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Novel Actin-like Filament Structure from Clostridium tetani™
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Background: Alp12 is a novel plasmid-encoded actin-like protein from Clostridium tetani.
Results: Alp12 forms dynamically unstable filaments with an open helical cylinder structure composed of four protofilaments.
Conclusion: Specialized prokaryotic filament systems have evolved to execute a single function in comparison with the general

multitasking force provider, double-stranded F-actin.

Significance: Repetitive Alp12 polymerization cycles may be incorporated into nanomachines.

Eukaryotic F-actin is constructed from two protofilaments
that gently wind around each other to form a helical polymer.
Several bacterial actin-like proteins (Alps) are also known to
form F-actin-like helical arrangements from two protofila-
ments, yet with varied helical geometries. Here, we report a
unique filament architecture of Alp12 from Clostridium tet-
ani that is constructed from four protofilaments. Through
fitting of an Alp12 monomer homology model into the elec-
tron microscopy data, the filament was determined to be con-
structed from two antiparallel strands, each composed of two
parallel protofilaments. These four protofilaments form an
open helical cylinder separated by a wide cleft. The molecular
interactions within single protofilaments are similar to F-ac-
tin, yet interactions between protofilaments differ from those
in F-actin. The filament structure and assembly and disas-
sembly kinetics suggest Alp12 to be a dynamically unstable
force-generating motor involved in segregating the pE88
plasmid, which encodes the lethal tetanus toxin, and thus a
potential target for drug design. Alpl2 can be repeatedly
cycled between states of polymerization and dissociation,
making it a novel candidate for incorporation into fuel-pro-
pelled nanobiopolymer machines.
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The structures of two classes of bacterial actin-like proteins
(Alps)® have been determined previously. First, MreB, which is
involved in maintaining cell shape and is found in most pro-
karyotes (1), forms linear protofilaments arranged in rafts (2, 3).
Second, ParM-like systems, the polymerizing motors that
ensure ordered plasmid segregation prior to cell division, form
helical filaments constructed from two protofilaments that
resemble F-actin, although they differ in helical parameters and
in handedness (4). The parlocus of the R1 drug resistance plas-
mid encodes three components: a centromere-like site in the
DNA (parC), a DNA-binding protein (ParR), and ParM (an Alp
bearing NTPase activity) (5). In vivo, these components can
form a linear assembly of multiple filaments (6), which posi-
tions pairs of plasmids at opposite ends of the rod-shaped bac-
teria by a polymerization mechanism, ensuring equal distribu-
tion of the plasmids between daughter cells (5). Other plasmid
segregation motor systems that have been structurally charac-
terized are pSK41-ParM (7) and AlfA (8, 9). The currently
known crystal structures of diverse Alp monomers are similar
despite low sequence homology (~20%) (7, 10). Recently, a
range of potential Alps, with low level sequence homology, was
identified, including Alp12 from Clostridium tetani (11). The
genes for Alp12, the tetanus toxin, and its direct transcriptional
regulator TetR are harbored on the pE88 plasmid (12). Tetanus
toxins block the release of neurotransmitters from presynaptic
membranes of inhibitory neurons in the spinal cords of mam-
mals, leading to continuous muscle contractions and death.
Here, we show by three-dimensional electron microscopy
reconstructions that C. tetani Alp12 filaments have a unique
polymer structure that is entirely different from F-actin and
that Alp12 filaments display dynamic behavior similar to
microtubules.

3The abbreviations used are: Alp, actin-like protein; GMP-PNP, guanosine
5'-(B,y-imino)triphosphate; AMP-PNP, adenosine 5'-(B3,y-imino)triphosphate.
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EXPERIMENTAL PROCEDURES

Chemicals—Nucleotides and chemicals were purchased
from Sigma, and fluorophores were bought from Invitrogen.

Proteins—N-terminally His-tagged Alp12 (Q89A01), cloned
into the pSY5 vector (13), was transfected into Escherichia coli
BL21(DE3) cells, which were grown to A4y, ~ 1 and induced
overnight at 15 °C with isopropyl B-p-thiogalactopyranoside
(0.2 mm). Alp12 was purified on a HisTrap column (GE Health-
care), cleaved on-column with PreScission protease to remove
the His tag, and purified by gel filtration (Superdex 75, GE
Healthcare). During the entire expression and purification pro-
cedures, no nucleotides were used to isolate Alp12 in a mono-
meric state. Unlike actin, Alp12 is stable without any nucleo-
tide. The protein was flash-frozen and stored at —80 °C in gel
filtration buffer (150 mm KCl, 1 mm MgCl,, 1 mm DTT, and 50
mM Tris, pH 7.5). Proteins were thawed, dialyzed against the
appropriate buffer, and briefly centrifuged at high speed before
use. Protein concentrations were determined using a Nano-
Drop spectrophotometer using theoretical extinction coeffi-
cients. Physiological concentrations of Alp12 were assumed to
be similar to those of ParM-R1, which are in the range of 12-14
uM (5). The following buffers were used: high salt buffer (300
mm KCl, 1 mm MgCl,, 0.5 mm DTT, and 30 mm Hepes, pH 7.5)
and low salt buffer (50 mm KCI, 1 mm MgCl,, 0.5 mm DTT, and
30 mm Hepes, pH 7.5). Although Alp12 was able to polymerize
in both buffers, the high salt buffer was preferentially used in
this study because the KCI concentration (300 mw) is close to
the physiological level found in bacteria (14). Polymerization
was initiated by adding NTP. ParM-R1 from E. coli was
expressed and purified as described previously (10), and assem-
bly was initiated by the addition of nucleotide in buffers as used
for Alp12.

Light Scattering, Phosphate Release, and Kinetic Modeling—
Assembly and disassembly of Alp12 at 24 °C were followed by light
scattering at 90° using either a PerkinElmer Life Sciences LS 55
spectrometer for long-time measurements (initial delay time due
to mixing by hand of ~10-15 s) or a BioLogic stopped-flow
machine to observe the early polymerization phase (initial delay
time of ~3 ms), monitored at 600 nm. The release of P; upon
nucleotide hydrolysis during Alp12 polymerization and disassem-
bly was measured at 24 °C using a phosphate assay kit (E-6646,
Molecular Probes) based on a method described previously (15).
The absorbance at 360 nm was measured using an Ultrospec 2100
pro spectrophotometer (Amersham Biosciences). The polymeri-
zation kinetics were modeled using DYNAFIT (16, 17). DYNAFIT
takes the polymerization scheme and converts it to a set of differ-
ential equations according to the law of mass action, solves the
equations numerically, and fits the kinetic constants to the pro-
gressive curve using the Levenberg-Marquardt algorithm.

Electron Microscopy, Total Internal Reflection Fluorescence
Microscopy, and Fluorescence Microscopy—In this study, we
used negative stain, as it requires much less data analysis due to
the high signal-to-noise ratio compared with cryo-electron
microscopy. This is usually the best way to initially characterize
a previously unknown filament system. Negative stain has been
shown to fix the structures of filament systems, F-actin, and
F-actin-myosin complexes in <10 ms, entirely preserving their
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ultrastructure, as determined by comparison with cryo-elec-
tron microcopy at ~20 A resolution (the resolution limit for
negative stain) (18). A drop of Alp12 solution was applied to
carbon-coated copper grids, blotted, stained with 1% uranyl
acetate, and visualized under a Hitachi H-7600 electron micro-
scope operated at 100 keV and at a nominal magnification of
X40,000. Films were digitized with a Zeiss Z/I Imaging Photo-
Scan 2000 scanner in 7-um steps. Fourier transforms, filtered
images, and three-dimensional reconstructions were obtained
using the EOS software package (19). Labeling of Alp12 with
fluorophores was done similarly as described for ParM-R1 (20,
21). Total internal reflection fluorescence microscopy was car-
ried out on an inverted Nikon TE200-E microscope equipped
with autofocus assist system using similar protocols as
described previously for ParM-R1 (20, 21). In general, crowding
agents (~0.5—-1% methyl cellulose or ~5-10% polyvinyl alco-
hol) have to be used in total internal reflection fluorescence
microscopy to trap filaments in the vicinity of the evanescent
field even for F-actin, which could be further conjugated near
the surface by myosin (22). As in the case of ParM-R1 (20, 21),
this can lead to some bundle formation of Alp12. Filaments
within bundles are likely to be stabilized by electrostatic inter-
actions as shown for ParM-R1 (23). However, Alp12 bundles
disintegrated over time, indicative of microtubule-like dynamic
instability, as observed previously for ParM-R1 bundles (20,
21).

Visualization of Alp12 in yeast was performed as described
(24). In brief, Schizosaccharomyces pombe cells carrying GFP-
Alp12 were grown in minimal medium without thiamine for
20-24 h to induce expression, and cells were imaged using a
Zeiss 510 Meta confocal microscope.

Outline of EM Reconstruction—ParM filament images were
extracted from the electron micrographs and straightened. The
digitized images were corrected for the phase of the contrast
transfer function. (The amplitude of the contrast transfer func-
tion was corrected after the refinement.) The contrast of the
images was inverted to allow the adoption of procedures used
for cryo-electron micrographs. Initially, an averaged power
spectrum was calculated from nine Alp12 filaments (see Fig.
1B). This showed clear layer lines. From this, the selection rule
was assigned as either 1 = —1n + 27m (“right-handed helix”) or
1 = 1n + 27m (“left-handed helix”). The true pitch was ~141
nm. Note that the handedness was not determined yet at this
stage. We initially assumed the selection ruleasl = —1n + 27m
(right-handed helix-like F-actin) and produced a three-dimen-
sional structure by using helical reconstruction (25). The layer
lines up to the 72nd order (~19.5 A) were included.

Structure Refining—The refinement of the structure was car-
ried out as described in more detail for ParM-R1 (see supple-
mental data in Ref. 20). The map from the helical reconstruc-
tion was used as an initial reference. Through using correlation
maps, the polarity of each image was determined (26). Only
filaments with a clear polarity and a clear correlation pattern in
the correlation maps were selected. The Alp12-ATP filament
structure was obtained from 91 filaments and 5582 particles,
whereas, the Alp12-GMP-PNP envelope was generated from
nine filaments and 422 particles. The contrast transfer function
amplitude was corrected (26) after the iteration converged. The
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FIGURE 1. Typical electron micrographs of Alp12 filaments. A, individual filaments were observed to be relatively short. Scale bar = 200 nm. B, the calculated
averaged Fourier transform (from nine Alp12 filaments) showed many layer lines typical for a helical filament. The first layer line at ~141 nm classifies the helical

repeat. G, closer view of an Alp12 filament. Scale bar = 50 nm.

final resolution (19.7 A) was evaluated by Fourier shell correla-
tion (supplemental Fig. S11).

Constructing Atomic Model of Alp12 Filament—Alp12
homology models were docked into our final EM map by Situs
(27). The fitting with the largest correlation value was selected.
Then energy minimization was performed by NAMD (28)
without any constraints from the EM map. Each non-hydrogen
atom in the atomic model was replaced by a Gaussian density
distribution with a radius of 4 A. The 200% volume contour in
the EM map was defined as zero, and the pixels with negative
values were set to zero. Then, the Fourier shell correlation (29)
was calculated between the EM map and the map from the
homology model to evaluate the correctness (supplemental Fig.
S11). The two maps were in agreement up to 24 A resolution,
which is less than the resolution of the EM map. This may be
attributed to the Alp12 homology model not being entirely
correct. Coordinates of the model were deposited into the
EMDataBank (Protein Data Bank code 4APW; EMDB ID code
for EM map, EMD-2068).

RESULTS

Filament Assembly and Dynamics—Initially, GFP-labeled
Alp12 was expressed in yeast and was observed to form bundles
of filaments by light microscopy (supplemental Fig. S1). Subse-
quently, Alp12 expressed in E. coli was purified in its mono-
meric form, and the protein was induced to polymerize by the
addition of nucleotides into mainly single filaments. Filaments
initiated by adding ATP, GTP, or non-hydrolyzable nucleotides
(AMP-PNP or GMP-PNP) had similar appearances under the
electron microscope (Fig. 1 and supplemental Fig. S2). Fila-
ments were typically ~0.5-3 um in length. A unique feature of
these filaments is a dark line spiraling along the filament length
(Fig. 1C), which became very clear in filtered images (Fig. 2). We
later show that this line can be attributed to a large cleft
between antiparallel filament strands. The calculated Fourier
transform showed layer lines typical for a helical filament,
which could be indexed by the selection rule |l = —2n + 55m
(Fig. 1B). The addition of ADP or GDP did not facilitate poly-
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FIGURE 2. Filtered images of Alp12. A, applied mask in Fourier space.
B, examples of filtered projection structures using the back Fourier transfor-
mation in A. The trench and strands become clearer.

mer formation as revealed by both electron microscopy and
light scattering (supplemental Fig. S3).

Alp12 filaments, like microtubules and F-actin, assemble via
a nucleation-condensation reaction (30). Characteristics of this
mechanism were the existence of a critical concentration,
which was determined to be ~2-3 uM for ATP and GTP and
slightly less for non-hydrolyzable nucleotides (Fig. 3C), values
that are similar to those for ParM-R1 (31); and a time lag in
spontaneous polymerization, during which stable nuclei
assembled (Fig. 34 and supplemental Fig. S4A4). Polymerization
was substantially faster than for F-actin but slower than for
ParM-R1 (20), reaching a concentration-dependent maximum
~15-20 s after the addition of ATP or GTP (Fig. 34 and sup-
plemental Fig. S44). Polymerization induced by non-hydrolyz-
able nucleotides was substantially slower (Fig. 3D). ATP
appeared to be the more efficient nucleotide because the
amount of polymer formed was often higher than with GTP at
low NTP concentrations (0.1 mMm); however, the levels were
similar at physiological bacterial levels (~1 mm NTP) (Fig. 3, A
and D). The number of monomers required to form a nucleus
was determined by plotting the log of the maximum rate of
polymerization versus the log of the protein concentration
(supplemental Fig. S4B) (32), suggesting that Alp12 filaments
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FIGURE 3. Alp12 assembly kinetics in near-physiological high salt buffer. A, Alp12 polymerization followed by light scattering using a stopped-flow
machine. Orange, 7.5 um Alp12 and 1 mm GTP; red, 7.5 um Alp12 and 1T mm ATP; yellow, 15 um Alp12 and 1 mm GTP; green, 15 um Alp12 and 1 mm ATP. Blue curves
are the best fits obtained by DYNAFIT. B, the kinetic scheme used for the fit: monomers associate into dimers and then tetramers and then elongate. C,
steady-state light scattering intensities plotted as a function of Alp12 concentration. Data points are averaged over three individual experiments. Green,
Alp12-ATP; black, Alp12-GTP; red, Alp12-AMP-PNP. The intersection of the linearly approximated curves with the x axis defines the critical concentration. D,
long-term light scattering observations. Due to mixing by hand, the initial 10-15 s could not be resolved, and the Alp12-ATP and Alp12-GTP curves start almost
at the plateau of polymerization. Protein concentration was 8 um. Green, 1 mm ATP; black, 1 mm GTP; blue, 1 mm AMP-PNP; red, T mm GMP-PNP. Note the slower
polymerization in the presence of non-hydrolyzable nucleotides.

TABLE 1 Nevertheless, ATP and GTP were not completely inter-
Calculated rate constants for the kinetic scheme in Fig. 3B changeable. When a polymerization—depolymerization cycle
. —1 -1
Kvalues are expressed in uM s . was initiated by ATP and an equal amount of GTP was added
Alp12 Nucleotide 3 ; ; ; ;

concentration concentration K, K_, K, K_, K, K_, a;t_er ;};e ﬁlan;ent; haddcill.SS.OClatfei,’I{\Pllzlgl({hd l’lccl)t repcl)lyme%‘lze
7.5 uM 1 mm ATP 6.71 03 43.82 0.0001 965 0.15 (, 18 _)’ yet further addition o ‘ac1‘1tate repolymeriza-
7.5 uM 1 mm GTP 671 03 43.82 0.0001 9.65 0.09 tion (Fig. 4B). In contrast, repolymerization occurred when a
15 um 1 mm ATP 671 03 43.82 00001 965 047 polymerization-depolymerization cycle was initiated by GTP,
15 um 1 mm GTP 6.71 03 43.82 0.0001 9.65 03

followed by the addition of ATP after the initial filament disso-
ciation (supplemental Fig. S5B). Therefore, it appears likely that
elongate from a nucleus composed of three to four monomers.  Alp12 operates mainly with ATP within the bacterial cell.
To further clarify the polymerization kinetics, we used The rate of disassembly was dependent on the initial amount
DYNAFIT to fit the experimental curves (16, 17). Several of NTP added (Fig. 5C and supplemental Fig. S6). Disassembly
polymerization mechanisms were tested, but only one fitted —appeared to be biphasic, consisting of a very fast initial decline,
well to the experimental light scattering data. This mechanism followed by along and steady slower decline, which tapered out
involves dimer formation, followed by dimer association into  to reach the base line. The initial fast decline seemed to be
tetramers and subsequent elongation (Fig. 3, A and B). An ini- similar for all NTP concentrations, whereas the second phase
tial conformational change due to NTP binding was not showed an exponential decline of depolymerization with
required. The kinetic parameters were almost identical for ATP  increasing NTP concentrations (supplemental Fig. S6, C and
and GTP (Table 1). D). Real-time total internal reflection fluorescence microscopy
Light scattering experiments indicated that the Alp12 fila- confirmed that filaments disintegrated over time and repo-
ments that were polymerized in the presence of non-hydrolyz-  lymerized after the addition of fresh NTP (supplemental Fig. S7
able nucleotides were stable (Fig. 3D), whereas filaments and Movies 1 and 2).
assembled by either ATP or GTP were dynamically unstable. Interestingly, the bulk assembly and disassembly kinetics of
However, Alpl2 filament disassembly was slower than for Alpl2, which displayed an initial peak in polymer concentra-
ParM-R1 and produced a different curve shape (supplemental tion, followed by a sharp dip and a slower decreasing phase,
Fig. S5A). Filament assembly could be induced to undergo especially noticeable at high protein concentrations (Fig. 5C),
repeated cycles of polymerization and depolymerization by the are reminiscent of ParM-R1 kinetics (31). The rise and initial
addition of new ATP or GTP after the filaments had disassem-  fall in Alp12 polymer appear to represent a population of rap-
bled (Fig. 44). idly nucleated filaments that elongate together and undergo
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FIGURE 5. Assembly, disassembly, and phosphate release. A, typical stopped-flow polymerization curves of Alp12 polymerized by 1 mm ATP. Blue, 7.5 um
Alp12;red, 15 um Alp12. B, corresponding P; release. Blue, 7.5 um Alp12; red, 15 um Alp12. The first ~10's could not be followed due to mixing by hand. Note that
P, release consisted of two phases (phases 1 and 2). C, disassembly monitored by light scattering. The Alp12 concentration was 15 um. The ATP concentrations
initially added were 100 um (red), 500 um (green), and 1000 um (blue). Note the fast decreasing phase (yellow arrow), which was similar for all ATP concentrations.
The second disassembly phase (purple arrow) was slower and depended on ATP concentration. D, corresponding P; release. The Alp12 concentration was 15
M. The ATP concentrations were 100 um (red), 500 um (green), and 1000 um (blue). P, release increased until it reached a plateau. The time to reach the plateau
took substantially longer at 500 um ATP than at 100 um ATP, yet the difference between 500 and 1000 um ATP was small. Similar behavior was observed for the
total amount of P; released (plateau height).

NDP, especially if added in excess, may be able to exchange with
the bound NTP (or NTP-P;) in the filament, leading to

somewhat synchronous catastrophe. Microtubules undergo
similar synchronous behavior under conditions in which nucle-

ation is fast and/or nucleotide dissociation is slow (33, 34).
Buildup of ADP or GDP did not appear to have a major effect
on repeated polymerization-depolymerization cycles (Fig. 44),
yet the addition of NDP to Alp12 polymers could cause fast
depolymerization, as observed by light scattering (supplemen-
tal Fig. S8). Whereas the addition of an equal amount of NDP to
Alp12-NTP caused only a small decrease in scattering intensity,
the addition of 10-fold excess NDP over NTP led to very rapid
depolymerization (supplemental Fig. S8, A and B). Therefore,
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increased dynamic instability, as outlined schematically in sup-
plemental Fig. S9. The addition of new NTP to a sample previ-
ously destabilized by NDP again led to filament formation (sup-
plemental Fig. S8, C and D, and Fig. S9).

To learn more about the state of nucleotide within filament
over time, we measured the release of P,. Release of P, appeared
to be triphasic (Fig. 5, A and B). Directly after the addition of
NTP, P, release was fastest. This phase appeared to be coupled
to the initial polymerization phase of Alp 12, lasting ~20—-40s
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FIGURE 6. Electron density map. A, the two antiparallel strands are colored cyan and pink. B-E, each strand consists of two parallel protofilaments individually
presented in different colors. The cyan strand in A is the red and purple protofilaments. The pink strand in A is the cyan and green protofilaments. B, strand 1 face;
C, strand 2 face; D, trench face; E, back face. A comparison of Bwith C highlights the antiparallel nature of the two strands in the Alp12 filament. F, fitting of the
model into the electron density map. The three-dimensional reconstruction was obtained from 91 filaments and 5582 particles, and the resolution was 19.7 A.

See supplemental Fig. S12 for an enlarged view.
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FIGURE 7. Model of Alp12 filament. The interactions between monomers in the Alp12 protofilament are grossly similar to those in the actin protofilament. The
red monomers have been aligned, and the subdomains labeled are the barbed (+) and pointed (—) ends of actin. The Alp12 strand is composed of two parallel
protofilaments in an arrangement that is not similar to actin. The Alp12 filament is composed of two antiparallel strands connected through subdomain

3, possibly through a B-sheet interaction (inset).

depending on the protein concentration. At the maximum of
polymer formation, only ~3.5% of all monomers within fila-
ments had released their phosphate (Fig. 5B). When filaments
switched to depolymerization mode, P, release slowed, tapering
out at a plateau (Fig. 5, B and D, and supplemental Fig. S10, A
and B). The length of the second slower phase of P, release, for
a given Alp12 concentration, was to some extent coupled to the
amount of NTP used for polymerization and therefore was
related to the depolymerization rates at different NTP concen-
trations (Fig. 5, C and D, and supplemental Fig. S10D). For a
given Alp12 concentration, phase 2 was about twice as long at
higher NTP concentrations (~500-1000 uM) than at low NTP
concentrations (100 um) (Fig. 5D). The rates of phases 1 and 2,
as well as the height of the plateau of P, release, were propor-
tional to the concentration of Alp12 at a given NTP concentra-
tion (Fig. 5B and supplemental Fig. S10, A-C). The total
amount of P, released during a polymerization-depolymeriza-
tion cycle at low NTP concentrations was only about half of that
at higher NTP concentrations (Fig. 5D and supplemental Fig.
S10D). The plateau appeared to be saturating at NTP levels of
~1 m, levels that are close to physiological in bacterial cells.
Nevertheless, the release of P; by Alp12 was surprisingly low.
Even at high NTP concentrations, the percentage of monomers
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that had released their P; was only ~17% at the end of a poly-
merization-depolymerization cycle (Fig. 5D).

Filament Structure—EM reconstructions revealed that the
Alp12 filament consists of two antiparallel strands (Fig. 6 and
supplemental Figs. S11 and S12). Homology models of the
Alp12 monomer were fitted into the electron density map. All
models were also mirrored, as the handedness of Alp12 is pres-
ently unknown. Only one model corresponding to the homol-
ogy model based on pSK41-ParM could be accurately placed
(Fig. 5F and supplemental Figs. S11 and Fig. S13) as a right-
handed helix (1 = —1x + 27m; A = =13.38°). The constructed
model and the EM map (19.7 A resolution) were well correlated
up to 24 A resolution as measured by the Fourier shell correla-
tion method (supplemental Fig. S14). In total, the Alp12 fila-
ment is constructed from four protofilaments (Fig. 7), with each
antiparallel strand of the Alp12 filament composed of two very
similar parallel protofilaments (supplemental Fig. S15). Sub-
units within a protofilament associate through interactions that
are globally similar to actin (Figs. 7 and 8). However, two proto-
filaments associate into a strand through a completely different
interface from that observed for actin (Figs. 7 and 8, C and D).
The two antiparallel strands are aligned with a gentle twist to
form a helix with a repeat of ~141 nm (Fig. 1B) through an
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FIGURE 8. Alp12 interactions. A and B, charged interaction surfaces within
the Alp12 protofilament. The two views are tilted relative to each other to see
the electrostatic interactions at the interface. In particular, subdomain 2 of the
lower monomer offers an acidic surface to a basic region on subdomain 1 of
the upper monomer. C, Alp12 arrangement of three monomers within a par-
allel strand. D, three monomers within F-actin whereby the dark green
monomer is in the same orientation as the orange Alp12 monomerin C. Alp12
uses different surfaces to form a strand from two protofilaments.

FIGURE 9. Three views of Alp12 filament. A, focusing on a parallel strand
(vellow and red) with the second parallel strand (blue and cyan) related by an
antiparallel manner. B, focusing on the trench. C, filament viewed end-on.

interface that may involve a common [-sheet (residues 200 —
202) (Fig. 7 and supplemental Fig. S16). The dark line in the
original EM images reflects the fact that the four protofilaments
do not form a complete cylinder; rather, they give the appear-
ance of an incomplete cylinder with a large trench (Fig. 9).
Larger structures, consisting of more than two strands, are pre-
vented from forming by the incompatibility of strand geometry
with filament twist at larger radii (supplemental Fig. S16, B and
Q).

Monomers within each protofilament are in a more “open”
configuration than F-actin (Fig. 6). Recently, the crystal struc-
ture of ParM-R1 revealed two different conformations: without
associated nucleotide, the two large domains were in an open
conformation that closed by ~30° upon nucleotide binding
(10).
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The structure of the ParM-R1 filament has previously been
determined to be mostly in a “closed” monomer conformation,
and it is presumed to switch into an open conformation when
NDP is released to disassemble (10, 20). Here, Alp12 filaments
are composed of open monomers from the beginning. Because
P, release from the Alp12 filament is slow (Fig. 5), most mono-
mers can be expected to be in NTP- or NTP-P;-bound states in
the first 1-2 min after polymerization, which was the time
frame for the EM fixation. Hence, if the ParM-R1 precedent
holds, namely that the open conformation leads to dynamic
instability, Alp12 may polymerize in a form that is primed for
dissociation. This is consistent with the fact that Alp12 polym-
erized by the non-hydrolyzable nucleotide GMP-PNP appears
to have a very similar filament structure (supplemental Fig.
S17).

DISCUSSION

The cell shape-determining protein MreB from various bac-
terial species has been shown to assemble as single-stranded
protofilaments (2, 3, 35). In contrast, all force-generating
motors known to be involved in segregating plasmids (ParM-
R1, pSK41-ParM, and AlfA) were found to be helical polymers
composed of two protofilaments gently winding around each
other (2, 7-9, 36). A double helical design has one major disad-
vantage, namely in its polar design, which can bind a plasmid
only at one end. Therefore, helical motor filaments like
ParM-R1 rely on the crowdedness inside the bacterial cell to
form randomly oriented bundles, which can capture plasmids
at both ends (6). Here, we have characterized a novel actin-like
filament system from C. tetani that can act as a polymerizing
motor, displays microtubule-like dynamics at steady state sim-
ilar to ParM-R1, and has an actin-like protofilament structure.
However, the structure of the filament differs dramatically from
F-actin both in the interaction interface that brings pairs of
protofilaments together to form a strand and in the antiparallel
association between two strands. This four-protofilament, two-
stranded antiparallel design has advantages in ensuring equal
binding and distribution of plasmids for segregation (Fig. 10)
and is considerably stiffer than a double-stranded helix, which
is of importance when moving heavy loads like DNA in a
directed manner. As monomers in the Alpl2 filament were
found to be in a open conformation primed for disassembly,
stabilization of the filament may be expected through interac-
tion with yet to be described C. tetani pE88 components corre-
sponding to the ParR-parC complex (Fig. 6). This Alp12-ATP
filament structure is the first of a bacterial actin that has been
solved in its dynamic unstable form; the structures of other
actins like ParM-R1 have been determined only in their stable
conformation with non-hydrolyzable nucleotides like GMP-
PNP (20). It is now obvious that many different designs of fila-
mentous polymerizing motors have been probed during evolu-
tion (4). The most common form seems to be helical polymer
formed from two intertwining protofilaments. Alp12 construc-
tion features have not been observed before, and it will be inter-
esting to see if similar actin designs have been adopted in other
bacterial species.

The kinetics of Alp12 also appear to be specialized. The
assembly kinetics differ from all previously investigated actins,

JOURNAL OF BIOLOGICAL CHEMISTRY 21127


http://www.jbc.org/cgi/content/full/M112.341016/DC1
http://www.jbc.org/cgi/content/full/M112.341016/DC1
http://www.jbc.org/cgi/content/full/M112.341016/DC1
http://www.jbc.org/cgi/content/full/M112.341016/DC1
http://www.jbc.org/cgi/content/full/M112.341016/DC1

Novel Actin-like Filament Structure from C. tetani

N A

A 96 ' C
% &

o A

B @
FIGURE 10. Model for plasmid segregation of Alp12. A, initially, a short
filament of antiparallel strands, each consisting of two parallel protofila-
ments, forms (light green and yellow), which can capture a plasmid complex at
each end (red). B, Alp12 and other bacterial plasmid segregation proteins
(ParM-R1, pSK41-ParM, and AlfA) are polymerizing motors that push plasmids
to opposite ends of the bacteria via a polymerization mechanism. The bound
plasmid (similar to the ParR-parC complex in ParM-R1) prevents immediate
disassembly of the filament, C, filaments that fail to capture plasmids or, after
successful plasmid segregation and plasmid dissociation, the unbound fila-
ment ends are vulnerable to dynamic instability and filament dissociation
(arrows). This scheme allows the Alp12 filament system to repetitively probe
the cytoplasm to capture and segregate the pE88 plasmid.

which often required trimer formation prior to elongation.
Alp12 forms dimers, which associate into tetramers before
polymerizing, a nucleation process that appears logical consid-
ering its four-protofilament design. Alp12 is the second bacte-
rial actin after ParM-R1 that displays dynamic instability. How-
ever, the depolymerization rates and the mechanisms by which
instability is achieved may differ between the two systems.
Higher resolution structural and further kinetic data are neces-
sary to characterize the differences in more detail. Whereas
ParM-R1 preferred GTP to ATP (20) as polymerization fuel,
Alp12 appeared to be mainly an ATPase. Phosphate release
from Alp12 was slow, and only ~17% of all monomers had
released their P, at the end of a polymerization-depolymeriza-
tion cycle, indicating that a disassembling unit may be substan-
tially larger than a single monomer, believed to be the dissoci-
ating unit for ParM-R1 (20). For ParM-R1-GTP, phosphate
release also appeared triphasic, with an initial burst followed by
a slower release. Nevertheless, a plateau was reached signifi-
cantly faster than with Alp12 (20). At present, the correlation
between P, release, kinetics, and structural state is not entirely
obvious in the Alpl2 system and may require cryo-electron
microscopy for further elucidation. Another complication
arises from the observation that bound NTP or NTP-P; within
an Alp12 filament can be readily replaced by NDP, leading to
rapid filament dissociation. Likewise, NDP can be replaced by
NTP, leading to rapid elongation. The addition of an ATP-re-
generation system (37) had no major effects on the results, as
one may expect considering the small amount of P; released
during a polymerization-depolymerization cycle. Repeated
cycling of an actin-like protein between phases of filament for-
mation after the addition of fuel in the form of NTP followed by
spontaneous dissociation is, to our knowledge, a new phenom-
enon, which potentially may be incorporated into the design of
fuel-propelled nanobiopolymer machines for industrial appli-
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cations. Furthermore, because Alp12 is responsible for segre-
gating the pE88 plasmid, which encodes the lethal tetanus
toxin, a search for Alp12 polymerization cycle inhibitors may be
an interesting strategy for drug development.
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