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Structure of the Bacterial Cytoskeleton Protein
Bactofilin by NMR Chemical Shifts and Sequence
Variation
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ABSTRACT Bactofilins constitute a recently discovered class of bacterial proteins that form cytoskeletal filaments. They share
a highly conserved domain (DUF583) of which the structure remains unknown, in part due to the large size and noncrystalline
nature of the filaments. Here, we describe the atomic structure of a bactofilin domain fromCaulobacter crescentus. To determine
the structure, we developed an approach that combines a biophysical model for proteins with recently obtained solid-state NMR
spectroscopy data and amino acid contacts predicted from a detailed analysis of the evolutionary history of bactofilins. Our struc-
ture reveals a triangular b-helical (solenoid) conformation with conserved residues forming the tightly packed core and polar
residues lining the surface. The repetitive structure explains the presence of internal repeats as well as strongly conserved
positions, and is reminiscent of other fibrillar proteins. Our work provides a structural basis for future studies of bactofilin
biology and for designing molecules that target them, as well as a starting point for determining the organization of the entire
bactofilin filament. Finally, our approach presents new avenues for determining structures that are difficult to obtain by traditional
means.
INTRODUCTION
The cellular cytoskeleton may perform a wide range of
functions, including maintaining cell shape and polarity,
intracellular transport, and segregation of chromosomes
during cell division. It was long thought that cytoskeletons
were only found in eukaryotic cells, where proteins such
as actin, tubulin, and intermediate filaments have been thor-
oughly studied both biochemically and structurally (1–3).
Subsequently, however, prokaryotic cells were also shown
to have a cytoskeleton. For example, based on sequence
and structural similarities, the bacterial proteins FtsZ and
MreB were found to be tubulin and actin homologs, respec-
tively (4). In addition to these protein families, which are
found in both eukaryotes and prokaryotes, recent discov-
eries have revealed the existence of cytoskeletal proteins
specific to bacteria. Examples of such bacterium-specific
proteins are the deviant Walker A-motif ATPases (5) and
bactofilins (6), underlining the importance of specific and
diverse cytoskeletal proteins in bacteria.

Bactofilins are a recently discovered class of proteins
that are widely found across many different bacterial spe-
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cies (6). They are characterized by a conserved domain
of unknown function (DUF583), ~100 amino acids long
and flanked by variable terminal regions. Although much
remains to be discovered about this novel class of proteins,
bactofilins have been shown to have distinct but varying
functions across different species. For example, a bactofilin
called CcmA in Helicobacter pylori is required for the cell
to maintain its characteristic helical shape, and a deletion
of CcmA affects the bacterium’s ability to infect the stom-
achs of mice (7). Deletion of the bactofilin BacM from
Myxococcus xanthus causes the bacterium to change into
a crooked morphology and be more sensitive to cell-wall-
targeting antibiotics (8). In Caulobacter crescentus, two
bactofilin paralogs, BacA and BacB, form filamentous
structures focused at one of the cell poles carrying the
stalk, possibly serving as molecular scaffolds for multiple
cellular pathways (6).

Bactofilins have been shown to form filaments sponta-
neously (6,9), which in addition to highlighting the evolu-
tionary selection toward filament formation, at the same
time makes them challenging targets for classical struc-
ture-determination approaches using x-ray crystallography
or liquid-state NMR spectroscopy. Studies using template-
based modeling have suggested that the DUF583 domain
has a b-helical structure with an extensive network of
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hydrophobic interactions, explaining the high stability
of the filaments (9,10). The modeled structures were pre-
sented as left-handed helices, although their orientation
appears to have been dictated by the templates used to
model the structures rather than by direct information,
since both left- and right-handed b-helices are found in
nature (11,12). Vasa et al. (9) also studied the structural
properties of bactofilins more directly using solid-state
NMR (ssNMR) spectroscopy of isotope-labeled filaments
of the BacA protein from C. crescentus. In that work,
the authors were able to obtain a complete assignment
of the backbone chemical shifts in the 103-residues-long
DUF583 domain, and also measured a small number
(n ¼ 20) of ambiguous long-range contacts. Their analysis
of the chemical shifts using TALOSþ (13) suggested that
the structure mostly contains b-sheet structure, although
the exact number and location of the strands remained
unclear.

We recently described an approach to determine
structures of naturally occurring fibrillar proteins using
amino acid contacts derived from an analysis of mul-
tiple sequence alignments (MSAs) (14). In particular,
we leveraged recent improvements in methods for pre-
dicting amino acid contacts from covariation of amino
acid pairs during evolution (15–18) and combined those
contacts with an efficient molecular force field called
Profasi (19). We applied this approach to the func-
tional amyloid protein, CsgA, which is the main con-
stituent of bacterial curli fibrils that play an important
role in biofilm formation. We found that CsgA forms a
flat b-helical structure with two strands per turn, and
that each turn corresponds to previously found sequence
subrepeats.

Here, we extend that approach by including experi-
mentally obtained NMR chemical shifts to determine the
structure of the DUF583 domain from C. crescentus. Pre-
vious studies demonstrated that it is possible to determine
the structures of small, soluble proteins using NMR
chemical shifts alone (20–24), but for larger and more
complex proteins, chemical shifts need to be supple-
mented by distance information, e.g., from nuclear Over-
hauser effect (NOE) experiments (25–27). In particular,
we combined a recently described NMR chemical-shift-
driven molecular sampling method (24) with contacts
obtained from an analysis of an MSA and the Profasi
force field. In agreement with previous models, we found
that the DUF583 domain took on a b-helical structure,
although in contrast to those models, it assumed a right-
handed topology. A search of structural databases did
not reveal any clear structural homologs within eukary-
otic cytoskeletal proteins, further strengthening the
hypothesis that bactofilins are specific to bacteria. Our
structure provides an experimentally derived model of
this novel class of proteins, and should be useful for un-
derstanding their diverse biochemical functions and devel-
oping ways to interfere with those functions using small
molecules.
MATERIALS AND METHODS

Simulation details

We simulated the 103-amino-acids-long DUF583 domain in BacA from

C. crescentus using the Phaistos software (28). Experimental chemical

shifts and predicted contacts were integrated with the Profasi force field

via a hybrid energy function, Etot ¼ EProfasi þ Econtact þ ECS (details below),

in MC simulations starting from an extended structure. To set the scale

between the different terms, we used the previously determined relative

weight between EProfasi and Econtact (14), as well as the previously deter-

mined weight between EProfasi and ECS (24). Profasi is an efficient im-

plicit-solvent, all-atom energy function ðEprofasiÞ that has been used

successfully in simulations of protein folding and aggregation (19).

We used amino acid contacts obtained from a covariance analysis per-

formed using Gremlin (29,30) applied to an MSA generated using HHblits

(31). HHblits is a fast, sensitive, and accurate sequence-search tool, which

we used (with an E-value cutoff of 10�10) to perform four sequence search

iterations, obtaining 847 sequences of bactofilin homologs. Gremlin, in

turn, provides a method to derive a statistical model of the sequences in

an MSA. In particular, Gremlin allows us to extract pairs of amino acids

that covary during bactofilin evolution and thus are likely to be in close

spatial proximity. In analogy to our work on CsgA (14), we used the 50

top-scoring contacts based on the covariance analysis and constructed a

pseudoenergy function ðEcontactÞ that favors the contact formation of the

amino acid pairs.

Previously measured backbone NMR chemical shifts (9) (N, CO, Ca,

and Cb) were used as input to CS-TORUS (24), which is a continuous

and probabilistic molecular fragment model and a natural choice to avoid

the discretization of angles associated with other fragment models. We

used CS-TORUS as a generative model to directly sample backbone dihe-

dral angles that were in agreement with the chemical shifts in a way that

effectively corresponded to sampling from a biased force field, albeit signif-

icantly more efficiently (24). Here, we denote the contribution of the model

as ECS.

We performed 32 independent simulations using Etot in an enhanced

sampling method (32). We further refined the lowest-energy structure ob-

tained by performing all-atom molecular-dynamics (MD) simulations and

incorporating the predicted contacts and experimental chemical shifts as

restraints. Specifically, we solvated the lowest-energy structure in a

dodecahedral box, with a minimum of 6 Å from the solute to the box

boundary in each dimension. We added Naþ and Cl� ions to neutralize

the overall electric charge and model an ion concentration of 150 mM.

We used the CHARMM22* force field (33) and smoothly shifted the

van der Waals interactions to zero at distances between 0.8 and 1.0 nm.

To calculate long-range electrostatic interactions, we used the particle

mesh Ewald algorithm with a grid spacing of 0.16 nm and an interpolation

order of 4. Bonds involving hydrogen atoms were constrained using the

LINCS algorithm to allow for a 2 fs time step. After a steepest-descent

energy minimization, we equilibrated the system for 1 ns in the NPT

ensemble controlled by a Parrinello-Rahman barostat and V-rescale ther-

mostat (34). All simulations were run in GROMACS 5.0.5 (35), and

PLUMED 2.1.2 (36) was used to include chemical-shift and distance re-

straints. NMR chemical-shift restraints were applied in the MD simula-

tions as previously described (37). Contact restraints between Ca atoms

were applied using the NOE potential implemented in PLUMED2, with

an upper limit of 8.0 Å. To improve sampling, we used a periodic simu-

lated annealing strategy with temperatures between 440 K and 10 K.

Four annealing cycles were performed, with each cycle lasting 10 ns,

and the final structure was used for analyses. Overall, the MD-refined

structure is very similar to that obtained from the MC simulations, but

has somewhat improved packing of side chains.
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Comparison with ambiguous distance restraints
from ssNMR

We define a measure of discrepancy (mean deviation) to quantify the agree-

ment between a structure and 20 previously measured semiquantitative dis-

tance measurements by ssNMR:

ERR ¼ 1

20

X20
i¼ 1

�
di; sim � di; exp di; sim > di; exp

0 di; sim%di; exp
;

where di; sim is the distance of contact i from a simulated structure and di; exp
is 5:5�A for the HN-HA contacts and 7:5�A for the C-C contacts. As most of

the contacts were ambiguous, we calculated the distances between the

various possible assignments and used the shortest distance for comparison

with experiments.
FIGURE 1 Contact prediction and amino acid sequence of the bactofilin

DUF583 domain. Left: the 50 top-scoring amino acid contacts obtained

from a covariation analysis of an MSA using Gremlin. The gray bars on

the axes represent the six internal repeats. Right: the amino acid sequence

of the DUF583 domain has six internal repeats (R1–R6) that we aligned

using the structure we determined. Gaps are added where neighboring re-

peats bulge to maintain the phase. Between the repeats, we show sequence

logos that represent the conservation pattern in the MSA of the bactofilin

domains. The individual columns are color-coded depending on the kind

of amino acids that are dominant, with orange (columns 3, 5, 11, and 15)

representing mostly hydrophobic amino acids and blue (columns 2, 4, 8,

12, and 14) representing hydrophilic and charged amino acids. Two col-

umns that contain many glycine residues are shown in green (columns 9

and 13) and are located in the loops that connect the different strands. To

see this figure in color, go online.
RESULTS AND DISCUSSION

We combined predicted contacts and experimental NMR
chemical shifts with an efficient force field to determine
the structure of the DUF583 domain of a bactofilin.
Sequence-based predictions of contacts are particularly use-
ful when homology modeling is not feasible. This can be
quantified by calculating the HHD-value (30), with values
close to unity indicating there are not any proteins with
known structure that have a high sequence similarity to
the target. For the bactofilin domain, we calculated HHD-
value to be 0.87, suggesting that sequence-based contact
prediction contains information that can add to that avail-
able from template-based modeling. We therefore analyzed
an MSA to predict evolutionarily conserved contacts (Fig. 1,
left). The result reveals a distinct diagonal pattern with the
occasional offset of one or two amino acids, suggestive of
an overall b-helical structure with a periodicity of ~16–18
amino acids. As the predicted contacts report on the struc-
ture within the evolutionarily selected for filamentous state,
they might conceivably correspond to both inter- and intra-
molecular contacts. Earlier work on a fibrillar protein with a
similar contact pattern (CsgA), however, demonstrated that
the contacts most likely occur within a single protein sub-
unit (14). Further, it was previously proposed that bactofilin
subunits stack laterally with relatively large horizontal dis-
tances between subunits (9), making it more unlikely to
find intermolecular contacts.

The sequence of BacA (Fig. 1, right) reveals six internal
repeats (R1–R6), suggesting that each repeat corresponds to
one turn of a helical structure. A previous analysis of the
chemical shifts (9) using TALOSþ (13) suggested mostly
b-sheet structure, but it was difficult to determine the exact
location of loops and the number of strands. The location of
highly conserved glycine residues within each repeat sug-
gests the location for turn residues, but not all loops have
clear sequence signatures. Therefore, we used a recently
developed generative model of backbone dihedral angles
that allows us to sample local structures that are compatible
with the chemical shifts. Combined with the long-range
2344 Biophysical Journal 110, 2342–2348, June 7, 2016
information inferred from the contacts and the structural
information contained in the molecular energy function,
we performed Monte Carlo (MC) simulations using a hybrid
energy function, Etot, that integrates the three sources of
information.

We performed 32 independent simulations that consis-
tently resulted in right-handed b-helical structures, with a
few (higher-energy) structures having some fraying near
the ends. Our finding of a b-helical structure is consistent
with previously described template-based models (9,10),
although in contrast to those models, which are all left-
handed, we suggest that the BacA DUF583 domain takes
on a right-handed orientation. We further refined the
lowest-energy structure using restrained MD simulations.
The final structure reveals a highly regular fold containing
six repeats of slightly varying lengths (Fig. 2). When viewed
from the top, the structure shows a triangular shape of the
backbone, with hydrophobic amino acids pointing toward
the core, and hydrophilic and charged amino acids covering
the surface of the protein. This repetitive network of hy-
drophobic interactions in the core and abundant back-
bone hydrogen bonding between strands suggests a very



FIGURE 2 Structure of the DUF583 domain

from the BacA bactofilin from C. crescentus.

The structure was obtained by MC simulations

using chemical shifts and contact restraints and

was further refined by all atom MD simulations.

The amino acid residues are colored to match

the scheme in Fig. 1, right. To see this figure in

color, go online.
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stable protein that is often associated with filament-forming
proteins. Together with glycines that align structurally
throughout all six repeats, these structurally conserved
hydrophilic and hydrophobic residues dictate the lateral
alignment (phase) of the repeats, allowing for varying repeat
lengths that realign in the loop regions. One of the turns be-
tween the strands is very tight (corresponding to position 13
in the alignment in Fig. 1) and has highly conserved glycine
residues. We find that these residues adopt a conformation
corresponding to the lower right-hand corner of the Rama-
chandran map, a region that is essentially allowed only for
glycine (38), explaining the conservation at this position.
All residues are found in generally allowed regions of the
Ramachandran map.

The repetitive nature of the bactofilin sequence and struc-
ture is illustrated further in a structure-based sequence align-
ment of the six repeats (Fig. 1, right). Four positions within
each repeat (3, 5, 11, and 15) show especially high hydropho-
bic conservation, whereas position 9 contains mostly gly-
cines or other small amino acids, aiding to the flexibility
needed in positions 6–8 (loop region) where the repeats often
realign. Furthermore, we find that the evolutionary conserva-
tion agrees strongly with structural conservation in terms
of hydrophobicity. As an example, we look at positions 3,
5, 11, and 15 which have almost exclusively hydrophobic
residues structurally aligned as well as hydrophobic residues
dominating the associated sequence logo plots, indicating
that our structure indeed aligns the residues correctly.
Similarly, a number of positions with conserved polar and
charged amino acids correspond to repeating positions on
the outside of the protein.

To examine how the different sources of information
contributed to the structure determination and in particular
the right-handed orientation, we performed a series of con-
trol simulations. If we exclude the chemical shifts, we
obtain both left- and right-handed b-helices with compara-
ble Profasi energies (and with roughly equal probability),
indicating that the Profasi energy function on its own does
not lead to a specific handedness. This observation is in
agreement with our previous findings on CsgA (14). Using
only the chemical shifts and Profasi, but excluding the
predicted contacts, resulted in a flat, sheet-like structure
(Fig. S1 in the Supporting Material). Finally, we performed
simulations combining the chemical shifts and predicted
contacts with a simple energy function that only repre-
sents the excluded volume. Given the drastic change in
the force field, here we used an ~2-fold greater force con-
stant for the contact potential compared with the simulations
described above. In these simulations, we consistently ob-
tained right-handed b-helical structures, suggesting again
that the chemical shifts contain information directing the
structures to the right-handed orientation. The resulting
structures are, not surprisingly, less well defined than those
obtained using the full force field, and do not have as well
defined hydrophobic cores. When we increased the weight
of the contact energies in these simulations by 5, thus
decreasing the contribution of the chemical shifts, we began
to observe structures with both orientations.

Altogether, the simulations described above suggest that
the chemical shifts enabled us to find the right-handed struc-
ture of bactofilin. To examine this issue further, we analyzed
the lowest-energy left- and right-handed b-helix obtained
using the Profasi energy function and amino acid contacts.
As these structures were generated without the use of chem-
ical shifts, we first calculated ECS to evaluate which one was
in best agreement with the NMR data. As expected, we
found the right-handed b-helix to be in better agreement
(1406 vs. 1432 ECS log-likelihood units (24)). We found
a similar difference (6.5 ECS log-likelihood units) after
relaxing both the right- and left-handed structures in the
presence of the chemical-shift restraints. We note, however,
that the left-handed structures, but not the right-handed
ones, deformed substantially when they were relaxed to be
more compatible with the chemical-shift data.

As an alternative and independent way to compare these
left- and right-handed structures, we turned to the more
Biophysical Journal 110, 2342–2348, June 7, 2016 2345



FIGURE 3 Validation using independently determined distance con-

straints from ssNMR. We calculated the mean deviation (ERR; see Mate-

rials and Methods) between distances in the structures obtained during

our MC simulations and a set of 20 semiquantitative contacts obtained by

ssNMR. These values are plotted against the total energy, Etot , which in-

cludes the Profasi energy function, chemical shifts, and predicted contacts.
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accurateRosetta energy function. In particular,weminimized
the two structures using the RosettaRelax (39) algorithm, and
found that the right-handed helix had a significantly lower
energy (�206 Rosetta energy units) than the left-handed
structure (�185 units). Not surprisingly, we also found that
the lowest-energy structure we obtained when we included
the chemical shifts in the structure determination had an
even lower Rosetta energy (�253 units), providing further
evidence that the chemical shifts improved the quality of
our structure. We also repeated these calculations using a
different energy minimization algorithm (RosettaBackrub
(40)) and obtained comparable results (47, 109, and 29 energy
units, respectively; note that these two Rosetta energy func-
tions differ slightly, explaining the different magnitude).

We also examined which of the chemical-shift data
helped us determine the handedness of the helix. We per-
formed two sets of simulations in which we excluded the
chemical shifts in either the b-strands or the intervening
loops. Surprisingly, we found that both sets of simulations
resulted in structures with both left- and right-handed heli-
ces. Thus, it appears that the chemical shifts have a more
global effect and that the handedness is not easily pinned
down to the effect at a few residues. We note, however,
that the chemical-shift model we used is a dynamic
Bayesian network in which the chemical shift of a residue
may exert its effect over six residues on average (24). Addi-
tional studies are needed to examine in more detail which
of the different backbone chemical shifts provide the most
information to guide the handedness of the structure and
therefore would be the most informative to measure in other
systems.

In addition to the chemical-shift assignment, the recent
ssNMR experiments provided a set of 20 interatomic con-
tacts, 15 of which were ambiguous (9). Although the exper-
iments were only semiquantitative, employing long mixing
times that prohibited accurate distance estimations, they
provide a means to gauge the accuracy of our structures.
In particular, we compared the structures obtained during
our simulations with the previous distance measurements,
using values of 5.5 Å and 7.5 Å for the measured HN-HA
and C-C contacts, respectively. A calculation of the mean
error for the structures obtained during the MC simulations
reveals that the refinement procedure that uses only the
force field, chemical shifts, and predicted contacts simulta-
neously results in structures that are in good agreement with
the semiquantitative distance measurements (Fig. 3). The
lowest-energy MC structures have mean deviations on the
order of 0.5 Å, as does the final MD-refined structure. A
more detailed analysis is hampered by the lack of quantita-
tive measurements, including the possibility of spin diffu-
sion. Nevertheless, we note that of the 20 experimental
contacts, only two (contacts 8 and 13) are substantially
violated (Table S1). Contact 13 (I60CD1-S43C) is posi-
tioned in the first repeat, suggesting that the violation might
be the result of only simulating the monomer (even if the
2346 Biophysical Journal 110, 2342–2348, June 7, 2016
contact is intermolecular). By not modeling interactions
with a neighboring chain (for which we have no informa-
tion), we might not capture minor rotameric reorientations
of, for example, I60, which could resolve the violation. Until
such information is available, we assume it to be a violation.
The amino acids that form contact 8 (R93HN-G109HA)
are located in two loop regions and are laterally aligned in
the structure, which could suggest that the loop regions
are too flexible to model accurately, and that a contact for-
mation might be in agreement with our overall structure.

In addition to obtaining ssNMR distance information,
Vasa et al. (9) used scanning transmission emission mi-
croscopy experiments to determine the mass-per-length
of the BacA subunits within the filament, resulting in
size estimates of 27–30 Å, values that are also in good
agreement with our structure (Fig. 2, right). Finally, we
validated our structure by mapping onto it residues that
Vasa et al. (9) mutated and studied functionally (Support-
ing Materials and Methods; Table S2). In their study,
they created 27 mutations of bactofilin and introduced
them into C. crescentus to examine whether these muta-
tions supported filament formation. In general, we find a
very good agreement between the location of those muta-
tions in the structure, the nature of the mutation (e.g.,
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changing charge or polarity), and the ability of the mutant
bactofilin to assemble into filaments (Table S2), again sup-
porting the structure we determined.

Earlier work on bacterial cytoskeletal proteins revealed a
structural similarity between FtsZ and eukaryotic tubulin,
and between MreB and actin (4). To examine whether
the structure of bactofilin we determined provides clues
as to potential eukaryotic homologs, we used both DALI
(41) and deconSTRUCT (42) to search for structural homo-
logs. Although both searches returned many proteins with
b-helical structures (including the left-handed p27 domain
in dynactin, a tubulin folding cofactor and filamentous hem-
agglutinin), we did not find any obvious proteins with such
structures forming fibrillar structures in the cytoskeleton.
Thus, our structure supports the hypothesis that bactofilins
are indeed specific to bacteria.

Finally, we note that during the revision of our manu-
script, an independent experimental ssNMR structure of
the same bactofilin domain was published (43). In that
study, the final structure was determined using almost
2000 NMR-derived atomic distance restraints, as well as
torsion angle restraints, in a simulated annealing simulation.
Similarly to our work, the authors used chemical shifts to
infer torsion angle restraints, but whereas we used easily
obtainable amino acid contacts and a more detailed force
field, they used atomic distances derived from advanced
and demanding ssNMR experiments. We find the two struc-
tures to be very similar, with an all-heavy-atom (backbone
and side chains) root mean-square deviation of 2.2 Å be-
tween the two structures (Fig. S2). Further, we compared
our structure with the NMR-derived distance restraints
that were used to determine the structure, and found a root
mean-square violation of 0.2 Å. This value can be compared
to the 0.05 Å that we calculated from the structure that was
determined using these data (43), also suggesting that our
structure provides a highly accurate model of bactofilin.
CONCLUSIONS

We determined the structure of the DUF583 domain from a
bactofilin by combining a molecular force field with experi-
mental NMR backbone chemical shifts and amino acid
contacts obtained by sequencevariation. As opposed to previ-
ously described template-based models of the domain, which
describe left-handed b-helices, we let the chemical shifts
determine the orientation, which, interestingly, suggested
that the domain takes on a right-handed orientation. Our
structure is in good agreement with independent ssNMR
data as well asmass-per-lengthmeasurements. A comparison
of the sequence conservation and structural similarity be-
tween each of the repeats in the bactofilin shows nearly per-
fect agreement, indicating that the repeats are coordinated
correctly in our structure and that the repeat structure is
important for stability and function. From a methodological
point of view, we have presented a new, to our knowledge,
method for combining NMR chemical shifts with predicted
contacts and a molecular energy function. The idea is similar
to a very recently described approach that also relies on
NMR-derived distance information (44). Our results reveal
that all three sources of information (chemical shifts, con-
tacts, and energy function) act constructively to allow us to
determine the structure of bactofilin. We expect that the
improved accuracy afforded by better methods for deter-
mining molecular energy functions (45) and predicting con-
tacts (18), as well as developments in techniques such
as ssNMR(46),will expand the scope of our approach to other
proteins for which classical structure determination has
proven difficult. Finally, we expect that the availability of
the structure of the bactofilin domain will aid in elucidating
the many important roles of this new class of proteins, and
possibly in the development of molecules that perturb their
functions.
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Fig S1. Lowest energy structure of the control simulation using only the Profasi
energy and chemical shifts.

Table S1. Validation using ssNMR distance measurements. The table reports
the distances measured in the final MD refined structure. The distances correspond to the
contacts observed by ssNMR. In the cases of ambiguous contacts we show the contacts with
the smallest distances.

# Contact Distance (Å)
1 G54HN-V70HA 3.0
2 D45HN-S43HA 4.4
3 S84HN-D67HA 2.5
4 G115HN-A99HA 5.5
5 V70HN-A87HA 3.3
6 D116HN-A99HA 3.2
7 S111HN-G109HA1 3.7
8 R93HN-G109HA1 9.3
9 I100CD-I117CD 4.7
10 V90CG1-I100CG2 3.9
11 V90CG1-I100CD 5.1
12 L107CD2-V92CG2 4.1
13 I60CD-S43C 8.2
14 I48CG2-V64C 6.3
15 A44CB-D61CG 5.2
16 V97CG1-E82CD 6.3
17 A89CB-E88CD 7.0
18 L135CD2-D116CG 5.4
19 L135CD1-D116CG 4.4
20 K103CD-E120CD 4.8

Validation by comparison with mutational data

We grouped the mutations according to how they change the chemistry and size of the amino
acid, whether or not they affected polymerization, and whether the mutated residue points
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towards the hydrophobic core (inwards) or is surface exposed (outwards) in our structure
(Table S2). To provide a link between our structure and any effect of the mutations on
filament assembly, we made the following simplifying assumptions: (i) The monomer stability
is correlated to the change in polymerization, (ii) mutations at outward facing positions are
likely not to be destabilizing, (iii) mutations at inward facing positions are likely to be
destabilizing when the mutation significantly changes the size and/or hydrophobicity of the
amino acid.

In line with these assumptions, we find that mutations at positions that are solvent ex-
posed, independently of whether they involve charged residues (group B) or changing polarity
(group D), do not affect filament assembly. At inward pointing positions, we generally find
that the substitution of either Val, Leu or Ile to Ala (i.e. changing a medium sized residue
to a smaller one, but preserving the apolar nature) has no effect on assembly (group A). In
contrast, changing a larger Phe or Met to Ala affects assembly (group C). Here we note an
outlier, in that the mutation V75A in the same group also affects assembly, despite Val-to-
Ala mutations being tolerated elsewhere (group A). In contrast to the A123S mutation on
the surface, which is tolerated (group D), (single or multiple) substitutions of buried apolar
residues for the more polar Ser consistently affects filament assembly (group E and F). Thus,
despite our simple model for the relationship between structure, mutation and assembly we
find that the structure we determined can rationalize all but one of the 27 mutations studied.

Table S2. Comparison of our structure with mutational data. We divided the
mutations into six groups depending on the type of mutations that were performed and
whether or not the mutated side chain points inwards towards the core or is surface exposed
in our structure. The table also indicates whether the mutations were found experimentally
to affect filament assembly in the cell.

Group Mutations Changed Type Orientation

polymerization

A V52A, L58A, I60A, V64A, V68A, L73A, No Hydrophobic to A Inwards

V81A, V85A, V96A, V105A, V113A, L122A

B E77K, E88K, K103E, D116A No Charge change Outwards

C V75A, M124A, F130A Yes Hydrophobic to A Inwards

D A123S No Hydrophobic to S Outwards

E L73S, V75S, L122S, M124S, L73S/V75S Yes Hydrophobic to S Inwards

F L41S/L42S, L122S/A123S/M124S Yes Hydrophobic to S Inwards and outwards
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Fig S2. Overlay of our structure (lime) with a recently determined ssNMR
structure (light blue).
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