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Summary

Cell division in most bacteria is directed by FisZ, a
conserved tubulin-like GTPase that assembles form-
ing the cytokinetic Z-ring and constitutes a target for
the discovery of new antibiotics. The developmental
regulator MciZ, a 40-amino acid peptide endoge-
nously produced during Bacillus subtilis sporula-
tion, halts cytokinesis in the mother cell by inhibiting
FtsZ. The crystal structure of a FtsZ:MciZ complex
revealed that bound MciZ extends the C-terminal
p-sheet of FtsZ blocking its assembly interface. Here
we demonstrate that exogenously added MciZ spe-
cifically inhibits B. subtilis cell division, sporulation
and germination, and provide insight into MciZ
molecular recognition by FtsZ from different
bacteria. MciZ and FtsZ form a complex with sub-
micromolar affinity, analyzed by analytical ultracen-
trifugation, laser biolayer interferometry and
isothermal titration calorimetry. Synthetic McizZ
analogs, carrying single amino acid substitutions
impairing MciZ p-strand formation or hydrogen
bonding to FtsZ, show a gradual reduction in affinity
that resembles their impaired activity in bacteria.
Gene sequences encoding MciZ spread across
genus Bacillus and synthetic MciZ slows down cell
division in Bacillus species, including pathogenic
Bacillus cereus and Bacillus anthracis. Moreover,
B. subtilis MciZ is recognized by the homologous
FtsZ from Staphylococcus aureus and inhibits divi-
sion when it is expressed into S. aureus cells.
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Introduction

Bacterial cell division is carried out by the concerted
action of a macromolecular complex called the divisome
(den Blaauwen et al., 2017) and the cell wall synthesiz-
ing enzymes at the cytokinesis site (Egan et al., 2017).
Divisomal assembly is initiated in most bacteria by the
formation of a ring-like scaffold of the cytoskeletal pro-
tein FisZ at the nascent division site (Bi and Lutkenhaus,
1991). The Z-ring is attached to the inner side of the
plasma membrane by membrane tethering proteins and
recruits the rest of the division machinery (Haeusser
and Margolin, 2016; Xiao and Goley, 2016; Du and
Lutkenhaus, 2017). The Z-ring precisely localizes to the
mid cell by means of different regulatory factors that either
induce FtsZ assembly at the division site or prevent FtsZ
assembly at the poles or over unsegregated chromo-
somes (den Blaauwen et al., 2017). In addition, metabolic
sensors inhibit FtsZ assembly and control cytokinesis in
response to the nutritional state of the cell (Weart et al.,
2007; Monahan and Harry, 2016). The Z-ring has a fast
subunit turnover (Anderson et al., 2004) and is composed
of discrete FtsZ clusters that circumferentially treadmill
guiding septal cell wall synthesis (Bisson-Filho et al.,
2017; Yang et al., 2017; Monteiro et al., 2018), leading
to the scission of daughter cells. FtsZ is a tubulin-like
GTPase whose subunits assemble head-to-tail forming
polar filaments (Nogales et al., 1998; Matsui et al., 2012)
that laterally associate into bundles through the disor-
dered C-terminal tails (Buske et al., 2015; Huecas et al.,
2017; Sundararajan et al., 2018). GTP hydrolysis at the
interface between monomers in filaments and a polym-
erization-driven structural switch enable FtsZ filament
treadmilling dynamics (Artola et al., 2017; Wagstaff et al.,
2017).

Due to its essential function in most bacteria, FtsZ
is an attractive target (Lock and Harry, 2008), still clin-
ically unexplored, for discovering new antibiotics that
are urgently needed to counter the spread of resistant
pathogens. FtsZ inhibition blocks cell division, inducing
the formation of larger undivided cells that subsequently
die. Many experimental small molecule FtsZ inhibitors
have been reported (Schaffner-Barbero et al, 2012;
den Blaauwen et al., 2014), including GTP-replacing
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inhibitors (Ruiz-Avila et al., 2013; Artola et al., 2015) and
allosteric modulators of the structural assembly switch
(Elsen et al., 2012; Artola et al., 2017). The difluoroben-
zamide derivative PC190723 (Haydon et al., 2008) and
several of its analogs are currently the best character-
ized FtsZ-targeting antibacterial inhibitors, including bio-
chemical, structural, cellular and resistance mechanisms
(Andreu et al., 2010; Matsui et al., 2012; Tan et al., 2012;
Stokes et al., 2013; Adams et al., 2016; Kaul et al., 2016;
Fujita et al., 2017).

Starvation or harsh conditions induce B. subtilis cells to
exit vegetative growth and binary fission and enter asym-
metric sporulation, a form of reproduction that ensures
storage and dissemination of the bacterial germline,
until conditions permit spore germination and resuming
growth. Increasing levels of the phosphorylated tran-
scription regulator SpoOA promote the Z-ring localization
switch from mid cell to the poles (Levin and Losick, 1996).
Distinct programs of gene expression are initiated in the
two cell types directed by sporulation-specific RNA poly-
merase o factors, 6~ becoming active in the prespore and
oF in the mother cell (Errington, 2003; Piggot and Hilbert,
2004). MciZ is a 40-amino acid developmental regulator
that was discovered in a two-hybrid screen for FtsZ bind-
ing partners. MciZ is expressed during sporulation under
the control of transcription factor oF, preventing Z-ring
formation in the mother cell (Handler et al., 2008). The
crystal structure of a FtsZ:MciZ complex, formed by coex-
pressing His-tagged MciZ and a truncated version of B.
subtilis FtsZ(12-315) including only the structured core of
the protein, has revealed that MciZ binds at the C-terminal
polymerization interface of FtsZ, structurally equivalent
to the minus end of tubulin, inhibiting FtsZ assembly by
steric hindrance and shortening protofilaments (Bisson-
Filho et al., 2015). The cell division inhibitor SulA, which
is expressed as part of the SOS system and stalls cell
division in response to DNA damage, also binds the
C-terminal polymerization interface (Cordell et al., 2003).

We determined the cytological profile on B. subtilis cells
of inhibitors targeting FtsZ on different binding sites, dis-
tinguishing them from antibiotics with other mechanisms
of action, which should facilitate phenotypic screening. In
addition to small molecules, a MciZ synthetic peptide was
observed to inhibit B. subtilis cell division (Araujo-Bazan et
al., 2016). However, it was not known whether exogenous
MciZ really targets intracellular FtsZ; and the possibility
that MciZ could arrest cell division in other bacterial spe-
cies had not been examined. Here, we analyze the molec-
ular recognition by different FtsZs of MciZ and peptide
analogs with point changes, demonstrating FtsZ targeting
in B. subtilis cells. In addition to cell division, excess MciZ
inhibits sporulation and germination. MciZ homologs are
encoded by other Bacillus species, and sensitivity to syn-
thetic MciZ reaches pathogenic B. cereus/anthracis. We
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show that MciZ is also recognized by FtsZ from S. aureus
and that intracellular expression of MciZ inhibits S. aureus
cell division.

Results and discussion

Exogenous MciZ specifically inhibits Bacillus subtilis cell
division

To quantify the action of synthetic MciZ on cell division,
we exposed cells to different concentrations of MciZ and
determined cell length at different times (Fig. 1). The
minimal concentration that inhibits B. subtilis cell division
is 1 yM McizZ (Fig. 1A and B), according to our criterion
to identify relevant inhibitors by induction of a strong
filamentous phenotype (> threefold increase in mean
cell length, 3.1-fold here; Araujo-Bazan et al., 2016). As
expected for cell division inhibition (Arjes et al., 2014),
MciZ does not affect initial growth at this concentration:
the mass doubling period (MDP) is the same as for con-
trol (Table S1). Higher concentrations of MciZ, 2.5 and
5 pM, induce a 7-fold and 12-fold increase in cell length
while the increment in MDP is only 1.07-fold and 1.44-
fold respectively. The minimal division inhibitory con-
centration is 10-fold smaller than the minimum inhibitory
concentration of growth (MIC;), 10 uM MciZ, supporting
specific divisomal inhibition rather than general toxicity
effects. We compared the time course of MciZ action
with PC190723 a reference small molecule FtsZ inhibitor
(Haydon et al., 2008) (Fig. 1C). Both inhibitors had paral-
lel filamenting effects: a relevant increase in cell length
was observed following 80 min treatment with MciZ or
PC190723. However, each inhibitor works by a different
mechanism: MciZ blocks FtsZ polymer growth (Bisson-
Filho et al., 2015), whereas PC190723 binding stabilizes
FtsZ polymers (Andreu et al., 2010; Elsen et al., 2012).
MciZ increases the velocity of the directional treadmilling
movement of NeonGreen-FtsZ around the division ring,
whereas PC190723 halts FtsZ movement (Bisson-Filho
et al.,, 2017). Thus, the available evidence indicated that
exogenous MciZ is a specific inhibitor of B. subtilis cell
division, which led us to an in-depth study of the molecu-
lar mechanisms of MciZ action on bacterial cells.

Structure-based single amino acid changes in synthetic
MciZ support FitsZ targeting in B. subtilis cells

The crystal structure of the core FtsZ:MciZ complex
showed that MciZ binds to the C-terminal subdomain
of FtsZ, sterically interfering at the association interface
with a next monomer to form FtsZ filaments (Bisson-Filho
et al., 2015). Bound MciZ folds into a a-helix (H1) pre-
ceded by a p-hairpin, formed by strands p1 and p2 that
are disordered in free MciZ, and followed by a loop and
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Fig. 1. Synthetic peptide MciZ inhibits B. subtilis cell division.
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A. Representative examples of undivided B. subtilis 168 cells incubated with different MciZ concentrations during 1.5 h (phase contrast;

scale bar: 10 pm).

B. Cell length measurements. Raw data plots with mean values (n > 30).
C. Time course of the effect of MciZ (5 uM) on cell length compared with the small molecule cell division inhibitor PC190723 (5 uM). The
histogram shows the average and standard error from three independent experiments with n > 30.

a helical turn. Backbone hydrogen bonds between FtsZ
strand p9 and MciZ strand B2 generate an extended
B-sheet. There are hydrophobic interactions between
helices H1 of MciZ and H10 of FtsZ, and between the p2/
H1 loop of MciZ and the H10/89 loop of FtsZ; a salt bridge
between Arg20 of MciZ (H1) and Asp280 of FtsZ (H10)
further stabilizes the complex (Fig. 2A and B).

We decided to challenge the MciZ:FtsZ recognition
with synthetic point mutations in MciZ designed to dis-
able these interactions (Fig. 2C), testing the effects of
the modified synthetic peptides on living B. subtilis cells
(Figs. 2D, S1, Tables S1 and S2). We first eliminated the
Arg20(MciZ)-Asp280(FtsZ) salt bridge, replacing Arg20
by Ala. However, peptide R20A was still active, show-
ing effects similar to wild-type MciZ (Fig. 2D). Replacing
Arg20 for Asp (R20D) effectively disabled MciZ activity, so
that no effect on cell length or FtsZ:GFP localization was
observed (Fig. 2D). This result agrees with the reported
lack of interaction (co-purification) of Hisg,-MciZ-R20D
following co-expression with FtsZ (Bisson-Filho et al.,
2015). However, in our case the local charge inversion

in R20D could also affect the exogenous MciZ peptide
passage through the bacterial envelope prior to interact-
ing with FtsZ in the cytosol. Therefore, we resorted to
a more incisive strategy to inhibit MciZ:FtsZ interaction,
namely disrupting p-sheet hydrogen bonding between
p9 of FtsZ and p2 of MciZ, without any charge modifica-
tion. We made different amino acid changes (Fig. 2C):
(i) replacing the conserved L12 with a p-sheet breaker
residue (Leu12Pro) or with an unnatural D-amino acid
(Leu12D-Leu), in order to disrupt the p2 strand in the
middle and thus the p-sheet hydrogen bond network; (ii)
specifically blocking backbone hydrogen bond formation
between V10 of MciZ and S296 of FtsZ, or G14 of MciZ
and M292 of FtsZ, by replacing these MciZ residues with
the corresponding N-methyl-amino acids (V10™V and
G14™G). We found that MciZ activity was abrogated in
each of the resulting analogs, except for V10™V, which
had a weak residual activity requiring higher concentra-
tion (40 pM) than the wild type (Fig. 2D). These results
showed that single amino acid changes in MciZ, inspired
by the crystal structure of the FtsZ:MciZ complex, impair
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Fig. 2. Synthetic MciZ analogs and their effects on B. subtilis cell division and FtsZ subcellular localization.

A. Structure of MciZ (pale red ribbon diagram) in complex with FtsZ (interacting elements in green) (from PDB entry 4U39 molecule A). MciZ
B-strands 1 and 2 extend the C-terminal p-sheet of FtsZ. MciZ helix 1 interacts with FtsZ helix 10; residues Arg20 (MciZ) and Asp280 (FtsZ)
(in sticks representation) form a salt bridge.

B. Schematic representation of the ionic interactions between MciZ and FtsZ, including the hydrogen bonds formed between MciZ strand p2

and FtsZ strand p9. MciZ residues that have been synthetically replaced are marked by asterisks.

C. Peptide sequences of synthetic MciZ analogs employed in this work.

D. B. subtilis 168 (phase contrast) or B. subtilis SU570 (FtsZ-GFP fluorescence) were incubated with MciZ analogs at the concentrations
indicated during 1.5 h and their effects on cell length and FtsZ subcellular localization were analyzed. Representative images of each

observed phenotype are shown (scale bars: 10 ym).

its activity on cell division. They indicated that exoge-
nous MciZ directly interacts with FtsZ in the treated
B. subtilis cells, although these data did not discard
other pathways.

The results of in vitro pull-down assays of MciZ and
L12P with immobilized His,-FtsZ supported FtsZ target-
ing in cells. FtsZ from B. subtilis (BsFtsZ) bound MciZ
but not its L12P analog (Fig. S2). A truncated version

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 111, 965-980

of BsFtsZ lacking the disordered C-terminal tail (Hisg-
BsFtsZACt, residues 1-315) similarly recognized MciZ.
These results are consistent with the lack of activity of
L12P on B. subtilis and confirm that a single amino acid
change is sufficient to disrupt the FtsZ:MciZ interaction;
they also demonstrate that the C-terminal tail of BsFtsZ,
which is not observed in crystal structures, is not neces-
sary for the interaction with MciZ.



Synthetic developmental requlator MciZ targets FisZ 969

A 12 B 12

1.0 4 1.0 4
~ 0.8 ~ 0.8 -
2 BsFtsZ + MciZ 2
(=] <
5 061 § o5 L12P
S 3
2 &
s 0.4 4 S 0.4 4
= MciZ B
© 4o © 02 BsFtsZ + L12P _

BsFtsZ SRl
0.0 0.0
0 1 2 3 4 5 0 1 2 s 4 5 6
$30. (S) S30, (S)

C 12 D 12

1.0 1 1.0 4
@- 0.8 1 @s 0.8
[ [
g g
5 061 5 081 L12p
S SaFtsZ + MciZ g
=] F=1
il Mciz < o4
s X SaFtsZ + L12P
[&] o

029 0.24 SaFtsZ

SaFtsZ
0.0 4 0.0
0 % 2 3 4 5 0 1 2 3 ! 5 6
Sz0 (8) S20u(S)
E Molecules of peptide co-sedimenting per each FtsZ molecule
MciZ L12P R20A R20D Viomy L121 G14mG
BsFtsZ 0.87 0.16 131 0.07 1.00 0.28 1.13
SaFtsZ 0.93 0.01

Fig. 3. Binding of MciZ and L12P to FtsZ analyzed with sedimentation velocity AUC.
A-B. Sedimentation coefficient distributions c(s) of 30 uM BsFtsZ (black lines, main peak average s,; , = 3.0 S), 30 uM MciZ (A, blue line,
0.5 S), 30 pM L12P (B, blue line, 0.6 S) and the mixtures of 30 uM BsFtsZ with 30 uM MciZ (A, red line, 3.0 S) or with 30 pM L12P (B, red line,

0.8Sand 2.9 9).

C-D. Sedimentation coefficient distribution c(s) of 30 pM SaFtsZ (black line, 3.1 S), 30 pM MciZ (C, blue line, 0.5 S), 30 pM L12P (D, blue
line, 0.6 S) and the mixtures of 30 pM SaFtsZ with 30 pM MciZ (C, red line, 0.8 S and 3.2 S) or with 30 uM L12P (D, red line, 0.7 S and 3.0 S).
Absorbance data at 293 nm were acquired to monitor peptide sedimentation.

E. The concentrations of sedimenting peptide and FtsZ were calculated to estimate binding stoichiometry (Experimental procedures; see

Figure S4 for additional sedimentation coefficient distributions).

Following the reported ability of MciZ to inhibit FtsZ fila-
ment assembly by end capping (Bisson-Filho et al., 2015),
we confirmed that synthetic MciZ specifically reduces the
light scattering increment and the amount of sediment-
ing polymer upon nucleotide-induced assembly of BsFtsZ
under our conditions, in contrast with the inactive peptide
L12P that does not affect BsFtsZ assembly (Fig. S3).

Molecular recognition of MciZ peptides by FtsZ from
different bacteria

To gain insight into FtsZ:MciZ complex formation in solu-
tion, the interaction was first evidenced by co-sedimenta-
tion in analytical ultracentrifugation (AUC) experiments.
Binding of MciZ to FtsZ was quantified by measuring
the MciZ sedimentation velocity profiles in absence and

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 111, 965-980
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presence of FtsZ (Fig. 3). BsFtsZ (Fig. 3A and B) and
FtsZ from Staphylococcus aureus (SaFtsZ; Fig. 3C and
D) both sedimented as monomers with s, , = 3.0 and 3.1
S respectively. The lighter MciZ and L12P free peptides
sedimented at s, , = 0.5-0.6 S. However, in the pres-
ence of BsFtsZ or SaFtsZ practically no free MciZ signal
was detected but the peptides co-sedimented with FtsZ,
in a ratio of 0.9 peptide molecules per FtsZ molecule esti-
mated by subtracting the areas under the 3 S peaks (Fig.
3E); most of the inactive L12P control sedimented as free
peptide. These results showed that MciZ specifically
forms a 1:1 complex in solution with BsFtsZ and, impor-
tantly, they indicated that B. subtilis MciZ is also recog-
nized by the homolog SaFtsZ protein. We also analyzed
BsFtsZ complex formation with the rest of MciZ analogs
by co-sedimentation velocity (Figs. 3E and S4) and the
results obtained recapitulated their effects on B. subtilis
cells, except G14™G that co-sedimented with FtsZ, which
would be compatible with low-affinity binding.

We then characterized the kinetics of interaction
between MciZ peptides and FtsZ proteins using bio-layer
interferometry (BLI), which revealed different modes of
interaction. In a first type of assay, a layer of His,-BsFtsZ
was immobilized on a biosensor tip using the His tag.

This assay showed relatively rapid association of MciZ,
R20A and V10™V, with association rates around 8.10*
M~ s™! and slow dissociation rates around 8-107° s,
giving high affinities with apparent K, ~ 0.1 uM (Fig. 4),
compatible with a previous tryptophan fluorescence titra-
tion (Bisson-Filho et al., 2015). No binding was observed
with the inactive peptide L12P. We then analyzed the
interaction between MciZ and different FtsZ species in
reverse experiments using a Hisg-MciZ immobilized on
the biosensor tip. The estimated binding affinities of
BsFtsZ and BsFtsZACt were similar (Fig. S5), confirming
that the C-terminal region of BsFtsZ is not necessary for
the interaction with MciZ. Binding of SaFtsZ was about
fivefold weaker than BsFtsZ in this BLI assay. The binding
and dissociation kinetics were different from the direct
experiment and estimated K, values were one order of
magnitude higher, possibly related to the different exper-
imental configuration. The sensorgram with the more dis-
tant Gram-negative FtsZ homolog from Escherichia coli
(EcFtsZ) displayed quite small changes that could not be
fitted by a similar binding model (Fig. S5).

Finally, the thermodynamic parameters of MciZ binding
to FtsZ were determined by isothermal titration calorim-
etry (ITC), a reference method to analyze biomolecular

A .
— MciZ
— L12P
— R20A
— V10™V
= R20D
= L121
2
b= G14mG
E
-0.4 T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360 390
Association Dissociation
Time (s)
B
Ligand Analyte k+ (M1-s1) k- () Kp (M)
FtsZ MciZ (6.6 +0.5)-10* (8.8 +4.4)10°3 0.13 +0.07
L12p - No binding
R20A (9.7 £ 1.8)-10* (7.7 £ 4.0)-10°3 0.08 £0.03
v1ipmy (7.7 £ 2.7)-104 (8.1+2.3)103 0.11 £0.07

Fig. 4. Interactions of synthetic MciZ peptides with BsFtsZ.

A. Sensorgrams from bio-layer interferometry (BLI) experiments. BsFtsZ (ligand) was immobilized to the tip of the sensor through a His-tag

and 2 uM of MciZ or its variants (analytes) were tested for interaction.

B. Kinetic parameters for the interaction of BsFtsZ with synthetic MciZ analogs. The binding of MciZ to FtsZ was analyzed at different
concentrations of peptide and the association rate constant (k+) was determined from the slope of the linear regression line. The dissociation
rate constant (k—) and the equilibrium constant values (Kp; calculated for a simple binding model) are the average of four independent
experiments with MciZ. Two independent experiments were run for the analogs at 2 pM concentration (R?>0.97 in all cases). L12P is an
inactive peptide. The interactions of R20D, L12l and G14™G did not adjust to a binding model.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 111, 965-980



interactions in solution (Freyer and Lewis, 2008). The
same buffer, containing 300 mM KCI to shield nonspe-
cific electrostatic interactions, was employed in AUC,
BLI and ITC experiments. MciZ binding to FtsZ is endo-
thermic (AH = 3.3 kcal mol™"), entropy-driven (-TAS
= —12.2 kcal mol™") (Fig. 5 and Table 1). The observed
parameters include any contributions from MciZ peptide
folding in addition to binding to FtsZ; they are compati-
ble with a predominant role of hydrophobic interactions.
The equilibrium dissociation constant for the interac-
tion of MciZ with BsFtsZ is K, = 0.26 = 0.15 uM (Fig.
5A) and the close homolog SaFtsZ has in fact fivefold
weaker affinity, K = 1.42 +0.60 pM (Fig. 5B). The

Synthetic developmental requlator MciZ targets FtsZ 971

inactive peptide L12P showed a lack of ITC-detectable
binding to BsFtsZ or SaFtsZ, supporting specificity of
the MciZ binding. The thermogram of the more distant
Gram-negative homolog EcFtsZ titrated with MciZ does
not correspond to a binding isotherm, but likely reflects
nonspecific interactions (Fig. 5C). The interactions of
the other MciZ analogs with BsFtsZ were also mea-
sured. The binding affinities of R20A and V10™V (K,
values 0.16 + 0.1 and 0.18 + 0.08 uM respectively) are
similar to MciZ. Binding of G14™G is sevenfold weaker
(K5 = 1.85 + 0.62 pM) and the binding of L12l is about
40-fold weaker (Fig. S6 and Table 1). Peptide R20D was
found to interact nonspecifically with FtsZ (Fig. S6B).
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Fig. 5. Calorimetric titrations (ITC) of MciZ interaction with BsFtsZ (A), SaFtsZ (B) and EcFtsZ (C). MciZ, black line and solid circles; L12P
control, gray line and empty circles. Each peak (upper panels) represents the heat (integrated area) resulting from peptide injection into
FtsZ solution. Each point in the bottom panels is the heat evolved per mol of injected ligand in the corresponding peak in the upper panel.
Solid lines are the best fits to experimental data. Note that L12P injections in the upper panels are downshifted on the y-axis to facilitate
comparison.

Table 1. Energetics of the interactions of MciZ peptides with FtsZ determined by ITC at 25°C.2

Peptide ligand and

protein K (uM) AG (kcal mol™) AH (kcal mol™) ~TAS (kcal mol™) n,,.°
MciZ (BsFtsZ) 0.26 + 0.15 -8.88+0.18 3.35+0.35 -12.25 +0.02 1.5+0.2
MciZ (SaFtsZ) 1.42 + 0.60 —7.98 +0.26 3.53+0.35 -11.51 + 0.02 1.5+0.2
R20A (BsFtsZ) 0.16 = 0.10 -9.34 +0.06 4.06 = 0.30 -13.42 + 0.30 1.5+0.1
L12l (BsFtsZ) 10.8 + 8.0 —-6.79+0.15 6.36 + 2.80 -13.09 + 0.30 1.3°
V10™V (BsFtsZ) 0.18 + 0.08 -9.23+0.03 471+0.23 -13.95 + 0.15 1.3+0.1
G14™G (BsFtsZ) 1.85 + 0.62 —7.21£0.15 7.07 = 0.50 -14.28 + 0.06 0.9+0.1
MciZg,, (BsFtsZ) 0.25 + 0.05 -9.03 £ 0.14 314 +0.34 -12.2 + 0.40 1.7+0.2

#Values are average and standard error of at least duplicate experiments. Values for MciZ (BsFtsZ) are an average of five experiments.

"The n> 1 apparent stoichiometry values may be explained by total MciZ containing inactive (unfolded) free peptide in equilibrium with the
active (folded) species for binding to FtsZ.
°Stoichiometry was constrained to n = 1.3 in this case.
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Interestingly, MciZ from B. anthracis (MciZg, ) binds to
BsFtsZ (K, = 0.25 + 0.05 pM), with similar affinity and
thermodynamic parameters as B. subtilis MciZ (Table
1 and Fig. S6F), in spite of the 18 amino acid changes
between both MciZs (Fig. 2C).

In summary, the results from the combined AUC, BLI
and ITC approaches indicate the entropically driven for-
mation of a MciZ:BsFtsZ high-affinity complex (average
K, = 0.2 uM) in solution, whose features are consistent
with the specific interactions described in the crystal
structure of the core FtsZ:MciZ complex (Bisson-Filho et
al., 2015), particularly the p-sheet extension and hydro-
gen-bonding pattern. The interaction was thus modulated
or completely blocked by single amino acid substitutions in
five synthetic MciZ analogs, but not by the numerous pos-
sibly non-essential substitutions in MciZg, .. The analog
activities on B. subtilis (Fig. 2) qualitatively correlate with
their different in vitro binding affinities to BsFtsZ (Table 1),
strongly supporting the notion that cellular FtsZ is being
targeted by the exogenous MciZ peptide. Additionally, we
have found that MciZ is specifically recognized by purified
SaFtsZ and not by EcFtsZ, which points out the potential
of MciZ to inhibit FtsZ and cell division in S. aureus, as will
be described later.

Exogenously added MciZ or induced expression of mciZ
impair sporulation and germination in B. subtilis

We next asked whether an excess of MciZ would inter-
fere with the B. subtilis sporulation process. MciZ is nor-
mally expressed in the mother cell with a peak level 3.5 h
after entry into sporulation, which contributes to block the
formation of a Z-ring at mid cell (Handler et al., 2008). B.
subtilis 168 cells, cultured first on a rich medium, were
transferred to resuspension medium to induce sporula-
tion (Sterlini and Mandelstam, 1969). Microscopic anal-
ysis of the cultures 5 h later revealed the presence of
spores in control samples, but slightly filamented cells
predominantly lacking spores were observed in samples
with 5 pM MciZ (Fig. 6A). These phenotypic changes are
consistent with blocking FtsZ assembly both at mid cell
and at the prespore region, preventing the asymmetric
cell division necessary for spore formation. The presence
of MciZ in the sporulation medium caused a reduction of
70 + 4% (n=3) in the number of spore colony forming
unit (cfu) with respect to the control. As negative con-
trol, we repeated the experiment with the inactive peptide
L12P and, as expected, the sporulation proceeded nor-
mally, the presence of L12P in the sporulation medium
only caused a reduction of 5 + 1% in the cfu.

To ensure that the inhibitory effect of MciZ on sporula-
tion was not due to potential membrane damage by the
synthetic peptide, we examined sporulation in a B. subtilis
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strain harboring a xylose-inducible copy of mciZ (FG1443,
Table S5). Control cells of FG1443 growing in resuspen-
sion medium sporulated, but treatment with 5 yM MciZ or
1% xylose decreased sporulation, leading to a reduction
of 53 + 9% and 40 * 8%, respectively, in the cfu. These
results demonstrate that exogenous MciZ or intracellular
MciZ expression similarly impair sporulation (Fig. 6A).
Division of FG1443 cells was also inhibited by MciZ or
xylose (Fig. S7).

We have also tested the effect of MciZ on the germi-
nation process. Germination is essential for dormant
spores to return to vegetative growth, which is regulated
by germination-specific proteins synthesized during spore
formation (Paredes-Sabja et al., 2011). To induce germi-
nation, heat-activated spores were transferred to ger-
mination medium and the optical density of the cultures
measured (Fig. 6B). Spores cultured in the absence of
MciZ or with 5 uM L12P (inactive peptide) showed sim-
ilar germination curves; however, exogenously added
MciZ completely blocked germination in both strains.
Intracellular expressed MciZ impaired germination of the
FG1443 strain in a milder way than exogenous MciZ, pos-
sibly due to differences in intracellular MciZ concentra-
tion. Our results demonstrate that excess MciZ can impair
different modes of B. subtilis reproduction since it is not
only able to arrest vegetative growth by targeting FtsZ, but
it can also inhibit sporulation and germination, which are
crucial for dissemination and survival.

Inhibition of cell division in different Bacillus species by
synthetic B. subtilis and B. anthracis MciZ

Conserved genomic sequences encoding homologs
of the B. subtilis MciZ developmental regulator spread
across Bacillus species, suggesting that MciZ confers a
fitness advantage facilitating sporulation. However, MciZ
is not essential for sporulation, probably due to redun-
dancy with other factors preventing cytokinesis in the
mother cell (Handler et al.,, 2008). A phylogenetic tree
constructed with the MciZ sequences > 55% identical to
B. subtilis MciZ is shown in Fig. 7A. In addition to poten-
tial MciZs from Bacillus spp., a hypothetical 56-amino
acid homolog with 46% identity was found in Clostridium
ultunense (GenBank: CCQ95631.1). Although there
is substantial diversity between Bacilli and Clostridia
sporulation processes (Paredes-Sabja et al., 2014),
in both cases the decision to enter sporulation falls on
the transcriptional regulator SpoOA (Steiner et al., 2011;
Higgins and Dworkin, 2012) and on the activation cas-
cade of sporulation-specific RNA polymerase sigma fac-
tors (Haraldsen and Sonenshein, 2003; de Hoon et al.,
2010); therefore, a functional MciZ would make sense in
Clostridium.
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Fig. 6. Effects of exogenous and endogenous MciZ on sporulation and germination.

A. B. subtilis cells were stained with the membrane dye FM4-64 and examined by fluorescence microscopy, 5 h after inducing sporulation. B.
subtilis 168 was grown in sporulation medium without (control) or with 5 uM MciZ or 5 uM L12P inactive analog, as indicated; representative
images of treated cells or spores are shown in each case. B. subtilis strain FG1443 (amyE::Pxyl-mciZ) — which harbors a xylose-inducible
copy of mciZ — was grown in sporulation medium without (control) or with 5 pM MciZ or 1% xylose. Scale bar: 10 ym.

B. Left: germination curves of B. subtilis 168 in the absence or presence of MciZ or L12P (5 uM) added to the culture medium. Right:
Germination curves of B. subtilis FG1443, with MciZ (5 pM) or xylose (1-2% w/v).

To explore the degree of specificity of MciZ action on
different Bacillus species, we compared the inhibition of
cell division by exogenous MciZ in two relatively distant
Bacillus clades: the closely related group of B. subtilis, B.
amyloliquefaciens and B. licheniformis, and the branch
of the insecticidal B. thuringiensis, the food pathogen
B. cereus and the anthrax agent B. anthracis, also very
closely related among them (Fig. 7A). In order to permit
comparisons in both directions, in addition to B. subti-
lis MciZ we also employed MciZ from B. anthracis (Fig.
2C). We cultured cells of the different Bacillus spp. in the

presence of increasing nontoxic concentrations of each
peptide and quantified their effects on division (Fig. 7B,
raw data in Fig. S8, see Table S3 for length measurements,
Table S4 for MDP). B. subtilis was the more sensitive spe-
cies: 2.5 uM MciZ or MciZg, , led to a comparable 6-7 fold
increase in cell length in agreement with their equal affin-
ities for BsFtsZ (Table 1). Supportingly, MciZg, ., inhibited
BsFtsZ in vitro assembly similarly to MciZ (Fig. S3).

A higher concentration of MciZ (10 uM) was required
for similar effects on the close B. amyloliquefaciens and

B. licheniformis, which were less sensitive to MciZg,,

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 111, 965-980
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Fig. 7. Effect of synthetic B. subtilis and B. anthracis MciZ on phylogenetically related Bacillus species.
A. Phylogenetic tree of Bacillus species based on MciZ protein sequences. Sequences were obtained from GenBank and NCBI. Accession
numbers for each sequence are shown. Branch length is proportional to estimated phylogenetic distance, in amino acid substitutions per

site. Arrowheads: Bacillus species selected for cellular studies.

B. Cells of Bacillus spp. were incubated during 3 h with MciZ or MciZg,,  and their effects on cell length were analyzed under the microscope
using phase contrast and quantified by measuring cell length in FM4-64 membrane stained cells. Representative examples of each observed
phenotype are shown (scale bars: 10 ym). The peptide concentrations employed and mean cell lengths are indicated in each case.

(40 pM). B. thuringiensis-cereus-anthracis were less
sensitive than the B. subtilis group to MciZ and they
showed no selectivity for MciZg, ,, which lacked effect on
B. thuringiensis. MciZ and MciZg, . (40 uM) had small but
significant effects on B. anthracis cell division (~twofold
increased cell length).

We concluded from these results that the specificity of
MciZ action in Bacillus is low, which is compatible with
the conservation of practically identical sequences in the
MciZ binding elements of FtsZ in the six species exam-
ined (Fig. S9). The different sensitivities to MciZ may thus
be speculated to be related to differences in peptide per-
meability of their cell envelopes. On a practical side, the
effects of MciZ on pathogenic B. cereus, B. thuringiensis
and B. anthracis suggest its potential use to design new

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 111, 965980

specific antibacterial inhibitors. The infectious agent of
anthrax is the dormant endospore and we have observed
that MciZ or MciZg, , added to the medium impair spor-
ulation of B. cereus (reduction of 36 + 8% and 66 + 5%,
respectively, in the cfu after 5 h of sporulation), the closer
relative of B. anthracis, although no effect on B. cereus
germination was observed (Fig. S10).

Inhibition of S. aureus cell division by intracellular
expression of B. subtilis MciZ

The results obtained with AUC, BLI and ITC demon-
strated that purified SaFtsZ recognizes MciZ from
B. subtilis, consistent with small differences in the MciZ
binding region of FtsZ between BsFtsZ and SaFtsZ
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Fig. 8. Effects of MciZ on cell division in S. aureus.

A. Protein sequence alignment for FtsZ from B. subtilis, S. aureus and E. coli. Residues involved in ionic interactions with MciZ are indicated

in bold type.

B. S. aureus RN4220 cells harboring a plasmid with a cadmium-inducible copy of mciZ (RN4220 + pCN51-P_, ,-mciZ) were grown in TSB
at 37°C for 5 h in the absence (Control) or presence of 2.5 uM CdCl,. Cell membranes were stained with FM4-64 and FtsZ was visualized
using a fluorescent probe. No effect was observed in RN4220 cells growing in the presence of 40 uM synthetic MciZ (right panel). Scale bars:

2.5pum.

C. Diameter measurements of cells from the experiment shown in panel B (n = 50). Control and RN4224+MciZ S. aureus cells were
1.00 £ 0.01 pm in diameter. S. aureus cells treated with CdCl, were 1.55 + 0.02 ym in diameter.

(Fig. 8A). However, we have observed that S. aureus
Mu50 is not sensitive to exogenously provided MciZ.
Taking into account differences in cell wall composition
and architecture among Gram-positive bacteria (Kim
et al., 2015) and insights into the interaction of antimi-
crobial peptides with cell wall components (Malanovic
and Lohner, 2016), we thought that exogenous MciZ
was ineffective on S. aureus possibly because it can-
not enter the cell. To test this hypothesis, we generated
a S. aureus strain harboring a plasmid with an induc-
ible copy of mciZ (strain RN4220 + pCN51-P_,,-mciZ,

Table S5). When we grew this strain in the presence
of cadmium to induce mciZ expression we observed
enlarged “ballooning” cells, a phenotype characteristic
of blocking cell division in cocci (Pinho and Errington,
2003; Haydon et al., 2008). Additionally, using a flu-
orescent probe that we had developed to label FtsZ
polymers (Artola et al., 2017), we could confirm the
absence of Z-rings in these enlarged cells (Fig. 8B).
The treated cells had a mean diameter 1.55-fold larger
than the control cells (Fig. 8C). In the case of E. coli,
we did not observe any effects on cell division with

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 111, 965-980
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exogenously added or endogenously inducible MciZ
(strain BL21+pABS50, Table S5), which is consistent with
the lack of specific binding of MciZ to EcFtsZ that had
been observed in vitro. These results may be explained
by the weak conservation of the MciZ binding residues
in EcFtsZ (Fig. 8A). Our results also suggest the design
of MciZ-based peptide antibacterials against S. aureus.
One possibility would be the use of vectors such as
cell-penetrating peptides (Copolovici et al., 2014), an
approach that has been broadly explored for drug
delivery to tumor cells (Wang and Wang, 2012) and
less often against infectious diseases (de la Torre et
al., 2014). As a preliminary test, we tried synthetic MciZ
fused to a N-terminal cell-penetrating Tat sequence
that enhanced filamentation and toxicity on B. subtilis,
but lacked effect on S. aureus (40 uM Tat-MciZ); addi-
tional possibilities remain to be studied.

Conclusion

We have shown that exogenous MciZ peptides inhibit
B. subtilis cell division, sporulation and germination,
and have analyzed in detail MciZ molecular recogni-
tion by different FtsZ. The cell division inhibitory activ-
ity of synthetic MciZ extends to pathogenic B. cereus
— B. anthracis. Given the complexity of the sporulation
process, where many factors are involved, we cannot
discard the possibility that another cellular mecha-
nism or receptor, in addition to direct inhibition of FtsZ
assembly, might explain the selective action of MciZ in
Bacillus. However, based on the results obtained with
S. aureus, a nonspore-forming pathogen, we propose
that entry or expression of B. subtilis MciZ within bac-
terial cells is sufficient to inhibit division as long as the
MciZ key recognition residues in helix H10-strand 9 of
FtsZ are conserved. Our results suggest the possibility
of designing MciZ-based peptide antibacterial agents
targeting cell division.

Experimental procedures
Peptides

MciZ and the analogs shown in Fig. 2C were assembled
on either Prelude (Gyros Protein Technologies, Tucson, AZ)
or microwave-assisted Liberty Blue (CEM Corp., Matthews,
NC) synthesizers, using ChemMatrix (PCAS Biomatrix Inc.,
Saint-Jean-sur-Richelieu, Quebec, Canada) or 2-chlorotri-
tyl chloride (Iris Biotech GmbH, Marktredwicz, Germany)
resins, respectively, and optimized Fmoc solid-phase syn-
thesis protocols, including the N-methyl substituted Fmoc-
MeVal and Fmoc-N-MeGly residues in V10"V and G14™G
respectively. For coupling onto MeVal and MeGly residues
the synthesis was switched to manual mode, the respec-
tive peptide resins were first deprotected with piperidine/
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dimethylformamide (DMF) (20% v/v, 2 x 10 min) and piper-
idine/1,8-diazabicyclo(5.4.0)undec-7-ene/toluene/DMF
(5:5:20:70, v/v; 2 x 5 min), then the incoming Fmoc-Gly® and
Fmoc-Val'® were, respectively, added to the resin in fivefold
molar excess, along with 7-azabenzotriazol-1-yloxy)tripyr-
rolidinophosphonium hexafluorophosphate (PyAOP) and
N, N-diisopropylethylamine (5- and 10-fold molar excess
respectively), in DMF as solvent and allowed to react for 1 h
with intermittent manual stirring. An additional (2.5 molar
excess) amount of PyAOP was next added and the mixture
stirred for another 60 min. Synthesis was then resumed
in automated mode for the remaining residues of each
sequence.

After deprotection and cleavage with trifluoroacetic acid/
H,Oftriisopropylsilane (95:2.5:2.5 v/v, 90 min, r.t.), the pep-
tides were isolated by precipitation with cold ethyl ether,
reconstituted in water and lyophilized. Preparative reverse
phase HPLC purification yielded the target peptides in
>95% homogeneity, with mass spectra consistent with the
expected composition. Additional peptides (not listed on Fig.
2C) included versions of both MciZ and R20A elongated at
the N-terminus with the Tat(48-60) (GRKKRRQRRRPPQ)
cell-penetrating sequence.

Peptide stock solutions (5 mM) were prepared in distilled
water before use. Concentration was measured spectropho-
tometrically using an extinction coefficient of 13,980 M~ cm™
at 280 nm, calculated from the amino acid sequence.
PC190723 was synthesized as previously described (Andreu
et al., 2010) and stock solutions prepared in dimethyl sulf-
oxide, whose residual concentration in treated cultures and
controls was less than 0.5%.

Bacterial strains, plasmids and microscopy

All strains and plasmids used in this work are listed in
Table S5. Bacillus spp, except B. anthracis, were grown
in cation-adjusted Mueller-Hinton broth (CAMHB; Becton,
Dickinson and Company) at 37°C. B. anthracis was grown
in Nutrient Broth medium (beef extract 5 g L™, peptone 10 g
L™, NaCl 5 g L™", pH 7.2) and manipulated at the Neglected
and Emerging Diseases Unit of the VISAVET Health
Surveillance Centre (Universidad Complutense de Madrid,
Spain). S. aureus RN4220 was grown in Trypticasein Soy
Broth (TSB, Eur Pharm, Pronadisa) at 37°C. MIC val-
ues were determined by a broth macrodilution method as
described (Artola et al., 2015).

To construct plasmid pCN51-P_,-mciZ, a 124 bp
fragment containing the mciZ open reading frame was
amplified using primers mciZ-BamHI| (5’-AAGGATCCAT-
GAAAGTGCACCGCAT-3’) and mciZ-EcoRlI (5'-AAGAATTC-
TTATGGCTTTGAGATCCAATC-3'). The PCR product was
digested with BamHI and EcoRlI (sites underlined in primer
sequences above) and cloned into pCN51, cut with the same
enzymes. Expression of mciZ was induced by 2.5 uM CdCl,.
Antibiotics were used at the following concentrations: chlor-
amphenicol, 5 ug mL™"; spectinomycin, 100 pg mL™"; erythro-
mycin, 10 ug mL™"; kanamycin, 50 ug mL™"; ampicillin, 100 ug
mL™". Microscopy assays were performed as previously
described (Araujo-Bazan et al., 2016), except B. anthracis
that was subjected to Gram staining. Line profiles were drawn
on cell membranes stained with FM4-64 to measure cell



length, distinguishing elongation from potential cell chaining,
using the analysis tools of Wasabi software (Hamamatsu).

Sporulation and germination assays

Bacillus subtilis or B. cereus cells were grown in CAMBH at
37°C, inoculated at an ODy, of 0.05 from an overnight cul-
ture grown in the same medium. When the culture reached
ODg, 0.14, sporulation was induced by transferring cells
to the resuspension medium of Sterlini and Mandelstam
(Sterlini and Mandelstam, 1969). After 24 h in sporulation
medium spores were harvested (3,000 g, 15 min, 4°C) and
resuspended in 50 mM potassium phosphate buffer (pH 8.0)
with phenylmethylsulfonyl fluoride (1 mM), lysozyme (10 mg
mL™"), DNase-I (25 pg mL™") and RNase (25 pg mL™") and
samples were incubated 60 min at 30°C to eliminate possible
vegetative cells (Seydlova and Svobodova, 2012). The intact
spores were sedimented by centrifugation (3,000 g, 10 min,
4°C), washed three times with distilled water and stored at
4°C. All spores used for germination were first heat-acti-
vated in distilled water for 30 min at 70°C. Germination of
heat-activated spores was triggered in CAMHB medium
supplemented with 10 mM L-asparagine, 10 mM glucose,
1 mM fructose and 1 mM potassium chloride (Pandey et al.,
2013). To quantify sporulation efficiency, 5 h sporulating cul-
tures were plated following spore collection, elimination of
vegetative cells and heat-activating spores as above. Cfu
was determined by counting colonies after 24 h at 37°C.

Protein purification

BsFtsZ, BsFtsZCt (Huecas et al., 2017), SaFtsZ and EcFtsZ
(Artola et al, 2017) were purified as described. His,-
BsFtsZ and Hisg-BsFtsZACt were purified as BsFtsZ and
BsFtsZACt, respectively, but without the His-tag cleavage
step. BsFtsZ polymerization was monitored by light scatter-
ing and sedimentation in 50 mM Hepes-KOH, 300 mM KClI,
1mM EDTA, 10 mM MgCl,, 100 pyM GMPCPP, pH 6.8 at
25°C as described (Ruiz-Avila et al., 2013).

His,-MicZ for BLI assays was expressed in E. coli BL21
cells transformed with plasmid pAB50. The expression was
induced with 1 mM isopropyl-p-D-thiogalactopyranoside.
After 3 h of induction at 37°C cells were harvested by cen-
trifugation and the pellet was resuspended in 50 mM Hepes-
KOH, 300 mM KCI, 1 mM EDTA, pH 6.8, supplemented with
0.1 mM GDP. Cells were lysed by sonication, the lysate was
cleared by centrifugation at 20,000 g for 20 min at 4°C, and
directly applied to the biosensor.

Pull-down assay

For in vitro MciZ binding assays, 10 uM purified His,-BsFtsZ
or Hisg-BsFtsZACt was incubated with 25 pL of nickel NTA
agarose beads (ABT) for 1 h at 4°C, in binding buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0). The
beads were washed 3 times at 500 g with washing buffer
(50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, pH 8.0)
and washed beads, with His;-BsFtsZ or His -BsFtsZACt
bound, were incubated with 10 pM MciZ or L12P in binding
buffer for 1 h at 4°C. The beads were then pelleted down
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and the not retained material was collected. Bound proteins
were eluted with elution buffer (50 mM NaH,PO,, 300 mM
NaCl, 250 mM imidazole, pH 8.0). Eluted and not retained
proteins were separated by SDS-PAGE and stained using
Coomassie blue.

Analytical ultracentrifugation

Sedimentation velocity experiments were made in a
Beckman Optima XL-I analytical ultracentrifuge equipped
with interference and absorbance optics providing a lin-
ear response in the concentration range employed, using
an An50/Ti rotor with 12 mm double-sector centerpieces
at 45,000 rpm, 25°C. Differential sedimentation coefficient
distributions, c(s), were calculated with SEDFIT (Schuck et
al., 2002). The weight average sedimentation coefficient
values measured in buffer at 25°C were corrected to H,0O
at 20°C, s,, . Ligand to protein binding was measured by
co-sedimentation analysis (Barbier et al., 2010; Ruiz-Avila
et al., 2013; with modifications). The FtsZ protein concen-
tration (area under the 3 S peak) was measured by refrac-
tive index increment (3.25 fringes per mg mL™" protein, to
which the lower mass peptide ligand contributes very little).
The MciZ peptide was measured by absorption at 293 nm
(subtracting the small contribution of the proteins employed
that lack Trp residues and absorb less than MciZ at this
wavelength). The area under the MciZ peak co-sedimenting
with FtsZ (3 S) in the ¢(S) distribution of the peptide was
employed to calculate the concentration of peptide bound
to the protein (using a peptide absorptivity of 5275 M~ em™
at 293 nm, determined from initial scans at 3,000 rpm). AUC
experiments were done in 50 MM Hepes-KOH, 300 mM
KCI, 1 mM EDTA, pH 6.8, supplemented with 0.1 mM GDP
(HK300 buffer).

Bio-layer interferometry

The interaction between peptides and BsFtsZ was ana-
lyzed using a single-channel BLItz system with Ni-NTA
biosensors (ForteBio, Menlo Park, CA, USA). His,-
BsFtsZ was immobilized through the His-tag on the
sensors, at a final concentration of 100 pg mL™" in HK300
buffer. Experiments were performed at ~22°C and a shake
speed of 2,200 rpm, with baseline for 30 s followed by an
association phase (experimental sample) for 180 s and a
dissociation phase (buffer alone) for 180 s. The interact-
ing peptides in the same buffer were added to generate
the sensorgrams. The best fit association and dissocia-
tion rate constants were determined using the BLItz Pro
software and Sigma Plot (Systat Software). The inter-
action between MciZ and different species of FtsZ was
analyzed in reverse experiments in which His,-MciZ was
immobilized on the biosensor tip. The interacting proteins
(BsFtsZ, BsFtsZACt, SaFtsZ or EcFtsZ, 100 pg mL‘1)
were added in the same buffer.

Isothermal titration calorimetry

ITC measurements were performed using a MicroCal
PEAQ-ITC calorimeter (Malvern). The sample cell
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(0.2 mL) was loaded with 10 uM FtsZ, equilibrated in the
experimental buffer with a Fast Desalting Column HR
10/10 (Pharmacia Biotech), and the syringe was loaded
with the peptide at a concentration comprised between
200 and 250 pM. Experiments were performed in HK300
buffer. Concentrated stock solutions of peptide in water
were diluted to the experimental concentrations in buffer.
An identical small proportion of water was introduced in
the protein sample. As a control experiment, the individ-
ual dilution heats for the syringe reactant were determined
by carrying out identical injections of the reactant into the
sample cell with buffer. Controls without peptide and buf-
fer in buffer controls were also run. A total of 13 injections
of 3 pL were sequentially mixed into the sample cell with
180 s spacing. The electrical power required to maintain
the reaction cell at constant temperature after each injec-
tion was recorded as a function of time, generating the
thermograms shown. Binding isotherms were fitted to a
single type of site model using the MicroCal PEAQ-ITC
Analysis software.

Phylogenetic tree

Phylogenic analysis was performed on the Phylogeny.fr
platform (http://www.phylogeny.fr/) (Dereeper et al., 2008).
Sequences were aligned with MUSCLE (v3.8.31) configured
for highest accuracy. The phylogenetic tree was recon-
structed using the maximum likelihood method implemented
in the PhyML program (v3.1/3.0 aLRT). The WAG substitu-
tion model was selected assuming an estimated proportion
of invariant sites (of 0.084) and 4 gamma-distributed rate
categories to account for rate heterogeneity across sites.
The gamma shape parameter was estimated directly from
the data (gamma = 2.455). Reliability for internal branch
was assessed using the aLRT test (SH-Like). Graphical rep-
resentation and edition of the phylogenetic tree were per-
formed with TreeDyn (v198.3).
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