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Interplay between Two Bacterial Actin Homologs, MamK and MamK-
Like, Is Required for the Alignment of Magnetosome Organelles in
Magnetospirillum magneticurn AMB-1

Nicole Abreu,® Soumaya Mannoubi,” % Ertan Ozyamak,? David Pignol,”>" Nicolas Ginet,”"* Arash Komeili?

Department of Plant and Microbial Biology, University of California, Berkeley, Berkeley, California, USA®; CEA, IBEB, Lab Bioenerget Cellulaire, Saint-Paul-lez-Durance,
France®; CNRS, UMR Biol Veget & Microbiol Environ, Saint-Paul-lez-Durance, FranceS; Aix-Marseille Université, Saint-Paul-lez-Durance, France®

Many bacterial species contain multiple actin-like proteins tasked with the execution of crucial cell biological functions. MamK,
an actin-like protein found in magnetotactic bacteria, is important in organizing magnetosome organelles into chains that are
used for navigation along geomagnetic fields. MamK and numerous other magnetosome formation factors are encoded by a ge-
netic island termed the magnetosome island. Unlike most magnetotactic bacteria, Magnetospirillum magneticumm AMB-1
(AMB-1) contains a second island of magnetosome-related genes that was named the magnetosome islet. A homologous copy of
mamK, mamK-like, resides within this islet and encodes a protein capable of filament formation in vitro. Previous work had
shown that mamK-like is expressed in vivo, but its function, if any, had remained unknown. Though MamK-like is highly simi-
lar to MamK, it contains a mutation that in MamK and other actins blocks ATPase activity in vitro and filament dynamics in
vivo. Here, using genetic analysis, we demonstrate that mamK-like has an in vivo role in assisting organelle alignment. In addi-
tion, MamK-like forms filaments in vivo in a manner that is dependent on the presence of MamK and the two proteins interact
in a yeast two-hybrid assay. Surprisingly, despite the ATPase active-site mutation, MamK-like is capable of ATP hydrolysis in
vitro and promotes MamK filament turnover in vivo. Taken together, these experiments suggest that direct interactions between
MamK and MamK-like contribute to magnetosome alignment in AMB-1.

Despite their small size, bacterial cells are remarkably orga-
nized and can display a stunning degree of control over the
production and positioning of highly ordered subcellular struc-
tures (1-3). Magnetotactic bacteria (MTB) are recognized for
their ability to form organelles called magnetosomes (4). These
compartments are derived from the inner cell membrane and,
with the aid of specialized proteins, synthesize magnetic iron-
based crystals. MTB align these individual magnetosomes into an
ordered chain within the cell that provides navigational capability
for movement toward preferred oxygen concentrations in strati-
fied water columns (5). One such bacterium, Magnetospirillum
magneticum AMB-1 (AMB-1), serves as an excellent model organ-
ism for examination of these cellular processes.

In most MTB, the genes required for magnetosome formation
are carried in a genomic region called the magnetosome island
(MAI). One of the magnetosome genes conserved in all MTB
studied to date is mamK, which encodes a bacterial actin protein.
The bacterial actin superfamily contains numerous phylogeneti-
cally distinct subgroups (6, 7), each of which includes members
that participate in specialized functions such as cell shape deter-
mination (8-10), motility (11), DNA segregation (12-14), and
cytokinesis (15, 16). High-resolution imaging of AMB-1 cells by
electron cryotomography (ECT) shows that magnetosomes are
flanked by filamentous structures (17). In AMB-1, the deletion of
mamK results in a disorganized magnetosome chain and loss of
magnetosome-associated filaments (17). Magnetospirillum gry-
phiswaldense MSR-1 (MSR-1), a close relative of AMB-1, appears
to utilize MamK in a distinct manner to position its magnetosome
chains within the cell (18). In stark contrast to AMB-1, MSR-1
magnetosome chains do not span the cell length and require mag-
netic interactions as well as MamK for their assembly. Further-
more, after cell division in MSR-1, magnetosome chains rapidly
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relocalize to the midcell of daughter cells in a process that seems to
require MamK (18). However, since the magnetosome chain of
AMB-1 spans the entire length of the cell, cell division-coupled
relocalization of the magnetosome chain is not likely to occur.
Additionally, MamK has been hypothesized to interact with sig-
naling proteins in order to translate relative orientations in mag-
netic fields into changes in cell motility (19). Thus, while MamK is
a central player in magnetosome chain organization, the specific
mode of its action, its species-specific activities, and the full range
of its cellular functions remain unknown.

Much like other actin-like proteins, MamK is able to polymer-
ize and depolymerize in a manner that is dependent on its ATPase
activity. ATP-bound MamK monomers assemble into filaments,
and ATP hydrolysis is required for filament depolymerization in
vitro (20). MamK filaments also require an intact ATPase active
site and the action of other magnetosome proteins to exhibit dy-
namics in vivo. In particular, a highly acidic protein, Mam], and its
homolog Lim]J are necessary for the dynamic behavior of MamK
in AMB-1 (21). Mam] also participates in magnetosome chain
formation since its deletion in MSR-1 results in a dramatic aggre-
gation of magnetosomes within the cell (22). In AMB-1, the dele-
tion of mam] and lim] leads to a completely different phenotype,
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FIG 1 (A) Alignment of MamK-like, MamK, and MreB proteins. Highly conserved ATPase residues are boxed. MamK-like’s A141 residue is marked red.
Potential monomer-monomer interaction residues within the MreB protofilament are marked pink (40). Residues conserved between MamK and MamK-like
in these regions are marked green. Residues conserved between MreB proteins in these regions are marked blue. Alignment was generated with MUSCLE.
(AMB-1, Magnetospirillum magneticurn AMB-1; MSR-1, Magnetospirillum gryphiswaldense MSR-1; Tm, Thermotoga maritima; Ec, Escherichia coli.)

with the appearance of a few gaps in the magnetosome chain (21).
The differences between the chain organization phenotypes of
mam] and mamK mutants of AMB-1 and MSR-1 have led to spec-
ulation that additional players may participate in chain formation
in a species-specific manner.

AMB-1 contains a homologous copy of mamK, called mamK-
like, within a genomic region termed the magnetosome islet (MIS)
(23). The MIS resides outside the MAI and is likely to have been
acquired through a secondary horizontal gene transfer event as its
genes have differing GC contents and codon usages compared to
the MAI (23). The presence of the islet brings up the issue of
whether these two different genomic islands, both encoding po-
tential magnetosome proteins, are active in AMB-1. Many of the
genes within the MIS are pseudogenes or encode truncated pro-
teins. The only genetic analysis of an MIS gene (mamE-like) found
that it is not redundant with its MAI homologs and does not play
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a discernible role in magnetosome formation (24). Additionally,
several residues conserved among bacterial actins are absent in
MamkK-like. In particular, the conserved glutamate residue in its
ATPase active site is replaced by an alanine (Fig. 1). In MamK and
other actins, the mutation of this glutamate (e.g., E143A in
MamK) blocks ATPase activity and filament dynamics both in
vivo and in vitro (6, 20, 21, 25). Previous work has shown that
mamK-like is expressed in vivo (23). Thus, if MamK-like interacts
with MamK, it is possible that it would interfere with the dynamics
of the chain formation process. These observations raise impor-
tant issues regarding the functionality of the MIS and the potential
involvement of MamK-like in magnetosome chain formation.
While members of different bacterial actin subgroups often
coexist in the same organism and carry out their individualized
functions without interference from other actin-like proteins, in
rare cases, multiple isoforms of the same bacterial actin can also

Journal of Bacteriology


http://jb.asm.org

exist in a single organism. Bacillus subtilis, for example, has three
forms of MreB, namely, MreB, Mbl (MreB-like), and MreBH
(MreB homolog), that promote cell shape by performing related
and yet distinct functions in the cell (26-29). Thus, we sought to
explore the functionality and potential activity of MamK-like as a
partner to MamK in AMB-1. Here, we demonstrate that mamK-
like has a function in chain alignment in AMB-1. We show that
MamK-like interacts with MamK and depends on it for in vivo
filament formation. Surprisingly, the A141 residue of MamK-like
does not block its ATPase activity, allowing the protein to posi-
tively participate in MamK filament dynamics in vivo. Collec-
tively, we show a unique facet of the process of magnetosome
formation and provide evidence that MamK-like modulates
MamK activity in AMB-1. Additionally, these findings highlight
the diverse manners in which bacteria organize their cellular ar-
chitectures.

MATERIALS AND METHODS

Growth conditions. AMB-1 mutant strains and those bearing plasmids
were grown in a modified MG medium as described previously (17, 30).
Cells and culture growth conditions for fluorescence recovery after pho-
tobleaching (FRAP) were as described previously (21). Optical densities
and coefficient of magnetism (C,,,,,) measurements of strains (measuring
the ability of the cells to turn in a magnetic field) in this study are listed in
Table S1 in the supplemental material. Media for the yeast two-hybrid
(Y2H) strains were prepared according to the TRAFO yeast transforma-
tion protocols and previous work (31, 32).

Molecular biology. Plasmids used in this paper are listed in Table S2 in
the supplemental material. PCRs were performed with primers listed in
Table S3 (Integrated DNA Technologies) and Accuprime Pfx DNA poly-
merase (Invitrogen) on a MyCycler thermocycler (Bio-Rad). Restriction
enzymes, calf intestinal phosphatase, and T4 DNA ligase were purchased
from New England BioLabs.

Plasmid construction. The markerless AmamK-like deletion con-
struct was created by PCR of wild-type AMB-1 genomic DNA (gDNA)
with the following primers: NAOI and NAO2 for the upstream recombi-
nation site and NA0O3 and NA04 for the downstream recombination site. A
fusion PCR using the upstream and downstream fragments as templates
was executed using NAOI and NA04 primers to generate the deletion
insert. The pAK31 plasmid backbone was digested with Spel enzyme and
ligated with the deletion insert, resulting in plasmid pAK576. The pAK576
construct confers resistance to kanamycin and contains the counterselect-
able marker sacB. AMB-1 cells were first selected for kanamycin resistance
(the first recombination event). The cells were then counterselected on
MG agar with 2% sucrose (the second recombination event). The result-
ing cells were then screened for the loss of the gene of interest by PCR. The
mamK-like-gfp plasmid (pAK699) was created by PCR of AMB-1 gDNA
with NA33 and NA19 primers. The pAK22 plasmid backbone was digested
with EcoRI and BamHI enzymes and ligated with the mamK-like insertion
digested with Mfel and BamHI. The complementation constructs were
created by first digesting mamK-gfp from the pAK22 backbone with EcoRI
and Spel. Untagged mamK (with stop codon) was amplified from AMB-1
gDNA with NA79 and NA56 to create pAK742. This construct was then
digested with Spel and Sacl and ligated with the gfp-maml insertion am-
plified from pAK266 with NA8O and NAS8I to generate pAK726. The
pAK726 plasmid was digested with EcoRI and Spel enzymes and then
ligated with the mamK-like insertion generated by amplifying AMB-1
gDNA with NA33 and NA35 to generate pAK706. To generate the pET-
SUMO plasmids for protein expression, the mamK and mamK-like genes
were amplified from AMB-1 gDNA and cloned into a pET-SUMO vector
(Invitrogen) following the supplier’s protocol. Primers are listed in Table
S3 in the supplemental material.

Site-directed mutagenesis. pET-SUMO-mamK and pET-SUMO-
mamK-like plasmids were used as templates for site-directed mutagenesis
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to create mutants mam , mam , mamK-like , and mamK-
likeP**N using a QuikChange IT XL site-directed mutagenesis kit (Strat-
agene). Primers are listed in Table S3 in the supplemental material.

Strain construction. The nonpolar mamK-like deletion was con-
structed in the wild-type and AmamK backgrounds as described previ-
ously (17, 30). Primers used to create the deletion plasmid are listed in
Table S3 in the supplemental material. The mamK mamK-like double-
deletion strain was created by deleting mamK-like in a AmamK back-
ground.

Sequence alignment. Accession numbers for the bacterial actin-like
proteins used for sequence alignments (Fig. 1) are as follows: for Magne-
tospirillum magneticurmn AMB-1 MamK-like, ACU87671.1; for Magneto-
spirillum magneticum AMB-1 MamK, YP_420328.1; for Magnetospirillum
gryphiswaldense MSR-1 MamK, CAM78025.1; for Thermotoga maritima
MreB, 2WUS_B; and for Escherichia coli MreB, EDV65518.1. Alignments
were generated with MUSCLE (33).

Western blot analysis of AMB-1. AMB-1 colonies were transferred
into 1.5-ml microcentrifuge tubes containing 1.5 ml MG media with 10
pg/ml kanamycin (for plasmid-bearing strains) or MG media alone (for
untransformed cells). A 1:100 dilution of AMB-1 cells in 1.5 ml of each
culture was inoculated into 10 ml of MG media with or without kanamy-
cin. Cultures were grown in 10% O, for 2 days and then passaged at 1:100
into 10 ml of fresh MG medium. These cultures were grown for an addi-
tional 2 days, and then cells were harvested by centrifugation (Sorvall
Mach 1.6R) at 15,000 X g for 15 min at room temperature. Pelleted cells
were resuspended in 2X SDS Laemmli buffer (with 5% -mercaptoetha-
nol). Cells were heated at 70°C for 10 min with mixing at the 5-min mark
and loaded onto a 12% Laemmli gel, which was run at 150 V for 1 h. All
samples contained roughly equal amounts of cells per volume of 2X SDS
Laemmli buffer. Adjustments were based on cell optical density at 400 nm
(OD,q) (Ultrospec 2100 pro; Amersham Biosciences). Proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane at 100
mA for 1 h. After the membrane was blocked for 1 h at room temperature
with 5% milk-TBST (Tris-buffered saline-Tween 20), primary antibody
was applied (chicken anti-green fluorescent protein [a-GFP]; Aves no.
GFP-1020) (1:5,000) for 1 h at room temperature. After washing with
TBST multiple times, secondary antibody (goat anti-chicken conjugated
to horseradish peroxidase [HRP]; Aves H-1004) (1:20,000) was applied
for 1 h at room temperature. A Western Lightning Plus ECL system
(PerkinElmer) was used to visualize bands.

Fluorescence and differential interference contrast microscopy.
Light microscopy was carried out using a Zeiss Axiolmager M2 micro-
scope equipped with a Qimaging QiClick camera. GFP-tagged proteins
were excited by the use of a Lamda LS [llumination system (Sutter Instru-
ments). Images were analyzed with iVision software (Biovision).

FRAP. Agarose pads and slides were prepared as described previously
(21). Fluorescence recovery after photobleaching (FRAP) experiments
were carried out on a Zeiss 710 UV/visible light (Vis) laser scanning con-
focal microscope. MamK-GFP filaments were imaged using a 488-nm
excitation wavelength at 0.5% to 3.0% laser power. The filaments were
bleached using 488-nm laser light at 100% laser power for 7 to 10 itera-
tions. Images were captured every 50 s for up to 30 min through the 100X
X oil objective with LSM710 Imaging Software 3.2 (Zeiss). Due to the lack
of an autofocus feature, each frame was monitored and manual focusing
was performed if necessary. Images were analyzed using Fiji software (34).
For each FRAP run, regions of interest (ROIs) were drawn in three areas:
(i) the background; (ii) the whole filament; and (iii) the bleached segment.
Each whole filament and the bleached ROIs had the background intensity
value (arbitrary units) from that time point subtracted. Images that had a
steep decrease in fluorescence intensity (generally due to loss of focus
rather than photobleaching) were dropped from downstream analysis. To
generate percent recovery graphs, runs were normalized by calculating the
ratio of bleached ROI intensity to the whole-filament ROI intensity for
each time point. The run was considered recovered by the following cri-
teria: (i) the fluorescence intensity of the bleach region returned to 50% of
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that measured for the whole filament at the same time point and (ii) the
whole-filament fluorescence intensity values did not dip drastically due to
photobleaching.

Gene expression analysis. The methods for analysis of gene expres-
sion using quantitative reverse transcription-PCR (qRT-PCR) are de-
scribed in detail in the supplemental material.

Y2H assays. Yeast two-hybrid (Y2H) assays were conducted by em-
ploying a previously established plasmid and yeast strain system (32, 35).
A set of Y2H plasmids enabled the fusion of proteins of interest via
polylinkers to the Gal4 DNA binding (pCD plasmids) or the Gal4 activa-
tion domain (pC-ACT plasmids). Gene sequences for mamK, mamK-like,
and mreB were amplified from AMB-1 gDNA using primer sets specified
in Table S3 in the supplemental material and were ligated into pCD and
pC-ACT plasmids through Ndel and BamHI restriction sites. The gene
mamK was fused to Gal4 domains in pCD.3 and pC-ACT.3, resulting in
plasmids pAK140 and pAK141, respectively. The genes mamK-like and
mreB were fused to Gal4 domains in pCD.1 and pC-ACT.1 (for mamK-
like, pAK485 and pAK483, respectively; for mreB, pAK479 and pAK489,
respectively). Plasmids were individually transformed into either yeast
strain YD116 (mating type a) or yeast strain YD119 (mating type ). Cells
harboring the pCD and pC-ACT plasmids were created by mating, and
cells were selected on medium plates lacking tryptophan and leucine, as
genes for their synthesis are carried on the respective plasmids. Mated
yeast strains carrying both plasmids were grown in 5 ml of media lacking
tryptophan and leucine before volumes were adjusted to ensure that equal
numbers of cells (ODy, of 0.3) were plated, and then serial 1:10 dilutions
were made and plated on plates lacking tryptophan and leucine or lacking
tryptophan, leucine, and uracil. Yeast strains YD116 and YD119 utilize the
GAL1-URA3 reporter for assessment of Gal4 transcription factor recon-
stitution upon protein-protein interaction. Hence, the interaction of
MamK, MamK-like, and MreB was assessed on plated medium lacking
tryptophan, leucine, and uracil. Images were taken using an iPad (Apple).

Expression and purification of MamK and MamK-like. N-terminal
tagging of MamK and MamK-like with the SUMO tag allows affinity
purification of the proteins and seamless removal of the tag by the action
of the SUMO protease. The pET-SUMO plasmids were cotransformed
into One Shot BL21 Star (DE3) chemically competent Escherichia coli cells
along with the pRARE plasmid carrying several rare tRNAs (36). Trans-
formants were selected on LB medium in the presence of both kanamycin
(50 pg/ml) and chloramphenicol (25 wg/ml). For protein expression of
either MamK or MamK-like, cells were grown overnight in Terrific Broth
(TB) medium in the presence of both antibiotics at 30°C under shak-
ing. Overnight cultures were diluted into fresh medium and grown to
OD¢,, £ 0.6 at 37°C; isopropyl B-p-1-thiogalactopyranoside was then
added to reach a final concentration of 0.1 mM to induce protein expres-
sion, and cultures were incubated with shaking at 16°C overnight. Cells
were harvested by centrifugation (7,500 X g, 15 min), and the cell pellet
was resuspended in 20 mM HEPES (pH 8)-250 mM NaCl. A protease
inhibitor cocktail and DNase I were added to the suspension to prevent
protein degradation and reduce the viscosity of the lysate, respectively.
Cells were disrupted with a French press (1,000 Ib/in?, three passages).
The lysate was centrifuged atlow speed (10,000 X g, 10 min) to remove
large debris particles, and the supernatant was ultracentrifuged
(150,000 X g, 1 h) to separate membranes and polymerized protein
from soluble MamK or MamK-like. The supernatant was then loaded
onto nickel-nitrilotriacetic acid (Ni-NTA) resin (prepacked 1-ml His-
Trap HP column; GE Healthcare) using an Akta Fast protein liquid chro-
matography system (GE Healthcare). Three washing steps were carried
out with increasing concentrations (20 mM, 50 mM, and 100 mM) of
imidazole, and elution was performed at 300 mM imidazole. Eluted pro-
teins were immediately desalted, and the buffer was exchanged using a
PD-10 size exclusion chromatography column (stabilization buffer, 100
mM Bis Tris propane; pH 8.5). The seamless removal of the SUMO tag
was performed by incubation of the SUMO-tagged proteins with the
SUMO protease (the sumo gene amplified from Saccharomyces cerevisiae
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and cloned into pET28b was kindly provided by Christopher D. Lima
[37]). The incubation mix contained 1 U SUMO protease for 20 ug pro-
tein, and proteolysis proceeded for 3 h at 30°C or overnight at 4°C. The
proteolysis mixture was loaded onto the nickel affinity column: a success-
ful cleavage of the SUMO tag leaves the untagged protein in the flow-
through. The Bradford assay was used for protein quantification.

ATPase activities. The inorganic phosphate release resulting from
ATPase activity was measured spectrophotometrically using the Mala-
chite Green test (adapted from reference 38). A 500-pl reaction mixture
was prepared in 100 mM Bis-Tris propane buffer (pH 8.5) with known
quantities of protein and incubated at room temperature to determine
initial velocities. Typically, we used 2 uM protein for ATP concentrations
above 1 mM, 4 pM protein at concentrations between 250 wM and 1 mM
ATP, and 8 pM at concentrations under 250 wM ATP. The reaction was
triggered by addition of ATP and MgCl, in concentrations ranging from
25 uM to 4 mM. Aliquots (50 pl) were sampled every 5 min, and the
reaction was stopped by adding 20 wl of 0.6 M perchloric acid. The col-
orimetric reaction was made by adding 100 .l of malachite green reagent
and 14 pl of a stabilizing solution of 34% sodium citrate. After incubation
at room temperature for 10 min using soft stirring, the absorbance was
measured at 645 nm in a microplate reader (Tecan Infinite M200). The
data were normalized to a standard curve made with phosphate standards
prepared in the 100 mM Bis-Tris propane buffer (pH 8.5), and protein-
free control reactions were performed.

RESULTS

MamK-like participates in magnetosome chain alignment. In
order to investigate the function of MamK-like in vivo, we created
in-frame deletions of the mamK-like gene in wild-type and
AmamK strains. Previous work using RT-PCR had found that
mamK-like is expressed in wild-type AMB-1 and AmamK back-
grounds (23). Here, we determined using qRT-PCR that mamK-
like was expressed at approximately half of the levels of mamK (see
Fig. S1 in the supplemental material). Furthermore, the deletion
of mamK-like or mamK did not result in a change in the expression
levels of the other gene (see Fig. S1). Additionally, the deletion of
mamK-like, alone or in combination with mamK, did not result in
gross cell morphological changes as assessed by transmission elec-
tron microscopy (TEM) (see Fig. S2).

We next investigated if MamK-like is important for the chain-
like organization of magnetosomes in AMB-1 cells. To visualize
the misalignment of the magnetosome chain, we used a fluores-
cent fusion to a magnetosome membrane marker (GFP-Maml).
In several strains, such as the AmamK, Amam], Alim], and Amam]
Alim] mutants, GFP-Maml has been successful in revealing a large
range of magnetosome chain organization defects that are con-
gruent with high-resolution imaging via ECT (21, 24, 30). Since it
depends on fluorescence microscopy rather than ECT, imaging of
GFP-Maml is a rapid and high-throughput method of determin-
ing the integrity of the magnetosome chain across a large number
of cells in a population. Furthermore, this visualization technique
can detect mineral-loaded magnetosomes as well as empty
membranes that could otherwise be detected only by ECT. Linear
localization patterns of GFP-Maml correlate to aligned magneto-
somes (both full and empty), and cells with unaligned magneto-
somes have multiple unaligned foci, cell membrane localization,
or diffuse staining (Fig. 2B). Compared to wild-type cells that have
a high proportion of aligned magnetosomes (77.3%, n = 1,870),
AmamK cells display a less organized localization pattern, with
only 33.3% of cells showing alignment (n = 1,161) (Fig. 2A). The
AmamK-like cells also display a higher degree of disorganization
than wild-type cells (45.8% of cells with aligned magnetosomes,
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FIG 2 GFP-Maml localization patterns indicate magnetosome alignment. (A) GFP-Maml alone in wild-type (n = 1,870), AmamK (n = 1,161), AmamK-like
(n = 1,276), and AmamKAmamK-like (n = 807) cells. Complementation experiments were performed with GFP-MamlI and MamK in AmamK (n = 685) and
AmamKAmamK-like (n = 759) cells and with GFP-MamlI and MamK-like in AmamK-like (n = 1,063) and AmamKAmamK-like (n = 964) cells. (B) Represen-
tative images of aligned localization patterns (linear and linear with puncta) and unaligned localization patterns (diffuse, membrane, and unaligned puncta) are

shown. DIC, differential interference contrast. Scale bars = 2 pm.

n = 1,276) (Fig. 2A). The deletion of both mamK and mamK-like
results in the most severe disorganization phenotype (25.8% of
cells with aligned magnetosomes, n = 807) (Fig. 2A). Comple-
mentation experiments were performed to confirm that these re-
sults were due solely to the loss of the targeted gene products. The
AmamK and AmamK-like cells, as well as the double-deletion
cells, were complemented with a copy of the deleted gene on a
plasmid. Cells lacking mamK were complemented at about 63% of
the wild-type level, and cells lacking mamK-Iike were comple-
mented to wild-type levels (Fig. 2A). The differences in comple-
mentation levels suggest that protein expression from the plasmid
may not be sufficient to completely rescue the AmamK phenotype.
Complementation of the double-deletion strain with either
mamK or mamK-like indicates that the phenotype of this strain is
due to gene loss and demonstrates that both MamK and MamK-
like participate in chain alignment.

MamK and MamK-like proteins interact in a yeast two-hy-
brid assay and form colocalizing filaments in vivo. MamK-like
shares 56% sequence identity with MamK from AMB-1. Given
that both proteins are part of the same family, have a high degree
of conservation, and participate in the same cellular process, we
reasoned that they could potentially interact with each other. In a
yeast two-hybrid assay, MamK and MamK-like proteins displayed
self-interactions and interactions with each other (Fig. 3). This
interaction(s) was specific in that neither MamK nor MamK-like
interacted with the more distantly related bacterial actin protein,
MreB, from AMB-1, which can interact with itself in the yeast-two
hybrid assay (Fig. 3). In negative-control experiments, pairings
between empty vector constructs did not result in interaction and
growth (Fig. 3). To investigate the potential interactions between
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these two proteins in vivo, we coexpressed MamK-GFP and
MamK-like-red fluorescent protein (MamK-like-RFP) and
found that they formed colocalizing filaments in AMB-1 (see Fig.
S3 in the supplemental material). Taken together, these results
suggest that MamK and MamK-like proteins interact in their fil-
amentous forms.

MamK influences MamK-like’s ability to form filaments in
vivo. The results described above indicate that an interaction ex-
ists between MamK and MamK-like. We reasoned that formation
of filaments of one protein in vivo might require the presence of
the other. MamK-GFP filaments formed with similar frequencies
in wild-type and AmamK-like strains (data not shown). In con-
trast, MamK-like-GFP filaments depended on the presence of
MamK for efficient filament formation. In the wild-type back-
ground, 52% of cells had MamK-like-GFP filaments, 38% of cells
had diffuse patterns, and 10% of cells had foci (n = 345) (Fig. 4A).
The AmamK-like background had similar proportions of MamK-
like-GFP filaments, with 54% of cells with filaments, 38% with a
diffuse pattern, and 8% of cells with foci (n = 441) (Fig. 4A). In
contrast, very few cells in the AmamK (9%) or AmamK AmamK-
like (6%) background displayed MamK-like-GFP filaments (n =
540 for AmamK and n = 426 for AmamK AmamK-like) (Fig. 4A).
To confirm expression of fusion proteins, Western blotting using
an anti-GFP antibody was performed on wild-type cells express-
ing MamK-like-GFP. In contrast to cells expressing MamK-GFP,
a distinct signal for the GFP fusion fragment was detected, sug-
gesting that the MamK-like-GFP fusion is less stable than MamK-
GFP (Fig. 4C). This may also account for some of the diffuse
localization patterns observed in cells expressing MamK-like-GFP
(Fig. 4B and C).
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FIG 3 Yeast two-hybrid assays demonstrate interaction between bacterial actin proteins. The results of bait and prey fusions to MamK, MamK-like, and MreB
from AMB-1 are shown. Interactions are observed and noted with plus (+) signs, and noninteracting protein pairs are noted with minus (—) signs.

MamK-like can affect MamK turnover in vivo. Thus far, our
data indicate that MamK and MamK-like are capable of physical
and functional interactions within the cell. We previously hypoth-
esized that MamK-like could affect MamK dynamics if the two
proteins formed mixed polymers (21) (Fig. 5A). This idea was
based on the observations that nucleotide hydrolysis is required
for MamK dynamics in vivo and that MamK-like carries a muta-
tion that should render it a nonactive ATPase (A141 in MamK-
like, corresponding to E143A in MamK) (Fig. 1). The in vivo dy-
namics of MamK have been characterized in previous work with
fluorescence recovery after photobleaching (FRAP) assays (21).
MamK-GFP filaments localize as thin lines in AMB-1 cells, al-
though, occasionally, curved lines or doubled filaments are also
observed (Fig. 5B). During FRAP experiments, sections of GFP-
tagged MamK filaments are irreversibly photobleached and the
recovery of fluorescence in the bleached segment is tracked over
time (Fig. 5C). Recovery in FRAP is most likely the result of mono-
mer turnover (depolymerization/polymerization), filament slid-
ing, or new filament formation events. The half-life (¢,,,) of recov-
ery denotes the time point at which 50% of the fluorescence
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intensity returns to the bleached region relative to the whole fila-
ment at that same time point. The fluorescence recovery fre-
quency of MamK-GFP has previously been observed in approxi-
mately 50% of wild-type cells witha t,,, of 11 = 6 min (21). In this
study, MamK-GFP in the wild-type background had a similar re-
covery frequency and a slightly higher average t,,, (50% of cells
recovered, ata t,,, of 14.3 = 5.5 min, n = 32) (Fig. 5F). The longer
recovery times in this set of experiments could be due to the dif-
ference in imaging equipment, as less photobleaching occurs with
the confocal microscope used in this study, allowing more fre-
quent and longer imaging of cells than in previous work.

Since the two proteins appear to form mixed filaments, we
hypothesized that the putative mutations in the ATPase active site
of MamK-like could account for the relatively slow dynamics of
MamK-GFP filaments and the large proportion of cells in which
no recovery is observed. However, the deletion of mamK-like did
not affect turnover frequency (50%, n = 22) or rates of recovery
(ty/2> 15.5 = 7.7 min) of MamK-GFP filaments in FRAP experi-
ments (Fig. 5F). In contrast, the total amount of MamK in the cells
had an impact on the FRAP experimental results. Loss of endog-
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FIG 4 Filament assessment through fluorescent protein fusions. (A) Distribution of MamK-like-GFP localization patterns in AMB-1 cells (wild type n = 345,
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expressing cells (column 3).

enous MamK (in the AmamK background) lowered the recovery
frequency (23% of cells recovered compared to 50% of wild-type
cells) but did not significantly affect the #,,, of recovering cells
(13.2 * 8.0 min, n = 44) (Fig. 5F). However, the f,,,s of MamK-
GFP filaments in the strain deleted for mamK and mamK-like were
significantly (P = 0.02; see Fig. S4A in the supplemental material)
higher than in AmamK cells alone (21.2 * 6.6 min, n = 45) (Fig.
5F). Thus, the dynamics of the MamK-GFP filament is most se-
verely impacted when both native MamK and MamK-like are ab-
sent. These results show that MamK-like does not have a negative
impact on the turnover of MamK filaments in vivo. Instead,
MamK-like appears to promote the turnover of MamK filaments
by supplying a source of monomers in the cytoplasmic pool that
are incorporated into MamK filaments, by new filament growth,
or by lateral filament sliding. The importance of these potential
interactions is most evident when endogenous MamK and
MamK-like are absent in the cell.

MamK-like displays ATPase activity despite the E141A mu-
tation. The results described above lead to the surprising conclu-
sion that the interaction of MamK-like with MamK has a positive
effect on filament turnover despite the presence of a mutation that
should inhibit ATP hydrolysis and as a result impede the depoly-
merization of filaments. Thus, we investigated whether MamK-
like has ATPase activity despite the E141A mutation. Recombi-
nant MamK-like was purified and analyzed in a phosphate release
assay. Compared to MamK, whichhada K, of 143 uM anda V,
0f0.2 uM P; - min~"' - uM ™', MamK-like had a K, of 127 pM and
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a V. 0f0.32 uM P; - min~' - WM™ ! in our experiments (Fig. 6).
This is surprising, as the substitution of this residue in MamK (Fig.
6) and other actins abolished ATPase activity. When the residue
was changed back to a glutamate (A141E), MamK-like displayed a
higher level of phosphate release to both MamK and MamK-like,
withaK,,of 151 uManda V,,,, 0of 0.52 pM P;-min~'-uM ' (Fig.
6). Additionally, the ATPase activity of MamK-like was abolished
when a highly conserved aspartate residue (D15) (Fig. 1) in its
phosphate 1 loop, predicted to participate in ATP binding, was
mutated (Fig. 6) (39). Combined with the in vivo FRAP experi-
ments, these results show that MamK-like is an ATPase that can
influence the behavior and function of MamK filaments.

DISCUSSION

The MALI has been the focal point of research on magnetosome
formation in recent years. In a scenario that is unusual among
MTB, AMB-1 contains a second subset of magnetosome forma-
tion genes in the MIS whose function and potential participation
in magnetosome formation have been debated. Here, we demon-
strate that one gene from the MIS, mamK-like, is transcribed and
its product interacts with MamK to regulate MamK dynamics and
align magnetosomes in the cell.

Magnetosome alignment can be assessed through more than
one method. In our research, we used a magnetosome marker for
this purpose. Note that, at first glance, whole-cell TEM images
(such as those in Fig. S2 in the supplemental material) appear to
show no obvious distinctions in magnetosome alignment between
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FIG 5 Analysis of MamK-GFP dynamics by fluorescence recovery after photobleaching (FRAP). (A) Schematics representing the types of MamK proteins
present in FRAP experiments (green circles, MamK-GFP; dark-purple circles, endogenous MamK; light-purple circles, endogenous MamK-like). (B) DIC and
fluorescence images of wild-type AMB-1 cells illustrate MamK-GFP filaments. A cell is shown with cytoplasmic GFP for comparison (bottom panel). Scale
bar = 2 pwm. (C) A FRAP experiment time course (images are from MamK-GFP in the AmamK-like background). The panel shows a X9 zoom of a confocal
image— hence the blurred appearance of the filament. Yellow brackets indicate the portion of the MamK-GFP filament designated for photobleaching. (D)
Fluorescence intensities of a whole filament (filled circles) and a bleached region (open circles) of the run shown in panel C. (The t,,, is noted by the asterisk at
13 min.) (E) Percent recovery for the same run. (F) Normalized (average = standard deviation [SD]) percent recovery of each strain’s recovering cells. The 50%

mark is noted with a dashed red line. Nonrecovering cells (in the wild-type background) are shown for comparison in the last panel.

wild-type and mutant cells. That appearance is misleading, how-
ever, since conventional TEM can image only the electron-dense
magnetic particles and fails to visualize empty magnetosome
membranes. Cells with fragmented chains, for instance, cannot be
distinguished from those containing continuous stretches of
empty and filled magnetosome membranes. In other words,
“gaps” in a wild-type cell are often still filled with empty magne-
tosomes (as visualized by ECT) whereas gaps in mamK deletion
cells are truly devoid of any magnetosomes, empty or filled (17).
Additionally, in AmamK mutants, isolated empty magnetosomes
have been seen on the side of the cell opposite the magnetosome
chain using ECT but not in TEM images (17). This observation
could imply that subcellular positioning of an empty magneto-
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some influences its ability to transport iron or initiate crystal for-
mation. For these reasons, we have developed GFP-Maml as a
robust fluorescent marker for magnetosome membranes. By ex-
amining various mutants, we have found that this reporter can
mark empty and filled magnetosomes and provide a view of chain
organization that is consistent with ECT imaging (21, 30).

Using GFP-Maml as a reporter, we find that both MamK and
MamK-like are needed to align magnetosomes in AMB-1. Since a
higher proportion of AmamK cells than AmamK-like cells have
misaligned chains, we hypothesize that MamK may be a dominant
player in magnetosome chain formation in AMB-1. Consistent
with this view, the loss of MamK correlates with the decreased
capability of MamK-like-GFP to form filaments whereas MamK-
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FIG 6 Phosphate release assays indicate an ATPase activity for MamK-like.
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assayed for phosphate release.

like has no influence on the ability of MamK-GFP to form fila-
ments in AMB-1 (N. Abreu, unpublished data). Previously, ex-
pression of MamK-like, fused to a fluorescent protein, in E. coli
allowed the formation of filaments that resemble those seen in
AMB-1 (23). Since MamK was not present in those E. coli strains,
it is possible that overexpression of MamK-like can override the
requirement of MamK for robust filament formation. Unfortu-
nately, to date we have been unable to generate antibodies that
unambiguously distinguish between MamK and MamK-like, thus
making it difficult to directly measure the endogenous protein
levels.

Perhaps the most surprising of our results is that MamK-like
can hydrolyze ATP. The substitution at residue 141 of MamK-like
(A141 in MamK-like and E143 in MamK) should abolish ATP
hydrolysis since that site coordinates ATP through a Mg”>™ ion in
both eukaryotic and bacterial actins (39). The absence of the glu-
tamate residue is not the only feature that distinguishes MamK-
like from other actins. The so-called “phosphate 1”7 (DLGT) and
“adenosine” glycine-rich loop (GGG) regions, highly conserved in
the actin-like family and involved in ATP phosphates binding, are
also modified in MamK-like (with DFGY and GAG, respectively)
(Fig. 1) (39). Despite these changes, MamK-like is still capable of
hydrolyzing ATP in vitro, a finding that is consistent with its pos-
itive role in promoting MamK filament dynamics in vivo. This
suggests that several modifications of the ATPase active site are
compensating for the loss of the glutamate at position 141. Deter-
mining the mechanistic basis of MamK-like’s ATPase activity will
be an important addition to our knowledge of the structural di-
versity and evolution of bacterial actins.

Given the data in this study, some potential scenarios can be
envisioned to explain how MamK and MamK-like behave in
AMB-1. Because MamK influences MamK-like-GFP filament for-
mation in vivo (Fig. 4) and because the two proteins colocalize (see
Fig. S3 in the supplemental material) and are able to interact with
each other (Fig. 3), we would hypothesize that they either form a
mixed copolymer (Fig. 7A) or are interacting laterally as pure
filaments (Fig. 7B). In the copolymer mode of interaction, MamK
and MamK-like proteins would form an interchangeable mono-
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FIG 7 Possible modes for MamK/MamK-like interaction. (A) Interchange-
able monomers of MamK (dark-purple circles) and MamK-like (light-purple
circles) were incorporated into a copolymer filament. Additionally, MamK
may serve as a nucleating protein for MamK-like. (B) MamK filaments serve as
nucleating sites for MamK-like filaments to form via lateral association.

mer pool whose total concentration is the most important deter-
minant of efficient filament dynamics. Thus, the most severe phe-
notypes are observed when both proteins are absent from the cell.
If monomers cannot mix, pure MamK filaments would then serve
as nucleating sites for MamK-like to form filaments via lateral
association. In this case, the dynamics seen in FRAP can be due to
sliding of filaments against each other. In the double-deletion
strain, the total number of filaments falls below the threshold re-
quired for efficient filament sliding and recovery in FRAP.

While our current experimental techniques do not provide
sufficient resolution to unequivocally distinguish between these
two modes of interaction, we believe that the simplest scenario to
explain all of the data is the formation of mixed filaments between
MamK and MamK-like. This view is partly influenced by the ob-
servation that recovery in FRAP experiments is dependent on the
ATPase activity of MamK. Since ATPase activity is required for the
in vitro depolymerization of MamK filaments (20) and of those of
all actin-like proteins examined to date (6, 20, 21, 25), it is likely
that recovery in FRAP is due to polymerization/depolymerization
events rather than filament sliding. Furthermore, an examination
of a structural model of MamK and its homology to MamK-like
indicate that individual monomers of these two proteins could
interact at critical points of contact. Previous structural analysis of
MreB from Thermotoga maritima identified potential contact
points that link monomers to one another in a protofilament (Fig.
1, marked pink) (40). A model of MamK monomers, based on this
Thermotoga maritima MreB structure, fit within the filament
structure of MamK, obtained by electron microscopy, with high
confidence (20). In a multiple-sequence alignment, many of the
residues in these points of contact are conserved between diverse
MreB proteins (Fig. 1, marked blue). Similarly, these regions are
conserved between MamK and MamK-like (Fig. 1, marked green)
but distinct from MreB. MamK and MamK-like also share a 5-res-
idue region, unique to the MamK family, that is predicted to be
important for protofilaments to form double-stranded filaments
(Fig. 1, red box) (20). These comparisons indicate that MamK and
MamK-like have the necessary sequence conservation to form a
mixed copolymer. Additionally, the variations in these putative
contact sites between MamK and MreB may prevent unwanted
cross talk between functionally distinct families of bacterial actins
that have to coexist in the same cell.

The coexistence and cooperation between MamK and MamK-
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like are reminiscent of presence of multiple MreB isoforms in B.
subtilis, which partner in cell shape determination (27, 28, 41).
The existence of multiple MamK isoforms within the same cell is
not limited to AMB-1, however. The alphaproteobacterium Mag-
netovibrio blakemorei MV-1, as well as gammaproteobacterium
strain SS-5, contains two MamK homologs within its MAIs (42).
In contrast to MamK-like, however, these MamKs have normal
ATPase active sites (N. Abreu and A. Komeili, unpublished data).
Additionally, the magnetotactic deltaproteobacteria, such as De-
sulfovibrio magneticus RS-1 and Desulfamplus magnetomortis
BW-1, contain MamK as well as another potential bacterial actin-
like protein, Mad28, within their MAIs (43). While Mad28 is not
part of the MamK subfamily, it is possible that it participates in
chain alignment through interactions with MamK. As more mag-
netotactic bacterial genomes are sequenced, we may find that par-
ticipation between multiple MamK family members is a rather
common mode of magnetosome chain organization.

Finally, studies on the interactions and dynamics of MamK and
its homologs can have broader implications in the understanding
of the evolution and diversity of the vastly understudied super-
family of bacterial actins. In most eukaryotes, actin is highly con-
served and its function and dynamics are impacted by a standard
set of actin binding proteins. Interestingly, the intestinal parasite
Giardia intestinalis contains one of the most divergent eukaryotic
actins and also lacks many of the canonical actin binding proteins
(44). This fascinating “exception to the rule” supports a hypoth-
esis that preservation of essential interactions between actin and
its conserved regulatory partners is a key evolutionary constraint
that limits the protein’s sequence divergence among eukaryotes.
In contrast, the various families of bacterial actins are highly di-
vergent at the sequence level, indicating the absence of a common
set of binding proteins and regulators for these proteins. In such a
system, isoforms of a bacterial actin-like protein with variations in
ATPase activity or binding capacity can provide a rapid path for
incorporation of regulatory modules within the cell.
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