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Bactofilins are a widespread class of bacterial filament-forming
proteins, which serve as cytoskeletal scaffolds in various cellular
pathways. They are characterized by a conserved architecture,
featuring a central conserved domain (DUF583) that is flanked by
variable terminal regions. Here, we present a detailed investigation of bactofilin filaments from Caulobacter crescentus by highresolution solid-state NMR spectroscopy. De novo sequential resonance assignments were obtained for residues Ala39 to Phe137,
spanning the conserved DUF583 domain. Analysis of the secondary chemical shifts shows that this core region adopts predominantly
β-sheet secondary structure. Mutational studies of conserved hydrophobic residues located in the identified β-strand segments suggest
that bactofilin folding and polymerization is mediated by an extensive and redundant network of hydrophobic interactions, consistent
with the high intrinsic stability of bactofilin polymers. Transmission
electron microscopy revealed a propensity of bactofilin to form filament bundles as well as sheet-like, 2D crystalline assemblies, which
may represent the supramolecular arrangement of bactofilin in the
native context. Based on the diffraction pattern of these 2D crystalline assemblies, scanning transmission electron microscopy measurements of the mass per length of BacA filaments, and the distribution
of β-strand segments identified by solid-state NMR, we propose that
the DUF583 domain adopts a β-helical architecture, in which 18
β-strand segments are arranged in six consecutive windings of a β-helix.
solid-state NMR

assembles into short filamentous structures that emanate from the
cell poles, recruiting and thus controlling a small GTPase involved
in type IV pili-dependent motility (12). As another well-characterized example, the e-proteobacterium Helicobacter pylori, a human pathogen notorious for causing peptic ulcers, was shown to
depend on a bactofilin homolog (CcmA) for maintaining its characteristic helical cell shape, a feature required for cells to efficiently
colonize the gastric mucus (13). Moreover, in the γ-proteobacterium Proteus mirabilis, a homolog of the bactofilin CcmA has been
implicated in cell shape and swarming motility (14).
Bactofilins are usually small proteins (∼20 kDa) that are composed of a central conserved domain of unknown function
(DUF583) and flanking N- and C-terminal regions of variable
length and sequence. A characteristic of bactofilins is their ability
to polymerize spontaneously in the absence of nucleotides or other
cofactors (8). Native BacM protofilaments have been isolated
from M. xanthus whole-cell lysates by sucrose density centrifugation (11). Moreover, polymers of C. crescentus BacA and BacB
were obtained after heterologous expression in Escherichia coli,
a species that lacks chromosomally encoded bactofilin homologs
(8). Similarly, polymerization was observed for heterologously
produced M. xanthus BacN, BacO, and BacP (8, 12). In all cases,
the filamentous structures formed were biochemically inert and
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imilar to eukaryotes, bacteria use a number of different cytoskeletal elements to ensure the proper temporal and spatial
organization of their cellular machinery. Various studies proved
the existence of bacterial homologs of eukaryotic cytoskeleton
proteins including tubulin homologs such as FtsZ (1), actin
homologs such as MreB (2), and intermediate filament (IF)-like
proteins (3), which together have important roles in cell division,
morphogenesis, polarity determination, and DNA segregation
(4–7). In addition, several groups of polymer-forming proteins
that are limited to the bacterial domain have been described (6).
A recent addition to these bacteria-specific cytoskeletal proteins are the so-called bactofilins (8), a class of proteins that is
widespread among most bacterial lineages and involved in a variety of different cellular processes. In the prosthecate α-proteobacterium Caulobacter crescentus, for instance, the two bactofilin
paralogues BacA and BacB (Fig. 1A) assemble into membraneassociated polymeric sheets that are specifically localized to the
cell pole carrying the stalk (8), a thin protrusion of the cell body
involved in cell attachment and nutrient acquisition (9). These
assemblies serve as spatial landmarks mediating the polar localization of a cell wall biosynthetic enzyme, PbpC, involved in stalk
biogenesis (8) and organization (10). The δ-proteobacterial species Myxococcus xanthus, by contrast, possesses four bactofilin
paralogues (BacMNOP) with, at least partly, distinct functions.
BacM was shown to form cable- or rod-like structures that are
critical for proper cell shape (8, 11). BacP, on the other hand,
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Bactofilins are a new class of cytoskeletal proteins that are involved in key cellular processes. For instance, in the human
pathogen Helicobacter pylori, they are responsible for maintaining its characteristic helical cell shape, a feature required for
cells to efficiently colonize the gastric mucus. So far the atomic
structure of bactofilin filaments has remained elusive, as the
large bactofilin assemblies are not amenable to standard methods for 3D structure determination. Here, we have applied a
combination of solid-state NMR and electron microscopy and
discovered that bactofilins adopt a β-helical architecture, which
has not been observed before for other cytoskeletal filaments.
Interestingly, however, the structure bears similarities to that of
the fungal prion protein HET-s.
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Fig. 1. High-resolution ssNMR spectra of BacA filaments. (A) Selected bacterial bactofilins. The total number of amino acids is indicated in parentheses. (B)
Amino acid sequence of C. crescentus BacA, together with a synthetic linker peptide (of 17 residues, in red) and a His6-tag (in blue) attached at the C terminus.
The DUF583 domain is highlighted in magenta, and prolines are shown in green. (C) Carbon–carbon 2D correlation spectrum of uniformly [13C, 15N]-labeled
BacA. The carbon–carbon magnetization transfer is achieved by PDSD. A short PDSD mixing time of 20 ms was applied, optimal for intraresidue transfer. In
the spectrum, a trace through Ile60 is shown to illustrate sensitivity and line width.

resistant to nonphysiological salt concentrations and pH values.
This behavior is reminiscent of IFs, although there is no evolutionary relationship between these two groups of cytoskeletal
elements (6). In particular, bactofilins lack predicted coiled-coil
regions, which are a key feature of IF proteins.
Up to now, the molecular structure of bactofilins and the
mechanism(s) underlying their assembly have remained unknown.
This is in large part due to the spontaneous formation, inertness,
and insolubility of bactofilin polymers, which makes them difficult
substrates for crystallography studies as well as conventional
liquid-state NMR methods. We therefore resorted to the use of
solid-state NMR (ssNMR) spectroscopy, a technique that has
recently been adapted to obtain high-resolution structural information on insoluble and noncrystalline protein assemblies, including functional oligomeric assemblies (15–17), disease-related
amyloid fibrils (18–21), and membrane proteins in a lipid bilayer
environment (22–26). In this study, we have applied state-of-theart magic-angle spinning ssNMR spectroscopy in combination
with a range of other biophysical methods to filaments of the
C. crescentus bactofilin BacA (161 residues). We show that the
DUF583 domain serves as a polymerization module that forms
the rigid core of BacA filaments, whereas the terminal regions of
the protein remain flexible. The core domain folds exclusively into
E128 | www.pnas.org/cgi/doi/10.1073/pnas.1418450112

β-sheets, but with an arrangement different from that typically
found in amyloids. On the basis of the diffraction pattern of 2D
crystalline assemblies observed by transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM)
measurements that yield a value for the mass per length (MPL),
and the β-strand segments identified by ssNMR, we propose a
β-helical arrangement of the BacA subunit. Finally, we performed
a mutational analysis of conserved residues in the β-strand segments, which suggests that the folding and/or polymerization of
bactofilins are mediated by an extensive and redundant network of
hydrophobic interactions. These findings provide for the first time,
to our knowledge, insight into the atomic structure of a bacteriaspecific cytoskeletal filament and highlight ssNMR as a powerful
technique for the analysis of cytoskeletal elements that are unamenable to standard structural biological approaches.
Results and Discussion
The Rigid Core of Polymerized BacA Adopts a β-Sheet Conformation.

Uniformly [13C, 15N]-labeled C. crescentus BacA (amino acid
sequence shown in Fig. 1B) was overproduced heterologously
in E. coli and purified to apparent homogeneity. The quality
and the reproducibility of the BacA filaments were analyzed
by observing the 2D 13C-13C (CC) and 15N-13Cα (NCA) correlation
Vasa et al.

NCOCA spectra. The interresidue connections were further
confirmed by 3D CANCO and 2D CANCOCA spectra (SI Appendix, Fig. S3). The latter experiment and also the 3D NCACO
and NCOCA experiments benefitted from efficient CO–CA
transfer, which was achieved by using band-selective homonuclear
cross-polarization (CP) (33–35). For illustration, a sequential
walk from Ala128 to Ala123 is shown in Fig. 2. Collectively, this
approach resulted in unambiguous and reliable de novo assignments for residues Ala39 to Phe137. An almost complete assignment of the rigid core (95% of backbone and 90% of side
chain nuclei) was obtained in this region (SI Appendix, Table S2).
No unambiguous assignments could be obtained for residues
Leu46 and Val81. In summary, the analysis clearly shows that the
rigid core of BacA filaments comprises residues Ala39 to Phe137,
which corresponds to the complete DUF583 domain.
Importantly, the chemical shifts of the backbone nuclei are
sensitive to the backbone dihedral angles. This fact allowed us to
use the obtained 13C and 15N chemical shifts to determine the
secondary structure of the BacA filament core. First, structural
predictions were derived from secondary chemical shift values
(ΔδCA – ΔδCB) (Fig. 3). This approach is based on the observation that for all residues (apart from glycine), three or more
consecutive negative secondary chemical shifts are indicative of
β-strand conformation, whereas positive values point to an α-helix,
and values close to zero indicate random coil conformation (36).
Second, a statistical databank approach as implemented in the
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Fig. 2. Sequential walk using 3D correlation spectra. Shown are strip plots of 3D NCACX (sky blue), NCOCX (light green), CANCO (black), NCACO (maroon),
and NCOCA (red) spectra analyzed to perform a sequential walk along amino acids Ala128–Ala123. The connections used in the sequential walk are indicated
by solid lines. The corresponding nitrogen and carbon chemical shifts are listed.
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spectra of two independently produced samples (Fig. 1C and SI
Appendix, Fig. S1). The two samples yielded essentially identical
results, with a very high spectral resolution for carbons of around
0.25–0.6 ppm (full-width at half-height, FWHH) and for nitrogens of 0.5–0.8 ppm (see 13C trace in Fig. 1C and 13C and 15N
traces in SI Appendix, Fig. S1). The quality of the data was comparable to that obtained for benchmarks in ssNMR spectral
quality, such as well-structured microcrystalline proteins (27, 28),
β-helical HET-s(218–289) prion fibrils (29), or the type III secretion system needles (30, 31). Because the CC and NCA experiments were based on through-space dipolar couplings, which
can be averaged out by dynamics, the observed peaks had to
represent the rigid core of the protein. We found that the number
of residue type-specific spin systems closely matched the number
of residues constituting the conserved DUF583 domain. This result
indicates that the whole spectrum of the rigid core is fully explained
by the DUF583 domain (SI Appendix, Table S3).
To obtain sequential 13C and 15N backbone and side-chain
assignments of the rigid core of BacA filaments, a set of dipolarbased 2D and 3D correlation experiments was performed. A sequential walk along the backbone resonances can be easily achieved
by a combination of 3D experiments (32). All 3D experiments
conducted and the optimized experimental parameters are listed
in SI Appendix, Table S1. Intraresidue spin system correlations
were obtained from 3D NCACX and NCACO spectra, whereas
interresidue connections were provided by 3D NCOCX and
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contribute. An initial comparison of 1D-13C or 15N CP and INEPT
spectra (SI Appendix, Fig. S5) revealed the presence of different
observable spin systems. More detailed information was then
obtained from 2D 1H-13C and (1H)-13C-13C through-bond correlation experiments (40) (SI Appendix, Fig. S6). As bactofilin polymerizes in a nucleotide-independent manner, most of the BacA
protein in the ssNMR sample should exist in polymerized form.
Consistently, only a low number of threonine, isoleucine, leucine,
glycine, and valine spin systems could be counted in the INEPTtype spectra. This result clearly excluded the presence of monomers in the sample, because otherwise signals from all residues of
the sequence would be expected. At the same time, the number of
observed residues was smaller than the number of residues constituting the proline-rich N- and C-terminal regions of BacA
(SI Appendix, Table S3), indicating that only parts of these terminal segments are highly flexible. All of the observed residues
appeared with random-coil chemical shifts, confirming the unstructured and highly dynamic nature of the N and C termini. The
situation observed here resembles the case of fibrils formed by
amyloids such as tau (41), α-synuclein (42), and the human prion
protein (43), which were also reported to feature a rigid core that
is surrounded by flexible termini. One could therefore speculate
that, because of their β-sheet–rich nature, BacA filaments are
amyloid fibrils. However, as shown below, on the basis of MPL
measurements, we can unambiguously exclude the possibility that
bactofilin filaments are classical amyloid fibrils with a single layer
of (parallel, in-register) β-sheet architecture.

TALOS+ program (37) was used to corroborate the results from
the secondary chemical shift analysis (SI Appendix, Fig. S4). This
combined analysis clearly demonstrated that most of the residues
in the core region (i.e., the DUF583 domain) adopt a β-sheet
conformation. More specifically, we identified at least 10 β-strands
of different lengths, where strands β3 and β6 are likely interrupted
by short kinks or turns at residues Gly62/Gly71 (β3) and Gly98
(β6). Although TALOS+ predicts β-sheet conformation for the
glycines in strands β2, β3′, β4, β8, and β10, these residues may give
rise to kinks in the corresponding strands as well, resulting in
a total of 18 potential β-strand segments. Given that these glycines
are highly conserved (see Fig. 8A), the formation of kinked
β-strands may be an important structural feature of bactofilins.
The N- and C-Terminal Regions of Polymerized BacA Remain Highly
Flexible. The rigid core region exhibits differences in mobility,

which can be observed at first glance in the NCA correlation
spectrum (SI Appendix, Fig. S1). Because this correlation spectrum is based on dipolar NCA transfer, the peak intensities are
a direct measure of the backbone dynamics (38). Compared with
other alanine residues, Ala39 and Ala99 exhibit considerably
weaker peak signal intensities. Similarly, Ser40 displays less intensity compared with other serine residues. In general, the flanking
residues of the DUF583 domain show less intensity compared with
the middle part, suggesting an increase in dynamics from the center
of the domain to the ends (SI Appendix, Fig. S2). In addition to
variations in the backbone dynamics, also side chain dynamics appear to vary between different residues. For instance, the side-chain
cross-peak intensities of Ile48 are reduced compared with the
corresponding correlations of Ile60, Ile100, and Ile117 (Fig. 1C).
To investigate the highly dynamic regions that were not detected in dipolar-mediated experiments (based on CP), we additionally performed through-bond correlation experiments [based
on insensitive nuclei enhanced by polarization transfer (INEPT);
39]. This type of experiment yields spectra in which dynamic residues give rise to cross-peaks, whereas rigid core residues do not
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The β-Sheet–Rich Core of Polymerized BacA Adopts a β-Helical
Architecture. In addition to the spectroscopic studies, the ssNMR

samples were also investigated by TEM (Fig. 4). Various
morphologies were observed, including single filaments, filament bundles, and even 2D crystalline arrangements. Single
filaments were approx. 3 nm wide and showed a clear tendency
to assemble laterally into bundles or sheets. Bundles were the
most abundant higher order structures in the sample (Fig. 4B,
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Homology Model of BacA Based on Crystal Structure of the
Acetyltransferase GlmU. To evaluate the conclusions drawn from

the previously described analyses, we generated a homology
model of BacA using the Protein Homology/analogY Recognition Engine V2.0 (Phyre2) server (45), with only the primary
sequence of BacA as input information. Interestingly and in line
with our ssNMR- and EM-based analysis, the resulting structural
model exhibits a β-helical fold with six windings and a triangular
hydrophobic core. The homology model (Fig. 7A and SI Appendix, Fig. S8) is based on the known crystal structure of
the acetyltransferase GlmU from Mycobacterium tuberculosis
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BacA, we can use the MPL value to test the hypothesis that
bactofilin polymers are functional amyloids. In a cross-β structure,
the MPL is approximately η×MW/0.47 kDa/nm, where MW is the
molecular mass and η is the number of molecules in a single
β-sheet layer (44). The corresponding MPL values for BacA
would be 41.1 and 82.1 kDa/nm for η = 1 and 2, respectively (or
20.5 and 41.0 kDa/nm when considering only the DUF583 domain without the flexible N- and C-terminal regions). These
values are much higher than the observed MPL of 4.33 kDa/nm.
Hence, we can conclude that bactofilins do not form classical singlelayer amyloid fibrils. Assuming multiple layers of β-structure per
molecule, one would expect η values of 0.11 and 0.21 for fulllength BacA or the isolated DUF583 core domain, respectively,
which correspond to approx. nine and five layers per single BacA
molecule. Considering the number of turns and β-strands observed by ssNMR spectroscopy, we propose a β-helical arrangement for the structure of bactofilins. Such a model was also
suggested by Koch et al. (11), based on the frequent repetition of
glycine residues. Coming back to the reflection data (Fig. 4F; see
Results and Discussion), we interpret the 2.7 nm spot by assuming
a β-helical fold with six windings (6 * 0.47 nm ∼ 2.8 nm). This
interpretation is speculative, but the proposed architecture is
consistent with the STEM data, considering that the flexible termini contribute only little to the observed mass, and additionally
supported by homology modeling (as detailed below). In such a
β-helical arrangement, the observed maximum number of 18
β-strand segments would be arranged in three segments per
winding, resulting in a triangular hydrophobic core structure. Fig. 6
gives a schematic summary of the restraints obtained for the
structure of BacA filaments by ssNMR, TEM, and STEM analysis.
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arrows), with bundle widths ranging from 15 to 30 nm. Occasionally, clear gaps were observed between adjacent filaments,
possibly resulting from repulsive forces between the flexible
N- and C-terminal regions. Interestingly, we additionally detected
2D crystalline arrays of BacA in all samples investigated (Fig. 4
C and D and SI Appendix, Fig. S7). Their architecture resembled a woven carpet-like pattern with an average distance
between two adjacent “knots” of around 5.6 nm. Diffraction
data of this crystal arrangement showed two prominent bright
spots at 5.6 nm and 2.7 nm (Fig. 4 E and F), where the latter
may correspond to the periodic arrangement in the filament
structure. Notably, in C. crescentus, BacA was shown to form
sheets that line the inner cell membrane (8). It is thus tempting
to speculate that the 2D crystalline arrangement observed in
this study for the first time, to our knowledge, reveals the configuration of BacA adopted in the biological context.
Next, we estimated the MPL of BacA filaments by means of
STEM. Similar to the TEM results, dark-field STEM images
revealed a tendency of BacA filaments to form bundles with
widths ranging from 50 to 70 nm (Fig. 5). A typical bundle with
a width of (approximately) 63 nm consisted of six well-separated
filaments, with an average width of about 3 nm and a spacing of
around 4–7 nm. The interfilament region is likely occupied by
the mobile N and C termini. To obtain the MPL of a single filament, we quantified the electron density of different segments
(each 25 nm long) in well-separated filaments and determined
the corresponding masses, using tobacco mosaic virus (TMV)
particles with a known MPL as a standard. Although the images
were of low contrast, the data were generally in good agreement
with a “3-nm solid rod” model. Other models with larger or
smaller widths led to significantly poorer fits. Fitting of the MPL
histogram with a single Gaussian distribution function yielded an
MPL for BacA of 4.33 ± 0.09 (FWHH, 0.58 ± 0.07) kDa/nm
(Fig. 5D). This value corresponds to a length of 4.46 nm per
BacA subunit, with a molecular mass of 19.3 kDa. However, the
disordered N- and C-terminal regions of BacA are likely to
contribute only little to the observed MPL. Assuming that only the
compact DUF583 domain (9.63 kDa) is detectable in the STEM
measurements, the length of one subunit would thus be 2.2 nm.
The MPL is a characteristic and important constraint in defining the molecular structure of polymer-forming proteins. As
β-strands constitute the major secondary structural element of
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(Protein Data Bank ID code 2qkx), a bifunctional enzyme catalyzing the two last consecutive steps in the synthesis of UDP–Nacetylglucosamine (46). Although the template structure shows
only ∼13% sequence identity to BacA, 86 out of 100 residues of
the DUF583 domain were modeled at greater than 90% confidence. Importantly, the predicted model is fully consistent with
the secondary structure elements identified by ssNMR. It is
furthermore corroborated by some reliably assigned long-range
and medium-range correlation peaks in an nitrogen-hydrogenhydrogen-nitrogen (NHHC) (47, 48) spectrum (Fig. 7B) and
a proton-driven spin diffusion (PDSD) spectrum recorded with
long mixing time (Fig. 7C), both of which report on long-range
structural information (SI Appendix, Table S4). The modeled
β-helix measures ∼2.7 nm in length and width (including the
amino acid side chains), which closely corresponds to the values
obtained by TEM and STEM analysis. Notably, the highly conserved glycine residues in the DUF583 domain are all found at
kink or loop positions (highlighted in blue in Fig. 7A). Collectively, these results provide strong evidence for the proposed
β-helical conformation. Further evidence for the presence of a
hydrophobic core structure comes from a systematic mutagenesis
study of conserved hydrophobic residues in the DUF583 domain
(see following section).

were mutated to alanine or to amino acids carrying the respective opposite charge. To visualize the effect of these amino
acid substitutions on BacA assembly, we took advantage of the
fact that BacA is still able to polymerize when fused to the yellow
fluorescent protein Venus, forming bright foci (mostly) at the
stalked pole of the C. crescentus cell (8). We thus produced the
wild-type BacA–Venus fusion or its different mutant derivatives
under the control of the xylose-inducible Pxyl promoter and determined their localization patterns. The majority of mutations,
including all negative controls, did not affect BacA assembly
(SI Appendix, Fig. S10A). However, three mutations (V75A,
M124A, and F130A) in β-strands β3″, β9, and β10, respectively, led
to significantly altered localization patterns (Fig. 8B). The fusions
carrying the V75A or F130A exchange were evenly distributed
within the cytoplasm, indicating the absence of polymers (Fig. 8B).
The M124A variant, by contrast, had a patchy subcellular distribution and still showed occasional polar complexes, which may
suggest some residual polymerization activity. It was conceivable
that substitution of bulky hydrophobic residues with a small hydrophobic amino acid such as alanine was in many cases not sufficient to cause a destabilizing effect. To test this possibility, a
subset of residues was additionally mutated to the polar amino
acid serine, which would completely disrupt potential hydrophobic
interactions. For four (L73S, V75S, L122S, and M124S) out of the
six mutations analyzed (L41SL42S, L73S, V75S, L122S, A123S,
and M124S), the incorporation of serine led to a strong defect in
BacA assembly (Fig. 8B and SI Appendix, Fig. S10 B and C). Immunoblot analysis showed that all fusion proteins were stable (SI
Appendix, Fig. S11), excluding the possibility that the changes in
protein localization observed were due to cleavage of the fluorescent protein tag. Notably, in the homology model, the side
chains of most of the conserved hydrophobic residues point into
the hydrophobic core of BacA. Together, these results suggest that
BacA folding and polymerization is mediated through a redundant
network of hydrophobic interactions involving the conserved hydrophobic residues that characterize the DUF583 domain.
Conclusions
We have determined the secondary structure of the filaments
formed by the C. crescentus bactofilin homolog BacA using
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ssNMR. The filament core is formed by residues Ala39 to Phe137
and thus largely corresponds to the conserved DUF583 domain.
It comprises ∼10 β-strands, which are likely further interrupted
by kinks at conserved glycine residues, resulting in a maximum
number of 18 β-strand segments. The proline-rich N- and
C-terminal regions were found to be, to a large extent, unstructured
and flexible, in agreement with the idea that they are involved in
protein–protein or protein–membrane interactions. Additional
restraints for the previously unknown structure come from
STEM and TEM measurements. STEM yields a value for the
MPL of single filaments, providing basic boundaries for structural models of bactofilin filaments. The obtained value is incompatible with a single-layer amyloid arrangement as suggested,
for example, for Aβ, Tau, and α-synuclein fibrils, but rather suggestive of a multilayer β-helix as found for the prion HET-s(218–
289) (two layers). The TEM data confirmed the previous findings
that BacA assembles into protofilaments of about 3 nm in width,
which show a high propensity to interact laterally, thereby forming
large filament bundles in vitro. Intriguingly, under our experimental conditions, we also observed the formation of sheet-like
2D crystalline arrays. Previous electron cryotomographic studies
of C. crescentus cells have suggested that BacA polymerizes into
Vasa et al.

sheet-like structures that line the cytoplasmic membrane. Thus,
these 2D crystalline arrays may represent the actual arrangement
of BacA polymers in the native context. Their formation may be
favored in vivo through interaction of the BacA subunits with the
2D membrane surface. Diffraction data of these assemblies show
a bright spot at 2.7 nm that can be interpreted in the context of
a β-helical arrangement in which six layers of β-strands are
stacked at a distance of 0.47 nm. In such a six-winding β-helix,
the up to 18 β-strands observed by ssNMR would arrange in
three segments per layer, similar to the triangular hydrophobic
core arrangement found for the prion HET-s(218–289). Support
for this proposal comes from a homology model of BacA based
on the crystal structure of the acetyltransferase GlmU, which
also exhibits six windings of a β-helix with a triangular hydrophobic core structure. This architecture is consistent with the
ssNMR-based secondary structure analysis and is further corroborated by a number of long-range correlations between residues of consecutive windings.
Bactofilins share a common domain (DUF583) that is characterized by arrays of conserved bulky hydrophobic residues.
Alanine scanning mutagenesis showed that some of these residues are essential for proper BacA assembly, although the majority
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microscopy. Note that wild-type BacA occasionally forms additional, nonpolar foci due to slight overexpression of the fusion protein. (Scale bar, 3 μm.)

of amino acid substitutions did not significantly change the localization behavior of the protein. A more pronounced effect
was, however, observed after mutation of conserved residues to
the polar amino acid serine, which fully disrupts potential hydrophobic interactions. This finding supports the idea that contacts between conserved hydrophobic residues are critical for
polymer formation. These interactions may either stabilize the
tertiary structure of the bactofilin DUF583 domain or mediate
interaction between adjacent subunits in the polymer. In addition, they could potentially contribute to the membrane attachment of BacA, which may facilitate polymerization by increasing
the local protein concentration at the membrane surface. Previous
work has shown that BacA levels do not vary over the course of
the C. crescentus cell cycle. Nevertheless, polar complexes are
only observed after the start of S-phase, suggesting the existence of
mechanisms that tightly control the polymerization process. It
will be interesting to determine the molecular principles underlying bactofilin folding and polymerization and investigate
the determinants that control its positioning of bactofilin polymers within the cell.
E134 | www.pnas.org/cgi/doi/10.1073/pnas.1418450112

Materials and Methods
Preparation of Uniformly [ 13 C, 15 N]-Labeled BacA Filaments. Uniformly
[13C, 15N]-labeled BacA-His6 was purified essentially as described (8). Briefly,
plasmid pMT879 was transferred into E. coli Rosetta (DE3)/pLysS (Invitrogen),
and a single transformant was grown at 37 °C in 3 L of [13C, 15N]-labeled
E. coli OD 2 complete medium (Silantes) supplemented with appropriate
antibiotics. Overexpression was induced by the addition of 0.5 mM IPTG.
After 3 more hours of cultivation, the culture was harvested by centrifugation at 4,500 × g and 4 °C for 10 min. The cells were washed with buffer B1
(50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0, adjusted with
NaOH), resuspended in 60 mL buffer B2 (50 mM NaH2PO4, 300 mM NaCl, 10
mM imidazole, 1 mM β-mercaptoethanol, pH 8.0, adjusted with NaOH)
supplemented with 10 μg/mL DNase I and 100 μg/mL phenylmethylsulfonyl
fluoride, and lysed by three passages through a French press (16,000 psi).
After the removal of cell debris by centrifugation at 20,000 × g for 30 min,
the cleared lysates were mixed with 8 mL Ni-NTA agarose beads (Qiagen)
equilibrated with buffer B2 and incubated with gentle agitation for 2 h at
4 °C. The beads were then collected by centrifugation at 3,000 × g for 5 min
and washed four times with buffer B3 (50 mM NaH2PO4, 300 mM NaCl,
20 mM imidazole, 1 mM β-mercaptoethanol, pH 8.0, adjusted with NaOH).
Proteins were finally eluted with 48 mL buffer B4 (50 mM NaH2PO4, 300 mM
NaCl, 250 mM imidazole, 1 mM β-mercaptoethanol, pH 8.0, adjusted with
NaOH). After centrifugation at 3,000 × g for 10 min, the elution fractions
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ssNMR Spectroscopy and Analysis. Purified BacA-His6 was collected by ultracentrifugation at 540,000 × g and 4 °C for 6–8 h. The pelleted protein was
dissolved in 20 mM Tris·HCl (pH 7.5) and collected by ultracentrifugation
again. The pellets were then transferred into magic-angle spinning (MAS)
rotors and subjected to ssNMR analysis. All spectra were recorded on either
a Bruker Avance II 850 MHz wide-bore or an 800 MHz narrow-bore spectrometer equipped with 3.2 and 4 mm triple-resonance (1H, 13C, 15N) MAS
probe heads. The sample temperature was kept at around 4 °C, as measured
by the temperature-dependent position of the water resonance peak with
respect to internal DSS. The chemical shift referencing of all spectra was
done with respect to the DSS proton chemical shift as an internal reference.
All of the spectra were processed with TOPSPIN and analyzed using CcpNMR
(50). A complete list of ssNMR experiments and the corresponding experimental parameters is provided in SI Appendix, Table S1.
TEM. TEM images of negatively stained BacA polymers were acquired using
a commercial Philips 100 kV BioTwin microscope equipped with a 1024 × 1024
pixel GATAN CCD camera. Imaging was performed on the same samples that
were used for the ssNMR experiments.
STEM Measurements. STEM analyses for accurate determination of the MPL
of BacA filaments were carried out at Brookhaven National Laboratory.
The measurements were performed on unstained freeze-dried protein at a
temperature of –160 °C. Mass calibration was achieved by means of TMV
particles that were added to the same sample. A correction was made for
mass loss, resulting mainly from the high dose of electron exposure, by
adjusting the MPL value of TMV to 131 kDa/nm. Image analysis was performed using the PCmass software (51).

Plasmid and Strain Construction. The plasmids and strains used in this study are
listed in SI Appendix, Tables S5 and S6, respectively. Mutant bacA alleles
were generated by PCR-based site-directed mutagenesis, using the QuikChange protocol (Stratagene) and plasmid pMT879 (8) as a template. The
mutated genes were isolated by restriction of the resulting plasmids with
NdeI and EcoRI and cloned into equally treated pXVENC-2 (53). All constructs
were verified by sequence analysis and integrated via single homologous
recombination at the xylX locus of strains CB15N (wild type) or JK5 (ΔbacAB)
to allow expression of the different fluorescent protein gene fusions under
the control of the xylose-inducible xylX promoter (54).
Microscopic Analysis. Cells were immobilized on pads made of 1.5% agarose in
H2O and imaged using a Zeiss Axio Imager.Z1 microscope equipped with
a Zeiss 100×/1.46 Oil DIC Plan-Apochromat objective and a pco.edge
sCMOS camera (PCO) or a CoolSNAP-ES2 CCD camera (Photometrics). An
X-Cite120PC metal halide light source (EXFO) and an ET-YFP filter cube
(Chroma) were used for fluorescence detection. Images were processed using
Metamorph 7.7 (Molecular Devices).
Immunoblot Analysis. Immunoblot analysis was performed as described (55),
using a monoclonal anti-BacA antibody (8) at a dilution of 1:10,000.
Bioinformatic Analysis. The boundaries of the BacA bactofilin/DUF583 domain
were obtained from the PFAM (protein families) database (49). To calculate
conservation scores, the seed alignment forming the basis of the profile hidden
Markov model of the DUF583 domain was retrieved from the PFAM database
and analyzed using the Scorecons server (scoring method, entropic, 21 types) (56).

Bacterial Growth. E. coli was grown at 37 °C in LB medium (Carl Roth), whereas
C. crescentus was cultivated at 28 °C in peptone-yeast extract (PYE) medium
(52). When required, antibiotics were added at the following concentrations
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