computed fluorescence image generated by density rendering of the PSF FWHM of all
detected single events. Scale bar: 500 nm.

(b, d, e) Local density map of three cells: each dot represents the geometric center position of a fluorophore.
The density of events is depicted in color-coded values (see Methods). Scale of values in (b).

(c¢) Nearest neighbor distances of events of cell shown in (b).

(f) Nearest neighbor distances of all three cells. Blue to red color gradient of the plot lines represent the
lowest and highest MamY molecule counts per cell, respectively. Experimental distribution data from three
cells was edge-corrected using the Hanisch estimator method (continuous lines). A theoretical distribution -
blue line in (c) or dashed lines in (f)- represents randomly distributed data considering identical area and
amounts of events per cell as the experimental data. The three depicted and analyzed cells for Dendra2-
MamY cp are representative of a single PALM experiment.

(g-1) PALM of Dendra2 fused to the chimeric TM gg-MamY ¢p protein in the AmamKY strain. Localization
precision average ~23 nm.

(g) Computed PSF rendering. Scale bar: 500 nm.

(h, j, k) Local density map: each dot represents the geometric center position of a fluorophore. The density
of events is depicted in color-coded values. See scale of values in (b).

(i) Nearest neighbor distances of events of cell shown in (h).

(1) Nearest neighbor distances of all three cells. Blue to red color gradient of the plot lines represent the
lowest and highest MamY molecule counts per cell, respectively. Experimental distribution data from three
cells was edge-corrected using the Hanisch estimator method (continuous lines). A theoretical

distribution -blue line in (i) or dashed lines in (1)- represents randomly distributed data considering identical
area and amounts of events per cell as the experimental data. Images for the Dendra2- TM pg-MamY ¢p fusion

are representative of two independent experiments.
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AmamJ + Nanotrap-to-Y
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Supplementary Figure 11. In vivo-reconstruction of a synthetic magnetosome chain onto MamY and
MamK structures

(a) TEM micrograph of a Amam.J cell harboring the typical agglomerated magnetosomes. Scale bar: 500 nm.
(b) AmamdJ cells expressing the Nanotrap-to-Y (mCherry-MamY and MamC-MBN) displaying artificially
restored magnetosome chains localized at the positive curvature. Red line: projection of the geodetic axis in
2D space. Scale bars: 500 nm).

(c) A AmamJ cell with clustered magnetosomes. Scale bars: 500 nm.

(d) Several AmamJ cells transformed with the Nanotrap-to-K (mCherry-MamK and MamC-MBN)
displaying artificially restored magnetosome chains localized at the positive curvature. Red line: projection
of the geodetic axis in 2D space. Scale bars: 1 pm (insets: 500 nm).

(e) The mamJY double mutant contains clustered magnetosomes due to the dominant A mamJ phenotype.
Scale bar: 500 nm.

(f) AmamJY cells transformed with the Nanotrap-to-K harbor synthetically restored magnetosome chains
localized at the positive curvature. Red line: projection of the geodetic axis in 2D. Scale bars: 500 nm.
Similar magnetosome localization patterns were observed in cells from three experiments using independent

mutant strains and cell preparations.
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Supplementary Figure 12. PALM imaging quality assurance: data filtering and details

Filtering parameters are: PSF FWHM (80 - 160 nm), fluorophore emitted photon number (100 - 500). To
show an example of the filtering effects and quality of the PALM imaging, a selected single cell is shown
(AmamK plus Dendra2-MamY).

(a) Plot of PSF width at half-maximum versus number of emitted photons.

(b) Plot of localization precision area versus number of events.

(c) Number of events per frame for a single cell.
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(d-g) PSF rendering and centroids localization of the (d-e) pre-filtered and (f-g) post-filtered cell.

Scale bars: 500 nm. Results are representative of three independent experiments.

(h-j) Application of the clustering algorithm. (h) All clusters rendered, (i) clusters >5 molecules and (j) >50
molecules. Cluster color code: light blue, clusters <5 molecules; blue, clusters of 5 to 50 molecules; dark
blue, clusters >50 molecules. Insets: magnification of the indicated area showing either the centroids or

clusters of molecules rendered with their corresponding localization precision area.
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Supplementary Figure 13. Immunoblot raw data: full length blots.

(a-d) Related to Figure 3b of the manuscript.

(a) Immunodetection of mCherry-labelled MamY in fractionated lysates of cells containing pOR035 (lanes
1-3) and WT as control (lanes 4-6) by chemiluminescence. Lanes 1 and 4 were loaded with isolated
magnetosomes (MM), lanes 2 and 5 with total membrane (TM) and lanes 3 and 6 with soluble fractions (S).
(b, d) Daylight exposure of the probed membranes.

(c) Second blot containing the same samples as in (a) but probed with aMamC antibody as control for cross-
contamination of the fractionated cell lysates.

(e-f) Related to Supplementary Figure Sc of the manuscript and show the result of simultaneous detection of
mCherry (fused to MamY) and MamC in purified magnetosomes from the indicated strains. The second lane
(AmamK) is not shown and not mentioned in the main text.

The dashed boxes indicate the membrane sections shown in the main or supplementary figure, respectively.
The size standard used was PageRuler Plus Prestained Protein Ladder (Thermo Scientific). Similar results

were obtained in at least two independent experiments.
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Supplementary Notes

MamY must be present at the cytoplasmic membrane to localize magnetosomes properly

Since we found MamY highly enriched in the cellular and the magnetosome membrane, we examined
whether the presence of MamY on the magnetosome surface alone is sufficient to guide magnetosomes
towards the geodetic axis. To this end, we used the AmamY strain to chromosomally express a chimeric
MamC-MamY cp fusion, where MamC substituted the MamY TM domain and served as highly
magnetosome-specific membrane anchor. TEM micrographs of this strain showed agglomerated
magnetosomes mislocalized mostly at the negative curvature (Supplementary Fig. 5a). It has to be noted that
in this strain, mamC-mamYcp is the only source of mamY, and the clustering of magnetosomes occurred in
the presence of the MC-organizing proteins MamJ and MamK, suggesting that MamY may interact (directly
or indirectly) via its C-terminus with MamJ (or MamY) located on the nearest neighboring magnetosome.
Therefore, MamC-MamY cp did not complement the function of the native MamY. Expression of mamC-
mamYcp in WT cells (native mamY present) induced magnetosomes clustering as well, indicating a negative
dominant effect; however, magnetosomes localized properly at the positive curvature likely due to the
influence of native MamY (Supplementary Fig. 5b). This suggests that MamY needs to be present at the

cytoplasmic membrane to convey the MC to the geodetic position.

The cytoplasmic domain of MamY forms high oligomeric structures in vitro

To corroborate the assumed self-interaction and polymerization properties of MamY, we analyzed its
intermolecular interaction capability in vitro using dynamic light scattering (DLS). To this end, we purified
the cytoplasmic domain of MamY (MamY c¢p) and tested for polymerization under different pH. DLS
analysis in phosphate buffer at pH 7.4 resulted in one prominent peak for particles with a hydrodynamic
radius of approximately 3 nm (Supplementary Fig. 9a, black line), ranging from 2 to 5 nm, and equivalent to
90.2% of total molecules mass. Given that purified MamY cp has a theoretical molecular weight of ~34 kDa
and that a hydrodynamic radius of 3 nm is equivalent to about 44 kDa (2 to 5 nm represent ~18 and ~140
kDa, respectively), it can be hypothesized that this species may be composed of monomers, dimers and small

(few molecules) oligomers of MamY cp. In addition, a minor group of larger species with a radius between
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10 and 84 nm (9.8% of the mass) could be observed (Supplementary Fig. 9a, black line). When the pH was
increased to 8.0 (Supplementary Fig. 9a, red line), the proportion of larger sized particles (10 to 84 nm) rose
to 54.4% of the total mass. The most abundant species of these large sized particles displayed radius sizes
between 10 to 20 nm, which corresponds to an estimated range between 760 to 3,700 kDa (85 nm particles
are ~110,000 kDa). However, lowering the pH from 8.0 to 6.0 resulted in loss of the large species and
enrichment of the smaller sized particles <10 nm, the latter representing 92.7% of the total mass
(Supplementary Fig. 9a, blue line), similar to the initial value at pH 7.4 (90.2% Supplementary Fig. 9a, black
line). This suggests that the MamY cytoplasmic domain is capable to assemble into higher order oligomeric
structures in solution, and that this behavior is pH dependent.

In a second set of experiments, we tested whether this polymerization is reproducible under conditions closer
to physiological pH, i.e., upon more subtle pH shifts around 7.4. We again started at pH 7.4 with 100% of the
particles being <10 nm (Supplementary Fig. 9b, black line). Upon a slight increase in the pH to 7.6, we
observed a complete conversion of the small-sized particles to particles with a hydrodynamic radius between
25 to 66 nm, which now represented 100% of the total mass (Supplementary Fig. 9b, red line). This
demonstrates that the oligomerization can be triggered by slight pH shifts that could well take place locally
under physiological conditions. Interestingly, decreasing the pH from 7.6 back to 7.4 was sufficient to
disassemble the polymers almost completely and resulted in 99.4% of species <10 nm (Supplementary

Fig. 9b, blue line), which is close to the starting proportion at pH 7.4 (Supplementary Fig. 9b, black line). A
subsequent increase back to pH 7.6 reproducibly caused a 100% of particles to assemble above 25 nm and up
to 66 nm (Supplementary Fig. 9b, green line). Thus, our results suggest that MamY oligomerization can be
mediated by its cytoplasmic domain; controlled by pH changes within a physiological range and is fully
reversible. Self-interaction capabilities of MamY rui and the truncated versions (MamY tvp-cpss) and
MamY cp) were confirmed in vivo by BTH assay (Supplementary Fig. Se), again indicating that MamY as

other scaffolding proteins has the potential to form homo-oligomeric complexes in vivo.
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Nearest neighbor distances analysis of MamY molecules by PALM support non-random distribution
directed at the geodetic axis

To determine whether the observed distribution of MamY molecules diverges from a theoretical,
independent distribution (i.e., randomly distributed data considering identical area and events per cell), we
analyzed the distances among neighboring events. Nearest neighbor distances of the experimental data
displayed a cumulative distribution with a hyperbolic behavior (Fig. 4e inset: black, green and red lines),
where 50% (half-maximum) of the molecules had a neighboring molecule at a distance of < 6 nm (and 80%
< 10 nm). The difference between experimental and theoretical data suggests that the MamY molecules have
a strong tendency to be closer than expected for a random distribution (Fig. 4e inset, blue line). In
conclusion, the nearest neighbor distances of events support the notion that the MamY molecules become

enriched at specific areas of the cell membrane where they localize tightly and potentially interact.

Validation of clustering algorithm using the recognized filament-forming protein MamK

We validated our clustering algorithm pipeline using the well-characterized actin-like MamK protein for
which filament formation by self-interaction and polymerization has been demonstrated unambiguously .
When we applied the clustering algorithm to the Dendra2-MamK PALM data set, we consistently identified
MamK as a continuous filamentous structure (Supplementary Fig. 8a). Therefore, the MamK analysis
endorsed our algorithm pipeline to accurately find clusters of interacting proteins based on proximity in vivo
and also as suitable and effective tool to segment a polymeric structure in an unbiased and automated
manner. Occasionally detected clusters that seemingly branch from the linear MamK (and MamY) structures
are considered as artifacts that likely arise from the 2D imaging which generates a projection of the whole

cell volume.
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Supplementary Discussion

Magnetosome chain assembly in curved magnetotactic bacteria

Despite of overall similarity and close relation, the two most extensively investigated magnetotactic bacteria

models, Mgryph and Mmagnet, have shown remarkable differences in magnetosome assembly and
positioning. Firstly, Mgryph assembles a single, continuous and midcell positioned MC 7. In contrast,
Mmagnet forms many intra-chain vesicles that lack magnetite crystals, causing the MC to appear
discontinuous or fragmented when examined by TEM 7. Secondly, deletion of mamK in Mgryph* caused
formation of shorter and fragmented MCs, while the isogenic mutant in Mmagnet displayed scattered
magnetosomes®. Third, mamJ deletion in Mgryph caused the MC to collapse, resulting in clustered
magnetosomes'®. The mam.J deletion in Mmagnet, however, merely resulted in wider gaps within the chain °,
reminiscent of the Mgryph mamK mutant. Those differences are in part attributed to the presence of a
“magnetosome islet” in the Mmagnet genome containing paralogs of magnetosome-related genes *!!.

Now, deletion of mamY in Mgryph caused a MC mispositioning (displaced from the geodetic axis); while the
corresponding mutation in Mmagnet resulted only in slightly enlarged magnetosome vesicles !> whereas no
evident impact on MC positioning was reported. However, such rather subtle phenotype may also have

escaped detection. Nevertheless, Mmagnet-MamY has been observed as patches localizing at sites of inner
positive curvature'? or as linear structure transiting the cell from positive-to-positive inner curvatures in its

native host!?

, similar to the positioning of MamY in Mgryph and very likely corresponding to a geodetic
path. Interestingly, heterologously expressed Mmagnet-MamY in Mgryph showed a geodetic positioning
(Supplementary Fig. 4n, left panel), and this localization was even preserved in absence of native MamY and

other magnetosome-related proteins (Supplementary Fig. 4n, right panel). Consistently, sequence homologs

of MamY are found in all curved magnetotactic bacteria known to date but not in cocci or rod-shaped

species. This suggests that the function of MamY including its curvature-sensitivity is conserved and tied to

dedicated magnetosome positioning in curved magnetotactic bacteria.

Our results also point towards a vital role of MamlJ, a protein so far known to be essential to connect

10,14

magnetosomes to the actin-like MamK filaments and to transduce forces from the dynamic filaments to

the magnetosomes which is needed to generate a single midcell positioned MC in  Mgryph'>. We assume that,
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in a similar manner, MamJ must also (indirectly) be involved in recruitment of the magnetosomes to the
MamY structural element (Fig. 6b). Besides the very similar phenotype of the mamJ and mamKY deletion
mutants, this notion is supported by three observations: (i) chains are missing in the mamJ mutant (i.e., even
in presence of MamY), (ii) the function of MamJ can be replaced by a Nanotrap (where magnetosomes are
synthetically tethered to MamY, Fig. 5) and (iii) reconstruction of a synthetic MC onto the MamK filament
in the AmamJ strain leads to a single MC at midcell, but without geodetic positioning (Supplementary

Fig. 11d). The notion that MamY forms a rigid cytoskeleton-like structure is supported by our observation
that the linear assemblies did not disappear upon dramatic changes in cell shape by formation of

spheroplasts.

Spatially restricted MamY interaction likely promotes geodetic positioning

We showed that MamY forms a stable continuous and linear structure along the inner positively curved
membrane, thereby identifying the geodetic axis where it recruits and tethers the MC, i.e., the
magnetoreceptor. But, how does MamY itself become precisely positioned at the geodetic axis? Since single

16, a first indispensable

proteins are far too small to sense topologies of the cytoplasmic membrane
prerequisite is a certain level of homo-oligomerization and/or polymerization to form an extended structure.
Based on our DLS, BTH and PALM results, we propose that MamY mainly exists in membrane-bound
oligomeric clusters. Oligomerization occurs locally and stochastic ab initio presumably through interaction
of the cytoplasmic domains (Fig. 4g) and seemingly modulated in a pH-dependent manner. Although the
mode of this interaction at submolecular resolution remains to be unrevealed, there are well-characterized
examples for proteins that oligomerize by conformational changes upon pH shifts. This type of
oligomerization is known as 3D domain swapping and mediated by interchange of corresponding protein
domains between a variable number of monomers enabling formation of dimers, oligomers or polymers 72!,
It is reasonable to hypothesize that MamY monomers polymerize by 3D domain swapping as well, e.g. by
interchanging cytoplasmic domain segments among amino acids 85 to 266. Thereby, the soluble MamY cp
could assemble into rather flexible open-ended oligomers (Fig. 6¢), likely corresponding to the species of

larger particles observed in vitro by DLS upon slight pH shifts and to the dense molecule clusters seen by

PALM in vivo. However, the full-length protein (including the TM domain) carries an additional anchor
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point at each molecule, which (i) limits molecule diffusion to two dimensions and (ii) constrains the
orientation by which a monomer is added to a complex at the membrane. Such defined positioning could
well stabilize additional lateral intermolecular interactions and promote growth of oligomeric patches as seen
by 3D-SIM and PALM. Larger clusters or patches could become sensitive to membrane curvature and
gradually enrich at the inner positive curvature, which, in turn, would cause local crowding and promote
further inter-oligomer interactions due to proximity and result in a linearly extended sheet-like assembly
(Fig. 6d). This higher-order structure composed of MamY molecules organized in a single plane then likely
grows large enough to localize exclusively to a continuous stretch of positive membrane curvature ultimately
generating a cell-spanning rigid polymeric structure along the geodetic spirillum axis (Fig. 6a and 6d).
Similar considerations have been made for DivIVA, a membrane-associated negative curvature-sensing
protein'®. However, thus far, it cannot be fully excluded that the MamY curvature sensing capability may
also be indirect and mediated by an unknown interacting factor. Yet, such a factor would need to be present
in both Mgryph and R. rubrum. Besides an elusive interacting protein, a significant contribution to MamY
localization could well be provided by a deviant membrane lipid composition along the positive curvature
similar as known for negative membranes such as cell poles or constriction sites >, Finally, an association

with a conserved periplasmic structure is also conceivable.

Functional domains, structurally and functionally related proteins

Since the N-terminal TM domain together with a segment of the cytoplasmic domain (MamY twvp-cpss)) are
likely essential for generation of the MamY linear structure and for curvature sensing (supported by the
observed localization pattern in the heterologous host R. rubrum), we suggest that MamY can be divided into
three functional domains: (i) The TM domain is essential to bind the protein to the cytoplasmic membrane
and to restrict diffusion of the molecule to the inner cell surface. (ii) The central cytoplasmic a-helical part,
which seems essential for self-interaction likely by domain swap. Both domains together mediate spatial
orientation of the molecule and complex-formation as prerequisite for curvature sensing. (iii) The C-terminus
is dispensable for this function but responsible for recruitment of the magnetosome chain to the identified

geodetic path.
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Interestingly, there are examples of eukaryotic cytoskeleton-associated proteins that are involved in support
and positioning of the actin cytoskeleton at, e.g., focal adhesion plaques. Some of them undergo 3D domain
swapping, such as the Focal Adhesion Kinase (involved in actin network plasticity) and Vinculin (a

structural protein that tethers actin to the membrane) 2°?!, Remarkably, a recent de novo modeling of MamY
described its cytosolic domain as intertwisted o-helices and having high structural similarity to Talin ¢, an
cukaryotic Integrin-associated protein positioned at focal adhesion plaques, where it functions to integrate
and mechanically support microtubules, actin filaments and organelles *’. Moreover, in silico examination of
MamY from the closely related Mmagnet suggests similarity to eukaryotic bin/amphiphysin/rvs (BAR)
domains '2, able to sense and induce membrane sections with positive curvature 2. Hence, despite the lack of
sequence homologs, MamY appears (i) structurally (tertiary structure) (ii) mechanistically (self-interaction
mode) and (iii) functionally (organelle organization and topology sensing) related to eukaryotic cytoskeletal
counterparts.

In a similar example, eukaryotic actin and the bacterial actin-like MreB exhibit low conservation on primary
sequence level, but share strong structural (3D fold) 2*3° and functional (as cytoskeletal elements) similarity.
Therefore, we speculate that MamY may represent a bacterial functional homolog of eukaryotic cytoskeletal
proteins although structural examination of MamY at atomic resolution must unambiguously sustain this

postulation.
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Supplementary Videos Legend

Supplementary Video 1. Cryo-ET and 3D-rendering of a WT cell (mpg, 45 MB)

Cryo-electron tomography of a WT cell. View through the z-stack tomogram of the cell at 22,500x
magnification. Magnetite crystals: red; magnetosome membrane vesicles: yellow; MamK filament: green;
inner and outer cellular membrane: blue. This movie is related to Fig. 1c-e, and is representative of three

independent experiments.

Supplementary Video 2. Cryo-ET and 3D-rendering of a AmamY cell (mpg, 41 MB)

Cryo-electron tomography of a AmamY cell. View through the z-stack tomogram of the cell at 22,500
magnification. Magnetite crystals: red; magnetosome membrane vesicles: yellow; MamK filament: green;
inner and outer cellular membrane: blue. This movie is related to Fig. 1g-j, and is representative of three

independent experiments.

Supplementary Video 3. 3D-SIM of mCherry-MamY (mp4, 31 KB)
Fluorescence signal of mCherry-MamY in an elongated Mgryph cell analyzed by 3D-SIM. The movie shows

a 3D-rendering of the mCherry-MamY signal rotating in 360° first around the x-axis and subsequently
around the y-axis, depicting how the MamY linear structure localizes along the positive curvature of the
spirillum-shaped cell. This movie is related to Fig. 4a-c and is representative of two independent

experiments.
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Supplementary Tables

Table 1. Bacterial strains created and used in this work

Strain* | Genotype or characteristics | Reference or source
M. gryphiswaldense
M. gryph WT Wild-type MSR-1 R3/S1 (Rif®, SmF). Schultheiss and Schiiler, 2003 3!
AmamJ AmamJ Scheffel et al, 2006 '
AmamK AmamK Katzmann et al, 2010 *
M. gryph -1B Spontaneous non-magnetic mutant Schiibbe et al, 2003 3
FMO019 mamC-mCherry Raschdorf et al, 2014 3
FMO021 mamC-egfp Raschdorf et al, 2014 3
AMAI non-magnetic by deletion of the magnetosome island T. Zwiener, unpublished
MTO001 AmamY This work
MT002 AmamJK Toro-Nahuelpan et al, 2016 '
MTO015 AmamKY This work
MT004 AmamJY This work
FM52 mCherry-mamY This work
FM53 mCherry-mamY, mamC-egfp This work
FM71 mCherry—mam YTMD_CD(z(,é) This work
FMS55 mamC-mamYcp This work
FM56 mamC-mamYcp, AmamY This work
MTO016 AmamY, conjugated with pMT099, KmR This work
MTO017 AmamKY, conjugated with pMT099, KmR? This work
MTO018 AmamKY, conjugated with pMT0105, KmR® This work
MTO19 AmamKY, conjugated with pMT0106, Km® This work
MT020 AmamJ, conjugated with pMT104, KmR This work
MTO021 AmamJK, conjugated with pMT104, Km® This work
MTO022 AmamY, conjugated with pMT103, KmR This work
MTO023 AmamKY, conjugated with pMT103, Km®? This work
eMTO016 M. gryph WT, conjugated with pOR035, KmR® This work
eMTO017 AmamY, conjugated with pOR035, Km® This work
eMTO018 M. gryph WT, conjugated with pMT102, KmR This work
eMT019 AmamK, conjugated with pMT102, KmR This work
eMT020 M. gryph WT, conjugated with pMT062, KmR This work
eMT021 AmamJ, conjugated with pSB005, KmR® This work
eMT022 AmamJY, conjugated with pSB005, Km® This work
eFM001 M. gryph WT, conjugated with pFM269, Km®? This work
eFM002 M. gryph WT, conjugated with pFM269a, Km® This work
eFM003 M. gryph WT, conjugated with pFM269¢c, Km® This work
eFM004 M. gryph WT, conjugated with pFM269d, KmR® This work
eFMO005 M. gryph WT, conjugated with pFM269g, Km® This work
eFM006 FMO19, conjugated with pFM269h, KmR® This work
eFMO007 AmamY, conjugated with pFM269, Km®? This work
eFMO008 AmamY, conjugated with pFM269a, Km® This work
eFM009 AmamY, conjugated with pFM269c, Km® This work
eFM010 AmamY, conjugated with pFM269d, KmR®R This work
eFMO11 AmamY, conjugated with pFM269g, KmR This work
eFMO012 M. gryph -1B, conjugated with pFM269, KmR® This work
eFMO013 M. gryph -1B, conjugated with pFM269a, Km® This work
eFM014 M. gryph -1B, conjugated with pFM269¢, Km® This work
eFMO015 M. gryph -1B, conjugated with pFM269d, Km® This work
eFM016 M. gryph -1B, conjugated with pFM269g, Km® This work
eFMO017 M. gryph -1B, conjugated with pFM269h, KmR® This work
eFMO018 M. gryph WT, conjugated with pFM283, Km®? This work
eFMO019 AMAL, conjugated with pFM269 KmR® This work
eFM020 AMAL, conjugated with pFM269j, KmR This work
eFM021 AmamKY, conjugated with pFM269¢, Km®? This work
eFM022 AmamKY, conjugated with pFM269h, KmR This work
eFM023 M. gryph WT, conjugated with pFM269j, KmR This work
R. rubrum
R. rubrum R. rubrum ATCC 11170 - WT DSM467
eFM024 R. rubrum, conjugated with pFM269, KmR This work
eFM025 R. rubrum, conjugated with pFM269g, KmR This work
eFM026 R. rubrum, conjugated with pFM269h, KmR This work
E. coli
DH5a Host for cloning. F~ ¢80/acZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (1K-, Invitrogen
mK+) phoA supE44 A-thi-1 gyrA96 relAl
BW29427 Host for cloning and conjugation. thrB1004 pro thi rpsL hsdS lacZAM15 RP4-1360 Datsenko and Wanner
A(araBAD)567 AdapA1341::[erm pir (wf)] (unpublished)
WM3064 Host for cloning and conjugation. thrB1004 pro thi rpsL hsdS lacZAM15 RP4-1360 W. Metcalf, (unpublished)
A(araBAD)567 AdapA1341::[erm pir (wt)]
BTH101 Reporter strain for BTH assay ( cya). Euromedex

Fcya-99 araD139 galE15 galK16 rpsL1 (Str’) hsdR2 mcrA1 mcrB1

*MT and FM strains are chromosomally stably modified. eMT and eFM strains: transformed with an episomal

(replicative) vector.
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Table 2. Plasmids created and used in this study

Plasmid

Relevant characteristics / purpose

Reference or source

pORFM-GalK-MCS

Integrative backbone vector for in-frame gene deletion.
oriT, Pi-galK, Km®, TcR

Raschdorf et al, 2014

pBBR1-MCS2 Replicative backbone vector for in trans Kovach et al, 1994 3
gene expression in M. gryph. oriT, mob, Km®
pPMTO009 pBBR1-MCS?2 based vector. P ,maz-mCherry-mamK; Km® Toro-Nahuelpan et al, 2016
pPMT065 pBBR-MCS2, P.-dendra2-mamK, Toro-Nahuelpan et al, 2016
terminator-fragment, P y,,-TetR; Km®
pJH2 pBAMI 0riR6K, with P,.-mamC-magegfp, Borg et al, 2014 %
terminator, P y.,-TetR; Km®, Ap®
pMTO062 pMTO009 derivative, P umip-dendra2-mamK Toro-Nahuelpan et al, 2016 15
pFM237 pORFM-GalK derivative for mamC-mCherry chromosomal fusion Raschdorf et al, 2014 3
pMTO005 pORFM-GalK derivative, for mamY deletion This work
pMT099 pJH2 derivative, P .-mamY This work
pMT102 pMTO65 derivative, P ~-dendra2-mamY This work
pMT104 pJH2 derivative, P ,,-mamC-RBP_mamY-mCherry This work
pMT105 pMTO099 derivative, P ,~-mamK This work
pMT106 pMTO099 derivative, P .,-mamK_mamY This work
pFM251 pORFM-GalK derivative harboring mamC-mamY cp, This work
for mamC replacement
pFM252 pORFM-GalK derivative harboring mamY-mCherry This work
pFM253 pORFM-GalK derivative harboring mCherry, This work
for mamY upstream insertion, generating mCherry-mamY
pFM269 pAP160 derivative, P .,-mamYru-egfp This work
pFM269a pFM269 derivative, P ,.,-mamYrvp-egfp This work
pFM269¢ pEM269 derivative, P .,-mamYcp-egfp This work
pFM269d pFM269 derivative, P ,-mamYcpo1-371)-€gfp This work
pFM269g pFM269 derivative, P .,-mamYtwp.coees)-€gfp This work
pFM26%h pFM269 derivative, P .,-HKv-mamYcp-egfp This work
pFM269j pFM269 derivative, , P..,-M. magnet -mamYyru-egfp This work
pFM272 pORFM-GalK derivative harboring mamYrvmp.-cpess), This work
for chromosomal mamY replacement by mCherry-mam?Y,
generating mCherry-mamYvp-cpes)
pFM283 pFM269 derivative, P .-HKv-egfp This work
pFM269c-1 Pi-dendra2-mamYcp This work
pFM269h-1 Pi-dendra2-HK rv-mamYcp This work
pET-MamY Heterologous expression of mamYcp Invitrogen / this work
pSB005 pBBRI derivative, This work
Punpc-mamC-RBP, P umap-mCherry-mamK, Km®
pORO035 pBBRI1 derivative, This work

Pouamxy-mamY-mCherry
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Table 3. DNA Oligonucleotides used in this study

Name Sequence 5°—3° Remarks
oMTNO025 agactaGTCGACCGCATCTCACTTTACTGACTGTGCATCGACGATTG Overhang, Sall, G to T exchange
(introducing stop codon)
oMTNO026 agatgggggtgacaaagttcATCAACATAAGGGCTGCTCCCGTG Lowercases: complementary to oMTN027
oMTNO027 gaactttgtcacccccatct CCGATGCGTGACGAAAGC Lowercases: complementary to oMTN026
oMTNO028 agactaGCGGCCGC GCTCATGGCGTAATCCAGCCCGGCG Overhang, Notl
oMTNO040 agactaCATATGAGTGAAGGTGAAGGCCAGGCC Overhang, Ndel
oMTN310 agactaCATATGTTGATGAACTTTGTCAACAATGTATCAAAGACG Overhang, Ndel
oMTN311 agactaGCTAGCATGTTGATGAACTTTGTCAACAATGTATCAAAGACG Overhang, Nhel
oMTN312 agactaTCTAGACTACGCATCGGAGATGGGGGTTC Overhang, Xbal
oMTN324 agactaCATATGGCGATTGCGGCCATCATGGG Overhang, Ndel
oMTN325 agactaGGATCCTCAGTCCATGCCGGAATCGGGC Overhang, BamHI
oMTN328 gactaCATATGAGCTTTCAACTTGCGCCGTACTTGGC Overhang, Ndel
oMTN329 cgetgttgtecttaattcaagggtcagCTAGCTGGAGACGGTGACCTGGG Lowercases: complementary to oMTN330
oMTN330 ctgacccttgaattaaggacaacagcgATGTTGATGAACTTTGTCAACAATGTATCAAAGACG Lowercases: complementary to oMTN329
ATTAAC
oMTN331 gactaTCTAGATTACTTGTACAGCTCGTCCATGCCGCC Overhang, Xbal
oMTN345 cgageecgageccgaGGCCAATTCTTCCCTCAGAATGTCTTCGTC Lowercases: complementary to oMTN346
oMTN346 tcgggcetegggetcgGGC Lowercases: complementary to oMTN345
oMTNO53 agactaTCTAGATCACTGACCGGAAACGTCACCAAGCTG Overhang, Xbal
oFM435 agactaGGTACCAGAACCGTCGAGAGCGTGAAGTCTGAAATTTCC Overhang, Kpnl
oFM436 agactaGAATTCTTATCACGCATCGGAGATGGGGGTTCC Overhang, EcoRI
oFM439 agactaGTCGACGCTTTCAGTGGCTGGAATAATATTTTCTCAATGCTCC Overhang, Sall
oFM440 agactaACTAGTCCCGGG CGCATCGGAGATGGGGGTTCCATCG Overhang, Spel, Xmal
oFM441 agactaCCCGGGGGTACCTTAAGATCTCGAGCTCCGGAGAATTCGGCGGCCGCG Overhang, Xmal
GATCCT ATGAGCAAGGGCGAGGAGGATAACATGG
oFM442 ctttcgtcacctaggcttGTACAGCTCGTCCATGC Lowercases: complementary to o0FM443
oFM443 aagcctaggtgacgaaagCCGACGTCCGAAATTGCATGG Lowercases: complementary to oFM442
oFM444 agactaACTAGTGAGCGAAGTCAGCCGGTGTCGTGC Overhang, Spel
oFM446 agactaGTCGAC CGCCTATGCTCTGCTCAACTCTCCAG Overhang, Sall
oFM447 cttgctcatcataagggc TGCTCCCGTGGTGG Lowercases: complementary to oFM448
oFM448 geccttatgatgagcaagGGCGAGGAGGATAACATGG Lowercases: complementary to oFM447
o0FM449 agactaGGATCCGCGGCCGCC GAATTC Overhang, BamHI, Notl
oFM450 agactaGCGGCCGCGGATCC AATGTTGATGAACTTTGTCAACAATGTATCAAAG Overhang, Notl, BamHI
ACGATTAACGG
oFM451 agactaACTAGTCGCAGGATTTTGGAAATCTGCTGGCGC Overhang, Spel
oFM482 agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCAGACTTCACG | Overhang, Ndel
CTCTCGACGGTTCTCAC
oFM483a agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCGTCGCCATGG | Overhang, Ndel
GCCGCGTTCAGG
oFM484 tagactaAAGCTTAGGAGATCAGCTTATGTTGATGAACTTTGTCAACAATGTATCA | Overhang, HindII1
AAGACGATTAACGG
oFM485 tagactaAAGCTTAGGAGATCAGCTTATGGAAATTTCCACCCTGTCCCAGCGGG Overhang, HindIll
oFM486 tagactaAAGCTTAGGAGATCAGCTTATGCAATTGCAGCAATGCGCGATTGGTGC Overhang, HindII1
C
oFM487 agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCCGCATCGGA Overhang, Ndel
GATGGGGGTTCCATCG
oFM514 agactaCCTAGGGTCGGAATGGTTGACGACCTCGCTG Overhang, Avrll
oFMS556 agactaAAGCTTAGGAGATCAGCTTATGAGCGCAATTGCCCCTTATTCCCTGAG Overhang, Hind1Il
oFM557 gacggtcagettggtgatCAACGTGG Lowercases: complementary to oFMS558
oFM558 atcaccaagctgaccgtcGAAATTTCCACCCTGTCCCAGCGGG Lowercases: complementary to oFMS557
oFMS560 agactaCATATGAGCGCAATTGCCCCTTATTCCCTGAG Overhang, Ndel
oFMS561 agactaCATATGGTGGCCGACCGGTGACGCGTAACGTTCGCTAGCACCTGACGGC | Overhang, Ndel
GTCGGCGCC
oFM564 agactaCATATGATGAGTGAAGGTGAAGGCCAGGCCAAG Overhang, Ndel
oFM565 gtggtcgeattatcactgACCGGAAACGTCACCAAGCTG Lowercases: complementary to oFM566
oFM566 cagtgataatgegaccacCACAGCCACCACG Lowercases: complementary to oFM565
oFM567 agactaTCTAGATCATTACGCATCGGAGATGGGGGTTCCATCG Overhang, Xbal
BTH_Yfl agactaCTGCAGGATGTTGATGAACTTTGTCAACAATGTATCAAAGACGATTAAC | Overhang, Pstl
GG
BTH_Yf5 agactaCTGCAGGGATGTTGATGAACTTTGTCAACAATGTATCAAAGACGATTAA | Overhang, Pstl
CGG
BTH_Y9 agacta CTGCAGGGAAATTTCCACCCTGTCCCAGCGGG Overhang, Pstl
BTH_Yf13 agacta CTGCAGGGGAAATTTCCACCCTGTCCCAGCGGG Overhang, Pstl
BTH_Yr3 agactaGAATTCGACGCATCGGAGATGGGGGTTCC Overhang, EcoRI
BTH_Yr4 agactaGAATTCGAGTCGCCATGGGCCGCGTTCAGG Overhang, EcoRI
BTH_Yr5 agactaGAATTCTCACGCATCGGAGATGGGGGTTCC Overhang, EcoRI
BTH_Yr6 agactaGAATTCTCAGTCGCCATGGGCCGCGTTCAGG Overhang, EcoRI
oORO087 ATTAGGATCCGGCAGCCTCATTTAAACATTCAGG Overhang, BamHI
oORO088 TTACAAGCTTCATATGGGCTGCTCCCGTGGTGG Overhang, HindIIl, Ndel
oOR089 ACTGCATATGTTGATGAACTTTGTCAACAATG Overhang, Ndel
0oOR090 ACTCCTCGAGTCAGCTAGCCGCATCGGAGATGGGG Overhang, Xhol, Nhel
oOR100 TCACGCTAGCGAACGTTACGCGTCACCGG Overhang, Nhel
oOR101 ATCTATGCATTAGTCAATTGTTACTTGTACAGCTCGTCCATGC Overhang, Nsil
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