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Background: The bacterial actin MamK is involved in the organization of bacterial organelles called magnetosomes.
Results: MamK is an ATPase and assembles into filaments with a unique architecture.
Conclusion: MamK shares features of structure and assembly with other bacterial actin homologs, and it has some unique

features of its own.

Significance: This work will guide future studies to unravel molecular mechanisms underlying MamK function in vivo.

Itis now recognized that actin-like proteins are widespread in
bacteria and, in contrast to eukaryotic actins, are highly diverse
in sequence and function. The bacterial actin, MamK, repre-
sents a clade, primarily found in magnetotactic bacteria, that is
involved in the proper organization of subcellular organelles,
termed magnetosomes. We have previously shown that MamK
from Magnetospirillum magneticun AMB-1 (AMB-1) forms
dynamic filaments in vivo. To gain further insights into the
molecular mechanisms that underlie MamK dynamics and
function, we have now studied the in vitro properties of MamK.
We demonstrate that MamK is an ATPase that, in the presence
of ATP, assembles rapidly into filaments that disassemble once
ATP is depleted. The mutation of a conserved active site residue
(E143A) abolishes ATPase activity of MamK but not its ability to
form filaments. Filament disassembly depends on both ATPase
activity and potassium levels, the latter of which results in the
organization of MamK filaments into bundles. These data are
consistent with observations indicating that accessory factors
are required to promote filament disassembly and for spatial
organization of filaments in vivo. We also used cryo-electron
microscopy to obtain a high resolution structure of MamK fila-
ments. MamK adopts a two-stranded helical filament architec-
ture, but unlike eukaryotic actin and other actin-like filaments,
subunits in MamK strands are unstaggered giving rise to a
unique filament architecture. Beyond extending our knowledge
of the properties and function of MamK in magnetotactic bac-
teria, this study emphasizes the functional and structural diver-
sity of bacterial actins in general.

Research over the last couple of decades has demonstrated
that bacteria are not devoid of subcellular organization and that
fine-tuned cellular processes govern their growth and develop-
ment. Much of the appreciation for the level of complexity in
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bacteria has come with the discovery of homologs of the
eukaryotic cytoskeletal proteins actin, tubulin, and intermedi-
ate filaments in bacteria (reviewed in Refs. 1-3). As in
eukaryotes, these fulfill vital functions for cell growth, DNA
segregation, and cell shape determination in bacteria.

Actin, one of the most abundant proteins in eukaryotes, is
critical for many cellular functions (4, 5). It shows a remarkable
level of sequence conservation across eukaryotic species (6, 7).
In contrast, bacterial actin sequences are highly divergent and
share only little primary sequence similarity to actin. Recent
bioinformatic analysis suggests that there are more than 40 dif-
ferent families of bacterial actins (8). A unifying characteristic
of actin and bacterial actins is the actin-fold, a conserved core
structure that creates a nucleotide-binding and hydrolysis site
(9, 10). One of the key features of actin is its ability to transition
between monomeric and filamentous states. One of the main
factors regulating this transition is the hydrolysis of nucleotides
such as ATP by filamentous actin where hydrolysis provides an
energy source for a conformational switch (4,9, 10). In addition,
a large number of accessory protein factors can influence this
transition.

Similar to actin, bacterial actins form filamentous structures,
and the majority of studies thus far have concentrated on a few
select groups, such as the functionally distinct MreB and ParM
proteins (11, 12). MreB is widely conserved and functions in cell
shape determination in rod-shaped bacteria. Through its inter-
action with cell membrane and cell wall-associated proteins, it
influences new cell wall synthesis (13). Recent in vivo studies
suggest that MreB forms highly dynamic structures along the
inner membrane of cells (14-16). It is unclear to what level
MreB filament assembly and disassembly is a factor in in vivo
MreB dynamics. ParM functions in the efficient segregation of
low copy plasmids between daughter cells. ParM filaments
exhibit dynamic instability in vitro, i.e. assembly and rapid cat-
astrophic disassembly, that is distinct from the behavior of actin
and is more microtubule-like (17). This dynamic behavior is
important for ParM function because it provides a mechanism
to “scan” for the plasmid. Upon “finding” the plasmid, by bind-
ing the ParR-parC complex, ParM filaments are stabilized, and
their behavior transitions from dynamic instability to steady
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filament growth, enabling active movement of the plasmid (18).
Although research on MreB and ParM has provided molecular
and mechanistic insights into the function of these proteins, the
function and properties of the majority of bacterial actins
remain unexplored. However, it is becoming increasingly evi-
dent that the considerable sequence diversity within bacterial
actins translates into functional, structural, and behavioral dif-
ferences. Here, we performed a detailed analysis of the in vitro
properties of the bacterial actin MamK from Magnetospirillum
magneticum AMB-1, hereafter referred to as AMB-1.

MamK proteins form their own phylogenetic group within
the bacterial actins and have been implicated in the organiza-
tion of subcellular organelles in magnetotactic bacteria (19, 20).
This phylogenetically diverse group of bacteria can form intra-
cellular structures called magnetosomes, which are inner mem-
brane invaginations that direct the formation of magnetic crys-
tals. A single cell contains a number of magnetosomes that are
aligned into one or multiple chains in the cytoplasm that
together act as a compass needle. The possession of a magne-
tosome chain results in passive alignment of the bacteria to
geo-magnetic field lines, which is thought to make the search
for optimal growth conditions more efficient (21-23). The
alignment of magnetosomes into well organized chains is
dependent on MamK, and high resolution electron cryotomog-
raphy studies have revealed that MamK likely forms filaments
that flank magnetosomes in vivo (20, 24). Although genetic evi-
dence suggests a role for MamK in magnetosome alignment, it
is yet unknown if MamK filaments function in the establish-
ment or the maintenance of a proper magnetosome chain. A
study in the related organism Magnetospirillum gryphiswal-
dense MSR-1 suggests a role for MamK in the active positioning
of magnetosomes during cell division (24). We recently dem-
onstrated, using fluorescence recovery after photobleaching
assays, that MamK-GFP forms dynamic filaments in vivo. Fur-
thermore, an intact nucleotide-binding site and two redundant
proteins, Mam] and Lim]J, regulate filament dynamics in vivo
(19).

To ultimately understand the role of MamK in cells, both in
vivo and in vitro insights into MamK behavior is highly desira-
ble. Several groups have previously studied the in vitro behavior
of recombinantly expressed MamK. In an important first study,
Taoka et al. (25) demonstrated that recombinant MamK can
form filamentous structures in vitro. Filamentous bundles
could be visualized by EM upon addition of ATP%S,* a nonhy-
drolyzable ATP analog, but not upon addition ATP, suggesting
that MamK filaments disassembled prior to visualization due to
ATP hydrolysis. Similar observations were made by Sonkaria et
al. (26). In contrast, Rioux ef al. (27) reported that MamK fila-
ment assembly occurred in the absence of ATP. These earlier
studies presented valuable new insights; however, they pro-
vided only limited, and somewhat contradicting, information
about assembly and filament dynamics and the role of nucleo-
tides for MamK. Furthermore, these studies employed His-
tagged derivatives of MamK that could exhibit different in vitro
properties than the native untagged protein.

2 The abbreviations used are: ATP+S, adenosine 5’-O-(thiotriphosphate); TIRF,
total internal reflection fluorescence microscopy.

Here, we concentrated our efforts toward a more complete
understanding of the in vitro properties and behavior of MamK.
This is the first in-depth analysis of the assembly and filament
architecture of an untagged MamK protein. We show that
MamK assembles into filaments in an ATP-dependent manner
and that filament disassembly occurs with very slow kinetics in
low salt conditions. Near physiological levels of potassium or
mutations in the protein’s ATPase active site of the protein
abolish this disassembly behavior. These results substantiate a
model in which MamK filaments, unlike the inherently unsta-
ble bacterial actin ParM, are stable in their default state and
require accessory factors to become dynamic. Moreover, we
show by cryoelectron microscopy (cryo-EM) that MamK
assembles into filaments with unique features, further high-
lighting the structural diversity of bacterial actins.

EXPERIMENTAL PROCEDURES

Expression and Purification of MamK—The mamK gene was
amplified from genomic DNA of M. magneticum AMB-1 using
a primer set that enabled the cloning of the gene into a pET29a
vector using Ndel and HindIII restriction sites (forward primer,
GCCATATGAGTGAAGGTGAAGGCC; reverse primer,
CAAGCTTACGAGCCGGAGACGTCTC), creating MamK
expression plasmid pAK420 (KanR). This plasmid was used as a
template for site-directed mutagenesis to create mutant
MamKE34 (pAK598) (forward primer, GCCCTAGTGGT-
GTCCGCCCCGTTCATGGTCGGC; reverse primer, GCC-
GACCATGAACGGGGCGGACACCACTAGGGC).
Sequences of plasmids were verified, and plasmids were trans-
formed into Escherichia coli BL21(DE3) cells that already con-
tained plasmid pLysS (CmR) encoding for T7 lysozyme to lower
the background expression levels. Transformants were selected
on LB medium in the presence of both kanamycin (50 ng/ml)
and chloramphenicol (10 pg/ml). For MamK expression, cells
were grown overnight in LB medium in the presence of both
antibiotics at 30 °C. Overnight cultures were diluted into fresh
medium to a starting of OD,, ..., ~0.05 and grown to OD¢; 11
~0.6, and isopropyl B-p-1-thiogalactopyranoside was added to
a final concentration of 0.5 mm, cultures were incubated at
20 °C overnight. Cells were harvested and washed with ice-cold
phosphate-buffered saline, pH 7.5, and pellets were frozen at
—80 °C. Cell pellets were thawed and resuspended in ice-cold
lysis buffer (10 mm Tris-HCl, pH 7.4, 25 mm KCl, 2 mm EDTA,
2 mu dithiothreitol (DTT)) processed through a French press,
and cell debris was removed at 12,000 X g for 20 min. Ammo-
nium sulfate cuts at 20% saturation were taken, and precipitates
were resuspended in depolymerization buffer (10 mm Tris-HCI,
pH 7.4, 25 mm KCl, 10 mm EDTA, 2 mm DTT) and incubated
for 30 min. Subsequently protein was ultracentrifuged at
115,000 X g for 1 h at 4°C to remove MamK polymers and
aggregates, and a second ammonium sulfate cut (20%) was per-
formed on the supernatant. Protein was resuspended in ice-
cold depolymerization buffer and dialyzed extensively into
polymerization buffer (10 mm Tris-HCI, pH 7.4, 25 mm KCl,
10% glycerol; 5 mm -mercaptoethanol was included for dialy-
sis) at 4 °C for 8 —10 h. The glycerol level was adjusted to 30%,
and protein aliquots were flash-frozen in liquid nitrogen and
stored at —80 °C. The procedure described above yields highly
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pure MamK protein samples, and we routinely employed this
purification protocol. For nucleotide hydrolysis assays, we
additionally gel-filtered MamK over a Superdex 200 matrix
equilibrated in polymerization buffer. The presence of glycerol
during the purification procedure and during experiments was
necessary because we experienced that MamK frequently
aggregated in its absence, especially in higher ionic strength
buffers and at high protein concentrations. To perform exper-
iments, MamK samples were thawed on ice, and the buffer was
exchanged with G25 gel filtration resin (PD10 or Nap5 col-
umns) equilibrated with polymerization buffer without reduc-
ing reagents. concentrations were calculated using a calculated
molar extinction coefficient of 18,910 M~ ' cm ™" at A,qq e
DTT was added to MamK samples to a final concentration of 1
mM, and samples were ultracentrifuged at 115,000 X gfor 1 hat
4 °C prior to experiments. Various other buffers were used in
this study as detailed under “Results.”

Electron Microscopy—Negative stain EM samples were pre-
pared by applying polymerized MamK to carbon-coated grids
after glow-discharging, washing away unbound sample with
water, and staining with 0.75% uranyl formate (28). Negative
stain EM was performed on a Tecnai T12 Spirit LaB6 micro-
scope (FEI Co.) operating at 120 kV, and images were acquired
ona4k X 4k CCD camera (Gatan, Inc.). Cryo-EM samples were
prepared by applying polymerized MamK to glow-discharged
C-FLAT holey-carbon grids, blotting in a Vitrobot (FEI Co.),
and rapidly plunging into liquid ethane. A preliminary cryo-EM
data set was obtained on a Tecnai F20 with a field emission gun
operating at 200 kV with an 8k X 8k CCD camera (Tietz, Inc.)
with a pixel size of 0.94 A/pixel. The preliminary data set was
used for determining helical symmetry parameters and testing
for parallel versus antiparallel orientation of the two strands.
The data used in the final reconstruction was obtained on a
Titan Krios operating at 200 kV with a 4k X 4k Gatan Ultrascan
camera with a pixel size of 1.09 A/pixel. Total electron dose was
in the range of 25-30 e /A2, and images were acquired over a
defocus range of —1.4 to —3.5 um (average —2.5 wm).

Image Processing—Defocus parameters for each micrograph
were determined with CTFFIND (29). Contrast transfer func-
tion correction was achieved by applying a Wiener filter to the
entire micrograph. Relatively straight lengths of helix were
defined in the boxer program of the EMAN software suite (30).
Preliminary reconstructions were determined by iterative heli-
cal real space reconstruction, performed essentially as
described by Egelman (31) and Sasche et al. ( 32), using SPIDER
(33) for projection matching and back projection, and the pro-
grams hsearch_lorentz and himpose (34). In all cases, a low pass
filtered featureless cylinder was used as the initial model. The
dataset used for initial characterization had a total of 11,476
overlapping segments, ~480 A long, which included ~23,400
unique MamK subunits. Several independent reconstructions
were calculated starting with different initial symmetry param-
eters, and in each case the helical symmetry converged to 23.4°
azimuthal rotation and 53.1 A axial rise per helical repeat (sup-
plemental Fig. S10C). A second dataset was collected that
included 7936 overlapping helical segments, ~370 A long,
which contained ~31,744 unique MamK subunits. The images
were binned 2-fold for the reconstruction, with a final pixel size
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of 2.18 A/pixel. In this case, 30 rounds of reconstruction were
calculated with SPIDER as described above, followed by five
rounds of refinement using the ihrsr routines in SPARX (35).
Visualization of the cryo-EM reconstructions, fitting of the
MamK homology model, and figure generation were per-
formed with Chimera (36). Reference-free classification and
averaging was carried out on images binned 4-fold, to 3.76
A/pixel. The EMAN program startnrclasses was used for the
classification (30).

Homology Modeling of MamK—A homology model of
MamK was generated from the crystal structure of Thermotoga
maritima MreB (Protein Data Bank code 1JCF) (37) using the
program MODELLER (38). Several hundred sequences of
MamK and MreB homologs were found by BLAST search (39),
and a multiple sequence alignment was generated with all the
sequences using MAFFT (40). The pairwise alignment between
MamK and T. maritima MreB was extracted from the multiple
sequence alignment and used as input for MODELLER.

Pelleting Assays—To assess MamK polymerization, protein
samples were equilibrated to room temperature for 10 min
before addition of nucleotide. Protein with nucleotide and con-
trol reactions were incubated at room temperature for 15 min,
and the samples were spun at ~140,000 X g at room tempera-
ture in a Beckman Airfuge for 20 min. Supernatant and pellet
fractions were recovered and analyzed by SDS-PAGE according
to Laemmli (12% gels). Gels were stained with the GelCode Blue
reagent (Thermo Scientific).

Light Scattering Assays—MamK bulk polymerization behav-
ior was assessed by right angle light scattering on a Horiba Fluo-
romax-4 instrument with excitation and emission wavelengths
set at 314 nm and a 0.5-nm slit width. Samples were equili-
brated to room temperature for 5 min, and a stable light scat-
tering signal was verified before the addition of 100 mm nucle-
otide stock solutions defined as f,, Common to all
measurements was a delay of ~4— 6 s to manually mix the reac-
tions before starting to record light scattering changes. All
measurements were performed in triplicate unless stated oth-
erwise, and all experiments of the same type were performed on
the same day. To calculate critical concentrations, maximum
intensity values were plotted against the protein concentration
used in the assay (corrected for dilution), and the critical con-
centration was considered as the x-intercept in the plot. Maxi-
mum intensity values were derived from background sub-
tracted data (intensity value at f,) fitted with a sigmoidal
function (Boltzmann) that described the data well (adjusted R*
values >0.94).

Phosphate Release Assays—Release of inorganic phosphate
(P,) was quantitated using a coupled enzyme assay allowing
continuous measurements (EnzCheck, Molecular Probes). The
assay was based on the enzymatic conversion of substrate mol-
ecule MESG in the presence of P, resulting in a product with a
simultaneous shift of maximum absorbance to 360 nm. A5 ,\m
values were converted to P; by using a phosphate standard.
Reactions were performed using polymerization buffer speci-
fied above and not the buffer provided with the EnzCheck kit.
Data were collected on an Ultrospec 2100 Pro spectrophotom-
eter controlled by the SWIFT II software (GE Healthcare). All
measurements were performed in triplicate.
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FIGURE 1. MamK forms filaments in the presence of ATP. A, MamK polym-
erizes in the presence of ATP but not ADP. MamK polymerization was
assessed by pelleting assays as described under “Experimental Procedures;”
pellet (P) and supernatant (S) fractions were analyzed. Nucleotide was added
to MamK (40 um) to a final concentration of 5 mm. Experiments were per-
formed in the presence of 5 mm nucleotide and 1 mm MgCl,; however, similar
results were obtained in the presence of excess (2 mm nucleotide, 5 mm
MgCl,) or equimolar levels of MgCl, (5 mm nucleotide, 5 mm MgCl,) (data not
shown). B, negatively stained MamK filaments as visualized by transmission
EM.

RESULTS

MamK Assembles into Filaments in an ATP-dependent
Manner—Similar to eukaryotic actin, for bacterial actins the
nucleotide state (NTP or NDP) of the protein was central for
understanding their assembly and dynamics. Previous studies
on MamK-His provided somewhat contradictory information
about the role of nucleotides on MamK behavior. For our stud-
ies, we recombinantly expressed MamK from AMB-1 in E. coli
cells and employed a purification strategy that does not require
any affinity purification tags and yields large amounts of pure
MamK protein (up to 25 mg/liter of stationary E. coli culture,
see supplemental Fig. S1A). We first assessed the role of ATP
and ADP for wild type MamK polymerization using pelleting
assays. MamK in polymerization buffer (10 mm Tris-HCI, pH
7.4, 25 mMm KCl, 10% glycerol, 1 mm MgCl,, 1 mm DTT) was
incubated either in the absence or presence of nucleotide (5
mwm), and the extent of polymerization was monitored through
pelleting (for details see “Experimental Procedures”). In the
absence of any nucleotide, MamK remained primarily in the
soluble fraction (Fig. 14). A small amount of protein was
detected in the pellet fraction, which may be a low level of pro-
tein aggregation that was consistently observed when very high
protein concentrations (40 um here) were incubated at room
temperature but not at 4 °C. The addition of ATP resulted in a
large proportion of the protein being detected in the pellet frac-
tion indicating that, consistent with the behavior of other bac-
terial actins, MamK undergoes ATP-dependent polymeriza-
tion. In contrast, the addition of ADP did not lead to MamK
polymerization (Fig. 1A4). Different bacterial actins appear to
behave differently with regards to ADP-induced polymeriza-
tion. For instance, the ADP-induced polymerization of ParM is
only favored at much higher protein concentrations than for
ATP-induced polymerization (~100X higher) (17, 41). We
were unable to obtain reliable data at protein concentrations
higher than 40 um due to what appeared to be protein aggrega-

tion as judged by the appearance of white flakes that settled over
time.

EM micrographs of negatively stained MamK incubated with
ATP confirmed that MamK indeed polymerized into filamen-
tous structures (Fig. 1B). The data show that MamK can polym-
erize in vitro in the presence of ATP and that there maybe a high
energetic barrier for polymerization with ADP.

Our purification trials and initial experiments indicated that
divalent cations may be important for MamK filament stability.
For instance, during purification the treatment of the ammo-
nium sulfate fraction with high levels of EDTA was necessary to
obtain unassembled MamK protein that remained in the super-
natant after ultracentrifugation. To assess this behavior in more
detail, we followed the level of MamK assembly in the presence
or absence of EDTA by pelleting assays (supplemental Fig. S1B).
We polymerized MamK by the addition of ATP and examined
the level of unassembled MamK protein after extensive dialysis
of samples in the presence or absence of EDTA. To account for
protein aggregation, we also performed these experiments in
parallel in the absence of ATP. As expected, the addition of
ATP resulted in a significant decrease in the level of MamK in
the supernatant due to filament formation and sedimentation
during pelleting (supplemental Fig. S1B). The incubation of
MamK filaments in the absence of EDTA did not result in
higher levels of soluble MamK in the supernatant (supplemen-
tal Fig. S1B). In contrast, the polymerized MamK sample that
was dialyzed against buffer containing 5 mm EDTA disassem-
bled as evidenced by the increase of protein in the supernatant.
Furthermore, this disassembled protein was competent to
undergo a second round of polymerization when EDTA was
removed (supplemental Fig. S1B). The influence of EDTA on
MamK filament formation indicates that divalent cations are
important for filament stability.

MamK Filament Assembly Is Rapid in the Presence of ATP—
The pelleting experiments above provide a static picture of
MamK filament formation. Therefore, we used right angle light
scattering to assess bulk assembly kinetics of MamK filaments
in a dynamic fashion. Experiments were performed in the pres-
ence of saturating levels of nucleotide for a range of protein
concentrations. In the presence of 5 mm ATP-MgCl,, MamK
assembly was rapid, and a steady state was reached within a few
minutes when an initial protein concentration of ~12 uMm pro-
tein was used (Fig. 24). Similar to ParM (17, 41), the assembly
curves could be described by an initial phase of rapid increase in
light scattering intensity and a brief decrease before a steady
state was reached (Fig. 24). At lower protein concentrations,
the decrease of intensity before steady state was not as appar-
ent, and the time to reach steady state was prolonged. At ~2
M, protein polymerization kinetics exhibited a long lag phase,
and the data followed a sigmoidal function (supplemental Fig.
S2). This suggests that MamK assembles via a nucleation-con-
densation mechanism as described for eukaryotic and other
bacterial actins.

We also evaluated the polymerization kinetics of mutant
MamK*'***, Based on the ATP hydrolysis model for actin by
Vorobiev et al. (42), this mutation is expected to be important
for nucleotide hydrolysis, and the equivalent E148A mutation
in ParM was shown to abolish the ATPase activity of ParM (17).
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FIGURE 2. MamK polymerization is rapid in the presence of saturating levels of ATP. Wild type MamK (A) and mutant MamK®'*# (B) polymerization kinetics
were assessed by light scattering assays in the presence of 5 mm ATP-MgCL,. Initial polymerization kinetics appear faster for mutant MamKE'#*A (nucleotide
hydrolysis mutant). Polymerization with 5 mm GTP is not as rapid as with ATP (C); 5 mm MgCl, was present in the buffer prior to addition of GTP for experiments
in C. ATP polymerization kinetics are identical to data in A when MgCl, is present before nucleotide addition (data not shown). D, normalized light scattering
intensities at 11.42 um protein concentration when MamK is polymerized with either ATP or GTP. A-D, each trace for a particular protein concentration is the

average of three measurements on the same day.

Additionally, MamKE*3A_GFP has been shown to form static
filaments in vivo (19). Similar to the wild type protein, mutant
MamIEM34 polymerizes rapidly in the presence of saturating
levels of ATP-MgCl, (Fig. 2B). Interestingly, polymerization
curves for the mutant did not exhibit the three phases as the
wild type protein, and the steady-state was reached immedi-
ately after initial rapid polymerization. In addition, there was no
long lag phase apparent at the lowest protein concentration
tested here.

Having established the role of ATP for MamK polymeriza-
tion, we sought to determine whether and to what extent other
nucleotide triphosphates can induce MamK polymerization.
Eukaryotic and different bacterial actins appear to show dis-
tinct binding preferences and polymerization efficiencies with
the purine nucleotide triphosphate, GTP (17, 41, 43-48). To
address this question, we tested GTP-induced polymerization
of MamK by light scattering assays. As can be seen in Fig. 2, C
and D, MamK also polymerizes in the presence of GTP-MgCl,;
however, polymerization rates are lower than with ATP. The
addition of 5 mm ADP-MgCl, to ~12 um MamK did not lead to
changes in light scattering intensities, again demonstrating that
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ADP, as in pelleting assays, does not induce MamK polymeri-
zation (data not shown).

In addition to providing insights about the kinetics/dynamics
of filament assembly, light scattering data also allow the extrac-
tion of the critical concentration for polymerization. This is the
minimal concentration of protein required for formation of
nucleation seeds that can then transition into full filament
assembly. We determined the critical concentration for the
wild type protein to be ~0.7 um when ATP was used (supple-
mental Fig. S3 and Table 1), a value similar to reported values
for other bacterial actins (17, 41, 43—46). The critical concen-
tration for mutant MamK®**3* was roughly half that of the wild
type (~0.38 uM; supplemental Fig. S3 and Table 1). Garner et al.
(17) reported a similar level of reduction of the critical concen-
tration for ParM with the equivalent mutation. In the case of
GTP, the lower efficiency of wild type MamK polymerization
was concomitant with a roughly 3-fold higher critical concen-
tration (~2.01 wm; supplemental Fig. S3 and Table 1) than with
ATP. Together, these data show that MamK can efficiently
nucleate in vitro to rapidly assemble into filaments in the pres-
ence of ATD.

¥¢.org/ at McGill university Libraries on JQV@’,\@G&I@F BIOLOGICAL CHEMISTRY 4269


http://www.jbc.org/cgi/content/full/M112.417030/DC1
http://www.jbc.org/cgi/content/full/M112.417030/DC1
http://www.jbc.org/cgi/content/full/M112.417030/DC1
http://www.jbc.org/cgi/content/full/M112.417030/DC1
http://www.jbc.org/

Assembly and Filament Architecture of MamK

TABLE 1

Critical concentration of MamK in the presence of different
nucleotides

Critical
MamK Nucleotide concentration
UM
Wild type ATP 0.69 + 0.15
ADP >40
GTP 2.01 +0.23
Wild type® ATP 0.71 0.1
E143A ATP 0.38 = 0.08

“ This is in polymerization buffer with 75 mm KCL

MamK Is an ATPase and Mutation E143A Largely Abolishes
Its Activity—Actin and actin-like proteins share a common
nucleotide-binding motif, and ATP hydrolysis is an important
factor regulating disassembly of actin filaments. Here, we per-
formed enzyme-coupled P, release assays to examine and follow
MamK’s ATPase activity. We also assayed for the ATPase activ-
ity of mutant MamK"*'***, As mentioned above, the mutation
of the conserved glutamate residue at position 143 is predicted
to affect ATP hydrolysis. Continuous P; release measurements
were carried out under conditions that paralleled light scatter-
ing assays. When wild type MamK was incubated with 2 mm
ATP-MgCl,, P, release was evident after a short lag phase and
proceeded at a steady increase rate (Fig. 34). Control experi-
ments assessing apparent P, release in the absence of ATP (only
protein) and absence of protein (just ATP) did not show appre-
ciable changes (data not shown). In contrast, in the presence of
mutant MamK®'**4 P, release is not significant, and only ~5%
of the wild type activity remained (Fig. 34). The wild type activ-
ity increases linearly over a range of protein concentrations,
whereas MamKF'*** activity remains low (Fig. 3B). MamK
exhibited an ATPase activity of around 0.2 uM min~'/uM pro-
tein. The data demonstrate that MamK can hydrolyze ATP and
that mutation E143A largely abolishes its activity.

MamK Filaments Disassemble and Mutation E143A Affects
Disassembly Kinetics—A key feature of actin and bacterial
actins is the ability to transition between assembled and unas-
sembled states. To evaluate the kinetics of filament disassembly
of MamK, we again used light scattering assays. Previous exper-
iments were performed in the presence of saturating levels of
ATP; however, under these conditions disassembly events are
not detected (we reasoned that disassembled subunits may
quickly be recharged with ATP and reincorporated into the
filaments). Thus, we performed polymerization experiments in
the presence of significantly lower ATP levels (=50 um) with
the rationale that after depletion of ATP in the reaction mix-
tures disassembly of MamK filaments might be observed.
When MamK polymerization was induced with only 50 um
ATP-MgCl,, wild type MamK still assembled rapidly, but the
steady-state light scattering values and the maximal velocities
were lower than when 2 mm ATP-MgCl, was used (187 * 27
and 564 = 39 light scattering units/s, respectively, see Fig. 44).
Intensity signals stayed stable for long periods of time but began
to decay ~750 s after addition of ATP (+ ~140s) and returned
to values seen before the addition of ATP indicating complete
disassembly of wild type MamK filaments. No decay in light
scattering intensities was observed in the presence of 2 mm
ATP-MgCl, indicating that no bulk filament disassembly
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FIGURE 3. MamK is an ATPase. ATPase activity was inferred by measuring P,
released during the assay as described under “Experimental Procedures.” A,
9.52 um wild type MamK (closed circles) and mutant MamK®'#*# protein (open
circles) were polymerized in the presence of 2 mm ATP-MgCl,, and P, release
was measured over time. MamK®'*3** exhibits a much reduced ATPase activity
(~5% of wild type activity). Each trace is the average of three measurements
on the same day. B, P; release over a range of protein concentrations. P,
release was assessed for wild type MamK and MamK®'#*# 30 min after the
addition of 2 mm ATP-MgCl,. The average and standard deviations from three
experiments are shown.

P permin (uMmin") P

occurred within the duration of the experiments (2200 s).
When polymerized with 20 um ATP-MgCl,, the initial rate of
polymerization was even slower (106 = 17 light scattering
units/s) than with 50 um ATP-MgCl,. No plateau phase was
observed this time, and intensity signals started to decay at ear-
lier time points. Decay rates were lower than with 50 um ATP-
MgCl, (Fig. 4A; —40 = 20 and —62 * 22 light scattering units/s
for 20 and 50 um ATP-MgCl,, respectively). The data show that
even under ATP-limiting conditions MamK filaments have a
slow bulk rate of filament disassembly. This stands in contrast
to ParM, which under similar experimental conditions displays
a rapid disassembly of filaments (17). We repeated the experi-
ments above for mutant MamK*'***, Interestingly, the mutant
polymerized with similar maximal velocities irrespective of the
ATP-MgCl, concentration used, reached similar maximal light
scattering intensities, and, unlike wild type filaments, the inten-
sity values remained stable (Fig. 4B).

To correlate filament assembly/disassembly with ATPase
activity, we performed light scattering and P, release assays on
the same day, using the same protein preparations for both
assays. When polymerization was induced with 50 um ATP-
MgCl,, P, release started at a slow rate and increased as light
scattering intensities approached a plateau phase, after which
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FIGURE 4. Mutation E143A affects MamK filament disassembly. Polymerization of 9.52 um wild type MamK (A) and MamKE'4*# (B) protein was assessed by
light scattering assays in the presence of 25 and 50 um and 2 mm ATP-MgCl,. Wild type protein signals decayed with very slow kinetics indicating the lack of
dynamic instability. MamKE'43# reaches the same maximal light scattering intensity at all ATP-MgCl, concentrations used and does not exhibit decay in light

scattering intensities. Each trace for a particular protein concentration is the average of three measurements on the same day.

time it increased at a linear rate for the duration of the plateau
phase in light scattering intensities (supplemental Fig. S5). The
same behavior was observed in the presence of 2 mm ATP-
MgCl, (data not shown). Interestingly, the start of the decay in
light scattering intensities did not correlate with depletion of
ATP and started while P, release rate was still increasing linearly
(supplemental Fig. S5). Again, in the presence of 50 um ATP-
MgCl,, the MamK®'*** protein polymerized rapidly, and light
scattering intensities remained stable, but no significant P,
release was seen (supplemental Fig. S5).

The data above imply that MamK®**# subunits perform a
round of assembly but fail to disassemble. To test this hypoth-
esis further, we asked whether substoichiometric levels of
MamK**3* would affect wild type MamK filament disassem-
bly kinetics. The underlying assumption is that disassembly
occurs gradually starting at the ends of the filaments after ATP
hydrolysis and a MamK-ATP subunit without ATP hydrolyzing
activity could “cap” and prevent depolymerization. To address
this question, we performed two different experiments. We ini-
tially mixed small amounts of mutant protein (~2.5 and ~ 5%)
with ~10 um wild type protein and monitored assembly and
disassembly after addition of 20 um ATP-MgCl,. Control
experiments with either wild type or mutant protein showed
the expected behavior (supplemental Fig. S6A). However,
introducing ~2.5% mutant protein into the reaction mixture
significantly decreased the disassembly rate in duplicate exper-
iments (supplemental Fig. S6A). In separate experiments where
we kept the total protein concentration constant, a similar
behavior was evident. With 90% wild type MamK and 10%
MamKF*34 protein, the initial rate of increase in light scatter-
ing intensities was higher, and no decay in intensities was
observed (supplemental Fig. S6B). These data suggest that the
two proteins can potentially form mixed filaments and that
MamK subunits that do not hydrolyze ATP may stabilize fila-
ments. Taken together, the data suggest that mutation E143A
in MamK, which abolishes ATPase activity, negatively affects
filament disassembly but not filament assembly.

Potassium Levels Influence MamK Disassembly Characteristics—
Our initial experiments were performed in the presence of 25
mM KCl mainly because protein purification was most success-
ful at this concentration, and MamK protein was stable even at
fairly high protein concentrations. However, K" is the most
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abundant cation in bacterial cells and is found inside cells at
concentrations far higher than 25 mm (49 —53). Therefore, we
evaluated the influence of higher K™ concentrations on MamK
polymerization. Increasing KCl levels by even 3-fold, to 75 mwm,
appeared to significantly increase the maximal rate at which
filaments assembled (Fig. 54). In the presence of 75 mm KCl and
25 um ATP-MgCl,, the maximal assembly rate was roughly
seven times higher than with 25 mm KCl (890 = 56 and 122 =+
25 light scattering units/s, respectively). Notably, the assembly
rate with 75 mm KCI and 25 um ATP-MgCl, was similar to
when saturating levels of ATP (2 mm) were added in the pres-
ence of 25 mm KCl. Interestingly, at 75 mm KCI, no bulk fila-
ment disassembly was observed, whereas with 25 mm KCl dis-
assembly was evident (Fig. 54). The further increase of KCI to
150 mm had no additional effect and showed similar behavior to
that of 75 mm KCI (data not shown).

The above observed behavior with higher KCl concentra-
tions is not due to increased levels of Cl~ ions because it is
mirrored when KCl is replaced by potassium glutamate (Fig.
5B). The rapid polymerization and lack of disassembly of wild
type MamK was similar to the behavior of the MamK=**34,
Hence, we tested whether wild type MamK’s ATPase activity
was reduced in the presence of 75 mm KCl. However, P, release
rates were similar at all KCl levels. In the presence of 2 mm
ATP-MgCl, and 75 mMm KCI, P, release rates were almost iden-
tical to those at 25 mm KCl, apart from the initial phase in which
there appeared to be a small burst of P, release followed by a
phase of steady increase in P; (supplemental Fig. S7A). Simi-
larly, when 25 um ATP-MgCl, was used, a faster initial P,
release was evident with 75 mm KCl (supplemental Fig. S7B).
We also assessed polymerization in the presence of 75 mm KCl
for a range of protein concentrations, and we determined the
critical concentration to be unchanged (Table 1 and supple-
mental Fig. S3D).

Arguably, the observed behavior at higher K™ levels could be
due to an increased ionic strength of the buffer. To address this,
we replaced KCl in the buffer by NaCl and attempted to look at
efficiency of polymerization again using 25 um ATP-MgCl,.
We did not detect any polymerization in buffer containing
either 25 or 75 mm NaCl at this ATP-MgCI, concentration
(data not shown), perhaps suggesting a lowered binding affinity
of MamK for ATP. When we tested MamK polymerization at a
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much higher ATP-MgCl, concentration of 500 um in combi-
nation with 25 mm NaCl, nucleation appeared to be inefficient
with a long lag phase (supplemental Fig. S8B). When 75 mm
NaCl was present, nucleation and polymerization were faster
but significantly slower than in the presence of 25 mm KCl
(supplemental Fig. S8B). Polymerization in 75 mm NaCl buffer
was comparable with polymerization in 25 mm KCl buffer when
even higher levels of ATP-MgCl, were used (2 mm) (supple-
mental Fig. S8A). P, release assays showed that MamK’s ATPase
activity was generally lower with NaCl. In relation to the activity
at 25 mMm KCl and 2 mm ATP-MgCl,, the maximal velocity in
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FIGURE 5. MamK disassembly depends on potassium levels. Decay of light
scattering intensities was assessed for 9.52 um MamK after polymerization
with 25 um ATP-MgCl, in polymerization buffer with either 25 or 75 mm KCl
(A). Initial rates of polymerization were higher in the presence of 75 mm KCl,
and no bulk depolymerization was observed. The effect is specific to potas-
siumions, and not chloride ions, because the behavior is similar in buffer with
potassium glutamate (B). Each trace is the average of three measurements on
the same day.

the presence of 25 mm NaCl was only ~21 and ~43% with 75
mMm NaCl (supplemental Fig. S8, C and D).

To further investigate the effect of potassium levels on
MamK behavior, we imaged MamK filaments in the presence of
different KCl levels by EM. MamK (5 um) polymerization was
induced with ATP-MgCl,, and filaments were negatively
stained for imaging. In the presence of 25 mm KCI, single
MamK filaments were highly abundant (Fig. 6); however, with
75 mm KCl, some filament bundling was apparent. Strikingly, in
the presence of 150 mm KCI MamK filaments clearly assembled
into bundles (Fig. 6). This potassium-dependent bundling
behavior was also dependent on the protein concentration,
with similar levels of filament bundling occurring even at lower
KCl concentrations provided the protein concentration was
high enough. When 17 um MamK was polymerized, filament
bundles were highly abundant at even 75 mm KCI (data not
shown). Bundles of filaments are likely to scatter more light
than single filaments, and this may provide an explanation for
the apparent, but misleading, increased bulk polymerization
rates. Nonetheless, these data show that moderate changes in
K" levels can inhibit MamK filament disassembly, possibly
through inter-filament interactions, and not by inhibiting ATP
hydrolysis.

Role of Magnesium for MamK Filament Stability—The diva-
lent cation Mg>" plays an important role for actin and actin-
like protein because the physiological form of ATP in cells is an
Mg-ATP chelate. Actin has a single high affinity binding site
thatislocated in the ATP binding pocket and lower affinity sites
located elsewhere (7). The vast majority of our experiments
(with the exception of experiments in Fig. 14) were performed
in the presence of equimolar levels of ATP and MgCl,. How-
ever, free magnesium could play an additional role for MamK
assembly/disassembly; hence, we tested the effects of excess
levels of Mg>* ions.

We performed light scattering assays, with 9.52 um MamK in
the standard polymerization buffer containing 25 mm KCI, an
we used 50 uM ATP and varying levels of MgCl, to induce
MamK polymerization. A 10-fold excess of Mg>" over ATP (50
uM ATP and 500 um MgCl,) did not result in a significantly
different assembly and disassembly behavior as compared to
when equimolar levels were used (50 um ATP and 50 um
MgCl,), although disassembly appeared to occur on average
slightly slower (supplemental Fig. S9A). Interestingly, in the
presence of 20-fold excess Mg>* (50 um ATP and 1000 um
MgCl,) the initial rate of polymerization was higher, and light
scattering intensities decayed at a reduced rate as compared to
when equimolar levels of MgCl, and ATP were used (supple-

FIGURE 6. MamK filaments assemble into bundles in a potassium-dependent manner. EM micrographs of negatively stained MamK filaments in the
presence of different KCl levels. 5 um MamK was polymerized by addition of 5 mm ATP-MgCl,. KCl levels are specified in micrographs.
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FIGURE 7. Cryo-EM reconstruction of MamK filaments. A, section of a micrograph of frozen MamK filaments. B, final three-dimensional reconstruction of the
MamK filament rendered at 12 A resolution, with each of the two strands shown in a different color. C, homology model of MamK fit into the cryo-EM
reconstruction. Dashed brackets indicate regions shown in greater detail in D and E. D, contacts between strands are shown in the side view (left) and looking
down the filament axis (right). Although precise residue interactions cannot be confidently predicted at this resolution, an insert unique to MamK (red) lies near
the regions of strongest interaction and may play a role in forming the unique filament architecture. E, close-up view of a single MamK homology modelfitinto
the cryo-EM density, with subdomains labeled. An insert unique to MamK, shown in red, is near the longitudinal contact surface and may play a role in the
unique assembly dynamics of MamK. F, longitudinal contacts between MamK protomers (blue) are similar to the crystal-packing contacts of T. maritima MreB
(green, Protein Data Bank code 1JCF). The central subunit in each strand is in the same orientation. Within the crystal MreB packing is linear, whereas a rotation

of 23.3° between MamK subunits results in twisted strands.

mental Fig. S9A). In the presence of a 100-fold excess of Mg>"
(50 uM ATP and 5000 um MgCl,) no MamK filament disassem-
bly could be observed (supplemental Fig. S94). We also per-
formed experiments in the presence of excess ATP over Mg "
(500 um ATP and 50 um MgCl,) resulting in stable light scat-
tering signals (supplemental Fig. S9B) verifying that filament
stability in the presence of saturating levels of ATP is distinct
from the phenomenon seen with a great excess of Mg>™"".

We reasoned that the behavior in the presence of 100-fold
excess of Mg®" was similar to the behavior observed with
increased K™ levels, and hence we imaged the MamK filament
after polymerization with 50 um ATP and 5000 um MgCl,. Our
analysis showed that, under these conditions, MamK formed
single filaments, and not filament bundles as seen with
increased K™ levels (data not shown). Interestingly, ATP
hydrolysis/P; release was significantly reduced at steady state
(supplemental Fig. S9C), perhaps partially explaining the lack of
bulk depolymerization observed in these experiments (supple-
mental Fig. S9A). The data above are in agreement with the data
presented in supplemental Fig. S1B and indicate that Mg>" ions
can influence MamK filament stability.

Cryo-EM Reconstruction of MamK Filaments—To provide a
framework for understanding the assembly of MamK filaments,
we determined their three-dimensional structure from cryo-
electron micrographs (Fig. 7A). Two-dimensional reference-
free class averages of MamK filaments suggested that, like actin
and most bacterial actin homologs studied to date, MamK
assembles into two-stranded helical filaments (Fig. 7B). But,
unlike other actin-like filaments, which have staggered strands
offset by half a subunit, the MamK strands are unstaggered
(supplemental Fig. S11). A very similar pattern was seen
recently in two-dimensional averages of MreB filaments assem-
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bled on lipid layers, although MreB filaments are straight rather
than the twisted helical filaments of MamK (13).

In the average MreB images, the shapes of the subunits sug-
gested to the authors that the two strands are antiparallel, rais-
ing the question of whether the two MamK strands are parallel
or antiparallel. To generate a correct three-dimensional recon-
struction of MamkK, we had to first determine whether the
strands were parallel or antiparallel so that the correct symme-
try could be enforced. We tested the cross-strand symmetry by
comparing a preliminary asymmetric reconstruction to recon-
structions with parallel or antiparallel symmetry imposed. The
asymmetric reconstruction closely resembled the reconstruc-
tion with parallel cross-strand symmetry imposed, with well
defined subunits with the bi-lobed structure common among
actin homologs. When antiparallel symmetry was imposed,
however, the subunits lost their definition (supplemental Fig.
S10B). These results suggested that the MamK strands are par-
allel leading us to impose parallel cross-strand symmetry in the
final refinement.

The final structure, determined by iterative helical real space
reconstruction, has a resolution of 12 A, with refined helical
symmetry of 23.4° azimuthal rotation and 53.1 A axial rise (sup-
plemental Fig. S10, C and D). To aid in interpreting the
cryo-EM reconstruction, we generated a homology model of
MamK from the crystal structure of T. maritima MreB (Protein
Data Bank code 1JCF (37)). The subunit model fits well into the
cryo-EM density with no significant clashing between subunits
(Fig. 7, C—E). Although we did not determine the absolute hand
of the MamK filament structure, it should be noted that the
MamK subunit model only fit well into the right hand filament.

MamK subunits make longitudinal contacts along each
strand using surfaces similar to those of F-actin (54-56), the
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bacterial actin homolog ParM (57), and the filament-like crystal
packing interactions of MreB (Fig. 7F) (37). A six-residue inser-
tion of mostly hydrophobic residues in MamK relative to MreB
is at the longitudinal contact site in domain Ib, positioned to
make contacts with the base of domain Ia of an adjacent subunit
(Fig. 7E, red loops). The D-loop of eukaryotic actin has a similar
hydrophobic loop at this position involved in longitudinal con-
tacts, suggesting that in this regard MamK polymerization may
be more similar to actin than to MreB. Indeed, the azimuthal
rotation and helical rise between subunits along each MamK
strand are more similar to those of actin (supplemental Fig.
S11).

Although the longitudinal contacts in the MamK filament
are generally conserved with other actin homologs, the cross-
strand contacts are completely novel, giving rise to the unique
2-fold point group symmetry between strands. The strongest
cross-strand contacts are along the outer edges of each subunit,
leaving a gap near the center of the helix (Fig. 7D). Given the
uncertainty inherent in the homology model and the limited
resolution of the cryo-EM reconstruction, it is difficult to pre-
dict the precise residues involved in these novel cross-strand
contacts. However, a five-residue insertion unique to the
MamK family lies in the linker between domains Ia and Ib, at a
position very near the strongest contacts between the strands,
suggesting this site may play a role in stabilizing the novel cross-
strand contacts (Fig. 7D, red loops).

DISCUSSION

As opposed to their eukaryotic counterparts, bacterial actin
sequences are highly divergent and fulfill a wide range of cellu-
lar functions. This sequence and functional diversity are also
accompanied by differences in dynamics and filament architec-
ture. In this study, we characterized the in vitro properties of
the bacterial actin MamK from M. magneticumm AMB-1, which
is involved in the organization and positioning of organelles in
magnetotactic bacteria. The two major findings of our study are
as follows: (i) MamK filaments, unlike ParM filaments, do not
appear to disassemble catastrophically, and (ii) MamK fila-
ments show a unique architecture in which interstrand mono-
mers are in register and lack the staggered alignment typical of
two-stranded actin filaments and most other characterized
bacterial actins.

The study of bacterial actin MamK and its role in magnetot-
actic bacteria is an active area of research, and several groups
have contributed, through both in vivo and in vitro studies, to
progress in the field. In a brief report, Taoka et al. (25) demon-
strated, for the first time, that recombinant MamK-His can
form filamentous structures in vitro. Similar to the study by
Toaka et al. (25) and later studies (26, 27), we show that MamK
polymerizes into filaments in vitro. Despite this similarity,
important differences exist between our study and previous
work. MamK-His filament bundles could be visualized by EM
after addition of ATPvyS, a nonhydrolyzable ATP analog but,
interestingly, not after addition of ATP. This suggested that
MamK-His filaments disassembled prior to visualization due to
ATP hydrolysis (25, 26). In stark contrast, Rioux et al. (27)
reported that MamK-His polymerization occurred in the
absence of nucleotide. The authors included ATP during the

purification procedure and suggested that ATP, as it does for
actin, stabilized MamK against aggregation. In contrast to pre-
vious studies, we demonstrate that the untagged MamK polym-
erizes in an ATP-dependent manner and that MamK filaments
can be visualized by EM in the presence of this nucleotide. In
addition to the above mentioned differences, our study contra-
dicts findings with regard to the role of K" ions for MamK
polymerization reported by Sonkaria et al. (26). The authors
reported that MamK polymerization was inhibited ina K™ con-
centration-dependent manner, with complete absence of
polymerization at 200 mm KCl. As discussed later, under our
experimental conditions MamK clearly polymerizes at similarly
high KCI concentrations.

We can only speculate about the reasons for the different
reported behaviors of MamK. A likely explanation is the use of
slightly different MamK proteins in the different studies. Toaka
et al. (25) and Sonkaria et al. (26) used MamK from the closely
related organisms M. magnetotacticurmm MS-1 and M. gryphi-
swaldense MSR-1, respectively. However, the different MamK
protein sequences are extremely similar, making it an unlikely
reason for different in vitro properties. For instance, MamK
from M. magnetotacticum MS-1 is 99% identical and 100% sim-
ilar to its counterpart from AMB-1 studied here. It is important
to note that Sonkaria et al. (26) expressed a slightly longer ver-
sion of the MamK protein. In addition to the His tag at the C
terminus, another 13 residues were expressed at the N terminus
of the protein. These additional 13 residues are present in data-
base entries for MamK from M. gryphiswaldense MSR-1 but are
lacking in other MamK proteins. This longer protein was
reported not to express functionally i vivo and thus may not be
the correct MamK sequence (24). A further difference between
our work and the previous studies is that we did not employ a
His tag to purify MamK. Such tags could alter the protein’s
assembly and disassembly behavior. In fact, different properties
have been reported for MreB from T. maritima purified either
with or without a His tag (43, 58).

In vitro studies so far have only provided a static and limited
picture of MamK assembly, and important questions about fil-
ament stability and architecture remain to be addressed. In this
study, we investigated the dynamics of both MamK assembly
and disassembly using light scattering assays. MamK filaments
assemble rapidly in the presence of saturating levels of ATP.
This is consistent with the behavior of other bacterial actins and
may support the view that, in contrast to actin, bacterial actins
do not require nucleation factors to promote efficient and rapid
filament assembly. This filament assembly is not dependent on
ATP hydrolysis as MamKF*34, with its greatly reduced activity,
still formed filaments. The MamK®'*3# data are consistent with
the behavior of the well characterized bacterial actin ParM.
Garner et al. (17) demonstrated that ParM with the equivalent
mutation E148A is able to assemble into filaments but fails
to exhibit any detectable ATPase activity. Although the
ParME!*84 protein assembles into filaments, the mutation ren-
ders these filaments stable as demonstrated in bulk by light
scattering assays and at the single filament level using TIRF
microscopy. The behavior of MamK*'*** in light scattering
experiments is consistent with the failure of filaments to disas-
semble and indicates that ATP hydrolysis is also important for
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MamK filament disassembly. Moreover, this is in line with our
previous work showing that MamK-GFP filament turnover in
an in vivo fluorescence recovery after photobleaching assay is
dependent on an intact nucleotide-binding site (19).

Our data also show that wild type MamK filament bulk dis-
assembly occurs, at least in the presence of low potassium lev-
els, relatively slowly. This disassembly behavior is different
from ParM for which filament dynamics is best understood.
ParM filaments exhibit dynamic instability where disassembly
occurs rapidly and catastrophically. It is worth noting that
MamK’s ATPase activity, with 0.2 uM min™'/um protein, is
significantly lower than for ParM (~3—6 uM min™~'/uM protein
(17, 41), perhaps accounting for some aspects of the different
time scales of filament dynamics. A direct comparison of
MamK filament disassembly to that of ParM is difficult and
requires the assessment of molecular events at the single
MamK filament level. For instance, it is unknown if MamK
filaments have a polarity to their growth and disassembly. It is
possible that MamK filaments grow bidirectionally similar to
ParM or that growth occurs preferentially from one end. Con-
sidering that MamK polymerizes readily with ATP but not
ADP, it is conceptually possible that MamK filaments undergo
a process of treadmilling similar to actin. Our attempts to ana-
lyze single MamK filaments using TIRF have proven difficult.
This is mainly because labeling of MamK with biotin, required
for immobilization of filaments on streptavidin functionalized
glass slides when performing TIREF, is inefficient, and associa-
tion of the labeled protein with the glass surface is poor. Fur-
thermore, the length of fluorescently labeled (Alexa 488)
MamK filaments is short and at the resolution limit for this type
of microscopy. More intensive efforts are required to study
MamK at the single filament level to ultimately understand
MamK dynamics in vivo.

Studies with AMB-1 cells suggest that MamK filaments are
intrinsically stable in vivo and rely on regulators for their
dynamic behavior. Specifically, two redundant proteins
encoded by genes of the so-called magnetosome gene island
(MAI), namely Mam] and Lim], appear to play a role in MamK
dynamics in vivo. However, in the absence of other MAI genes,
Mam] or Lim] is not sufficient to reconstitute MamK filament
dynamics suggesting the presence of other factors (19). In addi-
tion to proteins that influence MamK dynamics, an interesting
question concerns physico-chemical conditions, such as the
concentration of various ions, inside the AMB-1 cells that
might affect the iz vivo behavior of MamK. K* ions play impor-
tant roles in bacteria, where they are involved in cell turgor
pressure maintenance (49, 59), enzyme activation (60, 61), and
regulation of cytoplasmic pH (62, 63). For instance, in E. coli
and Bacillus sp. cells K" is the major cytoplasmic cation with
K™ concentrations ranging roughly from 150 mM and reaching
up to 650 mm depending on growth conditions and availability
(49 -53, 64). Our in vitro experiments show that increased K™
concentrations result in the formation of tight MamK filament
bundles that display little to no disassembly under ATP-limit-
ing conditions. This high level of stability is not due to modu-
lation of the protein’s ATPase activity because similar amounts
of P, were released with high or low K™ concentrations. Inter-
estingly, the plasmid-segregating bacterial actin AlfA also
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shows filament bundling in vitro, but unlike MamK, high KCl
concentrations are required to dissociate AIfA bundles, indicat-
ing that filament interactions occur through electrostatic inter-
actions (44).

Interestingly, we also observed that Mg>* ions can alter
MamK filament stability by a mechanism that appears to be
distinct from the K™ effect mentioned above. In the presence of
excess Mg®", we did not observe filament bundling. However, a
reduction in ATPase activity, partially explaining the Mg>* -de-
pendent effect on filament stabilization, was seen. It is possible
that MamK possesses a low affinity binding site for divalent
cations that, when saturated, alters the filament in such a way
that the off rate of MamK monomers is reduced. In E. coli free
cytoplasmic Mg>™ levels have been estimated to be in the range
of 2—4 mm (65, 66) making it plausible that the effects seen in
these experiments may have physiological relevance.

It is yet unknown what levels of cytoplasmic K™ AMB-1 cells
maintain and how MamK filament bundling observed with
increased K™ levels in vitro relates to in vivo conditions. High
resolution imaging by electron cryotomography on intact
AMB-1 cells rather suggests that MamK forms single filaments
invivo (20). In wild type AMB-1 cells filaments of ~6 nm width,
similar to the width of single filaments in vitro, run alongside of
magnetosomes in the cytoplasm. Although some level of inter-
filament interactions, in the form of local overlaps, is seen in
vivo (20), filament bundling to the extent that is seen under in
vitro conditions is not observed. However, we previously
observed in vivo bundling of putative MamK filaments between
the gaps of the magnetosome chain that appear in mutant
AMB-1 cells lacking the Mam] and Lim] proteins (19). One
interpretation of these results has been that Mam] and Lim]
contribute to the dynamics of MamK filaments by directly or
indirectly affecting its ATPase activity. However, in light of our
invitro results, one could alternatively suggest that the lack of in
vivo filament dynamics in the absence of Mam] and Lim] is a
result of pronounced interfilament interactions and bundling.
In this model, the absence of Mam], or the redundant protein
Lim]J, would impair the proper interaction of magnetosomes
with MamK filaments that are then free to associate with each
other. Further support for this model comes from the observa-
tion that in the complete absence of magnetosomes in an MAI
deletion mutant, a strain without any putative MamK anchor-
age points, MamK-GFP fluorescence no longer shows a typical
linear, pole-to-pole localization but rather shows shorter and
much thicker filaments. Furthermore, in this mutant MamK
filaments are no longer dynamic, and together with the change
in MamK filament organization this may hint toward MamK
filament bundling in these cells.

Our structure of in vitro polymerized MamK reveals a novel
architecture for an actin homolog. Although the surfaces of
MamK involved in longitudinal contacts along each strand are
similar to F-actin and other bacterial actin filaments, the cross-
strand contacts are novel and lead to an unusual nonstaggered
filament. Similar nonstaggered filament morphology has been
observed for short filaments of MreB (13). In that case, the
shape of the subunits in averaged images and arguments about
how subunits interact with membranes suggested an antiparal-
lel arrangement of the two MreB strands. The two strands of
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MamK filaments, however, appear to be parallel to each other.
The architecture of MamK filaments fits with a growing body of
evidence that the broad diversity of bacterial actin filament
morphologies arises primarily from variation in the cross-
strand contacts, with similar surfaces utilized in forming longi-
tudinal contacts along each strand (13, 44—46, 57, 67— 69).

MamK’s unique filament architecture poses interesting
questions about its assembly, particularly at early stages requir-
ing a nucleus for filament assembly. In staggered filaments,
such as actin or ParM, once a trimer is formed, each subsequent
subunit addition forms a new high affinity “corner” site where
an incoming subunit can make both longitudinal and cross-
strand contacts. Our preliminary analysis, by applying the
Nishida and Sakai formalism (70), estimates the MamK nucleus
size to be a trimer. For MamK, with unstaggered strands, a
model involving a trimer as nucleus would, however, cause a
conceptual problem. For MamK, a high affinity site could
potentially exist when three subunits are assembled, but addi-
tion of a fourth subunit would yield a closed structure with no
available corner sites, to which subunits would be added (sup-
plemental Fig. S4C). It has to be noted that the Nishida and
Sakai formalism may not strictly apply to MamK. More exten-
sive work, involving both experimental and theoretical
approaches, is required to answer questions revolving around
MamK nucleus size and filament assembly.

Our study provides the first comprehensive view of MamK
assembly behavior and filament architecture in vitro. As new
regulators and interaction partners of MamK are discovered,
this in vitro system will be an invaluable tool to decipher genetic
and cell biological observations in a mechanistic light. The
combination of these efforts should bring us closer to under-
standing the actual function of MamK in magnetosome align-
ment and division.
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SUPPLEMENTARY FIGURE LEGENDS

FIGURE S1. Wild type MamK and mutant E143A proteins can be obtained at high purity. A.
Protein was purified employing the routine procedure described in Experimental procedures.
Coomassie stained 12% Laemmli gel is shown and protein loading is indicated above lanes. B.
EDTA-treatment aids in the disassembly of MamK filaments. MamK polymerization was
assessed by pelleting assays as described in Experimental procedures (supernatant fractions are
shown). MamK, in polymerization buffer (see Experimental procedures) including 5 mM MgCl,,
was polymerized through addition of 5 mM ATP (sample 2); only buffer was added to control
reaction without ATP (sample 1). A fraction of the total samples were analyzed by pelleting
assay. Remainder of both samples were extensively dialyzed at 4°C against the buffer above
(10,000 X sample volume) or buffer without 5 mM MgCl, but with 5 mM EDTA.
Depolymerized protein (red box) was dialyzed into polymerization buffer with 5 mM MgCl, and
re-polymerized with 5 mM ATP.

FIGURE S2. Polymerization of MamK at a low protein concentration. Illustration of data in Fig.
2A for 1.95 uM MamK over an extended period of time. Data show that at this low protein
concentration MamK assembly kinetics follow a sigmoidal function.

FIGURE S3. Determination of MamK critical concentration by light scattering. Plot of maximal
light scattering intensities against various initial protein concentrations. x-intercept of linear fit
provides extrapolation of critical concentration. A-C. Plots were generated using same data as in
Fig. 2A-C. D. Plot for data of MamK polymerization in buffer with 75 mM KCI.

FIGURE $4. Estimation of MamK nucleus size. According to the Nishida & Sakai formalism the
nucleus size can be estimated from a plot of maximal velocity of light scattering traces (Vax),
divided by the maximal intensity (I..x), against the log protein concentrations. The nucleus size is
estimated as two times the slope of the linear fit. Same data set as in Fig. 2 were used for analysis.
Shown are plots for wild type MamK (A) and MamK"*'*** proteins (B). By this estimate the
nucleus size for mutant E143A is a trimer. This analysis for the wild type protein only yields a
linear relationship if polymerization at ~2 pM is not considered in the data analysis. This may
indicate that the Nishida & Sakai formalism does not strictly apply to MamK or that
polymerization at lower protein concentrations obeys a different mechanism. C. Models for
MamK assembly.

FIGURE SS5. Correlation between MamK polymerization and ATP hydrolysis / P; release.
MamK’s ATPase activity was inferred by measuring P; released during the assay as described in
Experimental Procedures. 9.52 uM wild type MamK (black lines) and MamK"'*** protein (gray
lines) were polymerized in the presence of 50 uM ATP-MgCl,. Data highlight that
polymerization is independent of ATP hydrolysis / P; release. Each trace is the average of three



measurements on the same day. Polymerization by light scattering (circles) was measured on the
same day as P; release.

FIGURE S6. Substoichiometric levels of mutant MamK"'** can stabilize wild type MamK
filaments. A. MamK"'*** protein (~2.5 or 5%) was spiked to ~ 9.52 pM wild type MamK protein
and mixtures polymerized by addition of 25 pM ATP-MgCl,. Presence of even ~2.5 %
MamK*'*** protein can significantly decrease bulk depolymerization rates of wild type filaments.
Each trace is the average of two measurements on the same day. B. Varying levels of wild type
and mutant protein were mixed whereby the total protein concentration in the reaction was kept at
9.52 uM. Polymerization was initiated by addition of 25 uM ATP-MgCl,. Each trace is the
average of two measurements on the same day.

FIGURE S7. P; release in the presence of higher potassium levels. Pjrelease experiments were
measured for 9.52 uM MamK after polymerization with either 2 mM (A) or 25 uM ATP-MgCl, -
(B). P; release assays were performed on the same day as light scattering assays shown in Fig. 5.
Inset in (A) illustrates P; release during early time points of experiments.

FIGURE S8. MamK polymerizes with slower kinetics in the presence of sodium chloride. Light
scattering intensities were assessed for 9.52 uM MamK after polymerization with either 2 mM
(A) or 500 uM ATP-MgCl, (B). MamK polymerization showed either a slower initial rate of
polymerization (A) or a long lag phase (B) in the presence of 25 mM sodium chloride. Increased
sodium levels rescued this to some extent. No polymerization was seen with 25 pM ATP-MgCl,
(data not shown). C,D. P; release assays, performed on the same day as light scattering assays in
A and B respectively, show the reduced MamK ATPase activity in the presence sodium chloride.
For all experiments, the buffer components were identical apart from varied KCl and NaCl levels.
Each trace is the average of three measurements on the same day.

FIGURE 89. Mg”" levels influence MamK filament stability and phosphate release. Light
scattering intensities were assessed for 9.52 uM MamK after polymerization with 50 uM ATP
and varying levels of MgCl,. P; release assays, were performed on the same day as light scattering
assays in A and B, and show the reduced MamK ATPase activity in the presence of 100-fold
excess MgCl,. Each trace is the average of three measurements on the same day.

FIGURE S10. Verification of MamK filament structure and symmetry. A. Reference-free
averages of MamK segments. MamK filament were extracted from cryo-EM micrographs in
segments of ~480 A, and binned four-fold to a pixel size of 3.76 A/pixel. The segments were
aligned and grouped into reference-free averaged with the startnrclasses routine of the EMAN
software suite. The averages indicate that the two strands of the MamK filament are in register
with each other, rather than staggered as in other actin-like protein filaments. B. MamK strands
are parallel in the filament. Reconstructions were run enforcing different symmetry between the
strands: 1) antiparallel symmetry, ii) no symmetry, and iii) parallel symmetry (C2 point group
symmetry axis coincident with the helix axis). When antiparallel symmetry is enforced, the well-
defined subunit features are lost. With no point group symmetry the reconstruction develops
quasi-two-fold parallel symmetry and retains well-defined subunit features, indicating that
parallel symmetry should be imposed. Note that in all the reconstructions helical symmetry was
imposed throughout, and each reconstruction converged on similar helical symmetry parameters
(~23.4° azimuthal angle and ~53.0 A axial rise). C. Convergence of helical symmetry parameters
from different starting symmetries. Independent reconstructions were run with three different
initial values of Ag, the azimuthal rotation between adjacent helical subunits. Through multiple
refinement rounds the values stably converge to 23.3° per subunit, indicating a correct solution to



the helical symmetry. Small variations in the azimuthal angle after convergence (~0.1°) may
indicate a limited degree of heterogeneity in the helical symmetry. D. Resolution estimate for the
MamK cryo-EM reconstruction. The Fourier Shell Correlation (FSC) was calculated between two
volumes generated from half the entire data set. The resolution of the reconstruction is 12 A by
the FSCO0.5 criterion.

FIGURE S11. Comparison of helical symmetry contacts among actin and actin-like filaments.
Three subunits are shown for the actin (PDB:3MFP), and R1 ParM (PDB:3IKU) filament
structures, along with four subunits from the MamK filament reconstruction. The helical twist
from one subunit to the next along each strand is indicated below. Note that actin is a right-
handed helix and ParM is left-handed; while we did not determine the absolute hand for the
MamK helix, the MamK homology model fits best into the right-handed model. In both the actin
and ParM filaments there is a half-subunit stagger between strands, whereas the two strands are in
register in the MamK filament, resulting in two-fold point-group symmetry between the strands.
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Figure S2
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Figure S3
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Figure S4
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Figure S5
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Figure S6
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Figure S7
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Figure S9
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