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Bacterial cell division involves a contractile ring that organises downstream proteins at the division
site and which contains the tubulin homologue FtsZ. ZapC has been discovered as a non-essential
regulator of FtsZ. It localises to the septal ring and deletion of zapC leads to a mild phenotype, while
overexpression inhibits cell division. Interference with cell division is facilitated by an interaction
with FtsZ. Here, we present the 2.9 A crystal structure of ZapC from Escherichia coli. ZapC forms a
dimer and comprises two domains that belong to the Royal superfamily of which many members

bind methylated arginines or lysines. ZapC contains an N-terminal chromo-like domain and a
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Tudor-like C-terminal domain. We show by ITC that ZapC binds the C-terminal tail of FtsZ.
© 2015 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.

1. Introduction

Most bacteria and archaea divide using a contractile septal ring
that is composed of intracellular or inner, cytosolic proteins,
including the bacterial tubulin homologue FtsZ, and also middle,
transmembrane proteins and outer, periplasmic proteins [1-3].
Together, the putative protein complexes involved in this process
have been termed the divisome [4]. The inner divisome proteins
organise into a ring structure, the Z-ring that is used as a platform
to recruit the downstream components of the system including the
transmembrane and periplasmic proteins [5]. Several divisome
components are essential for septation and their inactivity or
absence prevents division, causing growth as filamentous cells [6].

In Escherichia coli, the inner proto-ring proteins [7], FtsZ, FtsA
and ZipA, are essential. Transmembrane or middle divisome pro-
teins facilitate communication between the inside of the cell and
the periplasm, where the cell wall is synthesised and in E. coli
include the essential components FtsB, Ftsl, FtsL, FtsK, FtsN, FtsQ
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and FtsW [8]. Together, inner and middle divisome components
interact with outer periplasmic proteins that facilitate or organise
the remodelling of the cell wall and outer envelope, for example
PBPs (penicillin binding proteins), amidases and autolysins [9].
Remodelling of the cell wall, inner membrane constriction and
Z-ring constriction normally occur concurrently and it is not
known what the force generators for constriction are and if there
is more than one, how they are synchronised.

Apart from essential components, the number of non-essential
divisome components being discovered is increasing, including
new elements in the inner proto-ring [10]. Several proteins have
been discovered that localise to the site of constriction and show
weak division-defective phenotypes on their own and stronger
phenotypes when combined, possibly indicating a role in making
the process more robust or efficient [11]. Such proteins include
the Zap proteins (Z-ring Associated Proteins), ZapA [12], ZapB
[13], ZapC [14,15] and ZapD [16]. These proteins do not have much
in common and, apart from ZapA and ZapB, do not seem to func-
tion together. ZapA, ZapC and ZapD bind to FtsZ directly and affect
FtsZ polymerisation and bundling in vitro [12,14-16].

ZapC was discovered using Z-ring fluorescence localisation
screens [8] and through transposon screens in the absence of a
functional Min system [9]. ZapC has no clear homologues of known
function, it is 180 residues long in E. coli and is found across
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gammaproteobacterial species [14]. When deleted, ZapC causes a
mild division-defective phenotype, but when overexpressed, ZapC
causes a severe cell division defect leading to filamentous growth
[14,15]. ZapC interacts with FtsZ and its intracellular localisation
is only dependent on FtsZ and none of the other downstream divi-
some components [14,15]. Mixing of ZapC with FtsZ leads to
increased FtsZ filament bundling when observed by negative-
stain electron microscopy and light scattering. A ZapC mutant
L22P has been described that abrogates the FtsZ interaction
in vitro, as well as the cell division phenotypes upon deletion
and overexpression [15]. Recently, ZapC has been shown to interact
with the body of FtsZ, not the C-terminal tail, leading to nanomolar
affinity between the two proteins as measured by fluorescence-
based bulk pelleting assays, pulling labelled ZapC into FtsZ polymers
by centrifugation [17]. It has been suggested that ZapC is a monomer
based on calibrated size exclusion chromatography [15].

In this work we present the 2.9 A crystal structure of ZapC from
E. coli, showing that it is composed of two distinct domains belong-
ing to the chromo and Tudor domain families. We find that ZapC is
a weak dimer and also shows moderate affinity for a peptide
derived from the C-terminal tail of FtsZ.

2. Materials and methods
2.1. Cloning, protein expression and purification

The E. coli K12 zapC gene (GenBank: AAC74032.2, coding for
UniProt protein sequence P75862.2) was amplified using PCR from
genomic DNA, cloned into the Ndel/BamHI sites of plasmid pHis17
(Bruno Miroux, personal communication; small, pET derived
plasmid with T7 promoter) and was expressed as a C-terminal
Hise-fusion in E. coli C41(DE3) cells (Lucigen). According to estab-
lished feed-back inhibition protocols [18,19], selenomethionine-
substituted (SeMet) ZapC cultures were grown to early log phase
(ODgoo = 0.6) at 37 °C in M9 minimal medium, supplemented with
0.4% (w/v) glucose, 2 mM MgSO,4. 100 mg/L of pL-selenomethionine
(Generon), 100 mg/L of lysine, threonine, phenylalanine and
50 mg/L of leucine, isoleucine and valine were added as solids at
the same time. Fifteen minutes later, protein expression was
induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG)
and cells were further grown overnight at 20°C. Cells were
harvested by centrifugation at 4000 rpm for 15 min. The pellet
was re-suspended in 50 mM CHES, 300 mM NacCl, 15% glycerol
(v/v), 2 mM DTT, pH 9.0. Cell lysis was carried out at 25 KPSI using
a cell disruptor system (Constant Systems, Daventry, UK) and the
lysate was clarified by centrifugation at 30000 rpm for 30 min at
4 °C. The supernatant was passed over a 5 mL HisTrap HP column
(GE Healthcare). The column was equilibrated with 25 mM CHES,
300 mM NaCl, 10% glycerol (v/v), 1 mM DTT, pH 9.0. ZapC was
eluted with 100-300 mM imidazole in the same buffer. Peak frac-
tions were concentrated with centrifugal concentrators (Vivaspin,
Sartorius) and loaded onto a HiLoad Sephacryl S200 16/60 column
(GE Healthcare) equilibrated in 20 mM CHES, 250 mM NaCl, 10%
glycerol, 5 mM DTT, pH 9.0. Purified ZapC was concentrated as
before to 5 mg/mL for immediate use without freezing.

Untagged E. coli full-length ZapC protein was cloned the same
way with a stop codon in place of the histine tag and overproduced
from 12 L C41(DE3) bacterial culture grown at 37 °C to an optical
density ODggo of 0.5, at which point expression of ZapC was
induced with 1 mM IPTG for 3 h at 37 °C. Cells were centrifuged
and pellets were resuspended in buffer A (50 mM Tris-HCI,
50 mM KCl, 10% glycerol, pH 8.0), supplemented with DNAse |
(Sigma) and protease inhibitor tablets (Roche, Germany). Cell
lysate was passed through a Constant Systems cell disruptor at
25 kPSI and the lysate was centrifuged for 30 min at 40000 rpm
in a Beckman Ti 45 rotor at 4 °C. The supernatant was loaded onto

a 5mL HiTrap Q HP column (GE Healthcare), previously equili-
brated with Buffer A. The column was washed and ZapC was eluted
in a gradient to 1 M KCl in buffer A. ZapC eluted at around 300 mM
KCl. Peak fractions were pooled and concentrated to be loaded onto
a HiPrep 16/60 Sephacryl S200 column (GE Healthcare) equili-
brated in 50 mM Tris-HCl, 250 mM KCl, 1 mM EDTA, 10% glycerol,
pH 7.5. The pooled fractions were concentrated to 3 mg/mL,
aliquoted and stored frozen at —80 °C.

2.2. Crystallisation

Crystallisation conditions were found using our in house high-
throughput crystallisation platform [20], mixing 100 nL SeMet
ZapC solution at 5 mg/mL with 100 nL of 1920 different crystallisa-
tion reagents in MRC vapour diffusion sitting drop crystallisation
plates. For data collection, SeMet-substituted ZapC crystals were
grown at 19 °C by using the following final crystallisation solution:
0.58 M ammonium tartrate, 0.01 M sodium acetate, pH 4.6, and
this was mixed again 1:1 with protein solution. Crystals were flash
frozen for data collection after adding 20% (v/v) glycerol as a cryo-
protectant.

2.3. Structure determination

Since crystals were thin, long needles we used DLS’s (Diamond
Light Source, Harwell, UK) micro focus beamline 124 for data
collection. Using un-attenuated beam and 100 ms exposure time,
good diffraction to better than 3.0 A at the selenium edge could
be achieved but crystals were damaged rapidly under those condi-
tions. We therefore adopted a data collection strategy by which 16
wedges from 3 independent crystals were collected, translating the
beam along the crystals for the wedges that came from the same
crystals. In this way, a complete and highly redundant dataset to
2.9 A with very good anomalous signal was obtained (Table 1).
Selenium sites were found with SHELXCD [21] and initial maps
were obtained by PHASER in SAD mode [22]. It was immediately
recognised that the electron density maps contain a local twofold
axis and the axis was localised using PHENIX.FIND_NCS [23]. Add-
ing the NCS symmetry to solvent flattening after PHASER produced
a good map that BUCCANEER [24] could build into. BUCCANEER
was forced to recognise the local twofold axis by re-arranging
chains manually and finally REFMAC [25] and manual model build-
ing/correcting in MAIN 2014 [26] were employed to produce a fully
refined model of the E. coli ZapC dimer. Data collection and refine-
ment statistics are listed in Table 1. The experimental structure
factors and refined coordinates have been deposited in the Protein
Data Bank (PDB) with accession code 5fo3.

2.4. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were carried
out using a MicroCal iTC200 instrument (Malvern Instruments,
Malvern, UK) at 20 °C. Titrations consisted of 19 consecutive 2 pL
injections of protein ligand (following a pre-injection of 0.5 pL)
into the buffer or protein sample in the cell at 120 s intervals.
Un-tagged ZapC was used for ITC. Experiments consisted of inject-
ing 2 mM FtsZ peptide into ZapC (100 uM) in 50 mM Tris-HCl,
150 mM KCI, 1 mM EDTA, 2 mM MgCl,, pH 7.4. The resulting inte-
grated heats were corrected for the heat of dilution, then fitted to a
one-site binding model and binding constants calculated using the
Origin software (OriginLab, MA).

2.5. Analytical ultracentrifugation

Proteins samples (full-length, un-tagged) at concentrations
of 1-3 mg/mL in 50 mM Tris-HCl, 250 mM KCl, 1 mM EDTA, 10%
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Table 1

Crystallographic data.
Protein E. coli ZapC
UniProt ID P75862.2
Data collection
Beamline Diamond 124
Wavelength (A) 0.97858
Method crystal SeMet SAD
Space group P432,2

Cell (A) 87.4,87.4, 1183
Scaling
Resolution (A) 2.9
Completeness (%)* 100.0 (100.0)
Multiplicity® 41.8 (40.7)
16 wedges from 3 crystals
(Dfa(D)? 17.0 (3.9)
Rumerge” 0.302 (1.758)
Rpim" 0.064 (0.378)
Wilson B-factor (A?) 80.2
Refinement
R/Rfree” 0.213 (0.247)
Model 2 monomers: A: 1-168; B: 1-168, 0 H,0
Bond length RMSD (A) 0.021
Bond angle RMSD (°) 2.555
Average B-factor of all atoms (A%) 51.0
Favoured (%)" 99.3
Disallowed (%)° 0.0
Molprobity percentile 82nd
PDB ID 5fo3

¢ Values in parentheses refer to the highest recorded resolution shell.
b 5% of reflections were randomly selected before refinement.
¢ Percentage of residues in the Ramachandran plot (PROCHECK).

(v/v) glycerol, pH 7.5) were centrifuged at 50000 rpm at 20 °C
using 12 mm double sector cells in an An60Ti rotor, while monitor-
ing interference in a Beckman Optima XL-I analytical ultracen-
trifuge. The sedimentation coefficient distribution function, c(s),
was analysed using the SEDFIT program, version 13.0 [27] with a
frictional ratio (f/f,) of 1.20-1.23. The partial-specific volume
(v-bar), solvent density and viscosity were calculated using SEDN-
TERP [28]. The calculated v-bar was corrected for the effect of the
presence of glycerol using the below formula, derived from the
data of Gekko and Timasheff [29]. Data were plotted using GUSSI
(biophysics.swmed.edu/MBR/software.html).

Avbar

o 4
A% vol glycerol 3.33x10

3. Results and discussion

We cloned and expressed zapC from E. coli in E. coli, adding a
histidine tag at the C-terminus for crystallography, only since
many purifications had to be performed. After purification (Fig. 1A)
we routinely produced around 5 mg ZapC protein from 12 L of
culture for both the SeMet and native ZapC proteins. ZapC proved
to be difficult to handle in most buffers but we found it to be man-
ageable in a buffer at high pH (Section 2). Crystallisation trials
yielded needle-shaped crystals (Fig. 1B) that diffracted well
enough but were difficult to grow bigger. Structure determination
from seleno-methionine substituted crystals by SeMet SAD hence
utilised a microfocus beamline (124, Diamond Light Source,
Harwell, UK), using three needle-shaped crystals and 16 wedges
collected from different spots along the crystals. This yielded a
highly redundant dataset suitable for phasing. Phasing, automated
and manual model building, and refinement produced an atomic
model of very good quality, resolving residues 1-168 of ZapC, with
two molecules in the asymmetric unit, at 2.9 A resolution (Table 1).

The structure of the ZapC monomer (Fig. 1C) shows it to be
composed of alpha helices and two small beta sheets. The protein
contains two separate domains that are linked by a long, extended
and irregular linker reaching almost all the way around the mole-
cule (residues 88-109). This is presumably because the folds of the
two domains place their C- and N-termini at opposite ends of the
molecule (Fig. 1D, linker in yellow).

Overproduction of ZapC shows strong inhibition of cell division
in E. coli and it was previously shown that a mutation, (L22P), abol-
ishes this effect [15]. Using mutant protein carrying the same
mutation also had a negative effect in a number of in vitro interac-
tion assays with FtsZ. The position of this mutant in the middle of
the second beta strand of the small beta sheet of the N-terminal
domain is shown in Fig. 1C. Given that L22 was mutated to proline,
we think it is very likely that this change disrupts folding in this
region of the protein as prolines do not support regular beta sheet
formation and the side chain of L22 points into the hydrophobic
core of the N-terminal domain. It might also modulate dimer
formation as mentioned later.

The crystal structure shows that the C-terminal domain of ZapC
is related to Tudor domains. For example, ZapC can be superim-
posed on subunit Phf19 of the polycomb repressive complex 2
(PRC2, PDB 4BD3) [30] with an RMSD of 1.5 A over 51 Co atoms
(Fig. 1E). In fact, all top DALI [31] structural similarity search hits
were Tudor domains, indicating a high significance of this finding.
Although the fit is good, ZapC contains an extra beta hairpin (resi-
dues 141-154) that is not normally present in Tudor domains [32]
(Fig. 1F).

The N-terminal domain is distantly related to chromo domains
as was found when comparing ZapC to all entries in the Protein Data
Bank (PDB) with PDBe Fold (SSM) [33]. For example, the N-terminal
domain of ZapC can be superimposed on chromobox homolog 7
(CBX7, PDB 4MN3) [34] with an RMSD of 3.3 A over 42 Co atoms
(Fig. 1G). The fit is not as good as for the C-terminal domain and
Tudor domains, and the angles of all secondary structural elements
are slightly different between chromo domains and ZapC-N. When
compared to canonical chromo domains, an extra helical loop and
helix are found in the ZapC N-terminal domain (residues 32-71).
The last helix of the ZapC chromo domain (residues 72-87) is longer
than in canonical chromo domains and is connected via the long
linker (Fig. 1C) to the N-terminus of ZapC’s Tudor domain.

Tudor domains and chromo domains belong to the so-called
Royal superfamily that comprises Tudor, chromo, MBT, PWWP
and Agenet domains [32]. Interestingly, these domains often bind
methylated lysines and arginines and they are probably best
known for their sensing of methylated histone tails in eukaryotes.
This means that ZapC contains two distantly related domains that
are part of a superfamily of domains known for their ability to
sense arginine- and lysine-methylated peptides.

We investigated the structure of the putative canonical peptide
binding sites in both the N-terminal chromo domain and
C-terminal Tudor domain. In both cases, the binding sites seem
to be occluded. In the Tudor domain of ZapC, the extra beta hairpin
(residues 141-154) covers the very hydrophobic pocket that in
canonical Tudor domains binds the methylated lysine-containing
peptide (K36me3, Fig. 1F, cyan peptide). In the N-terminal chromo
domain of ZapC, the binding site is not quite as occluded but the
hydrophobic pocket is not very accessible either (Fig. 1H, yellow
peptide containing K27me3). In both cases, however, it seems
plausible that the domains could eventually undergo conforma-
tional changes allowing access to the hydrophobic pockets that
are required for methylated arginine and lysine binding.

It appears striking to us that a bacterial cell division protein
contains two domains of the Royal superfamily. Could ZapC be
involved in binding methylated regions of FtsZ? Previously, it has
been suggested that methylation might be required for progression
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Fig. 1. (A) Coomassie-stained SDS-PAGE gel showing fractions after size exclusion chromatography of E. coli SeMet ZapC. The first two fractions correspond to the void
volume of the column used (see Section 2). (B) Typical crystals of E. coli SeMet ZapC after optimisation as used in this study. The needles were typically less than 20 pm in
diameter, leading to weak diffraction and strong decay in the X-ray beam during data collection. Several wedges were collected from three crystals while translating along the
long axis of the crystals and merged for structure determination. (C) Ribbon plot (PyMOL, Schrédinger) outlining the crystal structure of ZapC at 2.9 A resolution. The
structure is shown in rainbow colours from the N-terminus in blue to the C-terminus in red. Amino acid L22 is indicated by spheres [9]. (D) ZapC contains two fairly separate
domains that are connected via a long linker, shown in yellow. The N-terminal domain is shown in light blue, the C-terminal domain in grey. (E) The C-terminal domain of
ZapC is related to Tudor domains. Many such related domains come up in database structural similarity searches (DALI). A superposition between PDB 4BD3 (PHD finger
protein 19, red, RMSD 1.5 A over 51 Co) [24] and ZapC's C-terminal Tudor domain is shown. (F) Tudor domains are known to preferentially bind to peptides containing
methylated arginines and lysines. The superposition in E is repeated here with the methylated (K36me3) histone tail peptide ligand shown in cyan. It is clear that the same
binding pocket in ZapC is occluded by a small beta-hairpin comprising residues 141-154. (G) The N-terminal domain of ZapC is distantly related to chromo domains. Again,
many such domains come up in database searches (PDBe FOLD). A superposition between PDB 4MN3 (CBX7, chromobox homologue 7, light blue, RMSD 3.3 A over 42 Car) [28]
and ZapC's chromo domain is shown. (H) Stereo plot showing both superpositions (from panels E, F; and G) with their lysine-methylated peptide ligands, only (yellow:
chromo domain, cyan: Tudor domain). As for the Tudor domain, the canonical peptide pocket in ZapC's chromo domain is probably occluded by a different orientation of the
first strand and a small helical segment between residues 44 and 50.

of cell division as determined by the consequences of reducing conserved arginine, R379 (E. coli numbering, Fig.2A). It is very
methylation co-factor availability [35]. The highly conserved tempting to speculate that binding of the large number of
C-terminal tail of FtsZ could be a possible site for such post- FtsZ-interacting proteins to this tail might be regulated by
translation modification as it is spaced away from the folded body post-translational modification as otherwise it is difficult to
of the protein by a long flexible linker and contains a highly explain how so many different proteins may work in concert while
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Fig. 2. (A) Multiple sequence alignment (Clustal Omega, www.clustal.org) showing conservation within the C-terminal tails of various FtsZ proteins. A maximum of ten
sequences were collected from each BLAST search with FtsZ sequences from E. coli, B. subtilis, C. crescentus and P. aeruginosa (Ec, Bs, Cc, PaFtsZ) sampled evenly up to the point
where percentage of sequence cover and identify dropped below 95% and 40%, respectively. Totally conserved arginine residue 379 is highlighted; numbering corresponds to
EcFtsZ. (B) Binding of FtsZ peptide to ZapC. Raw heats measured during injections of FtsZ peptide into ZapC by ITC (top) were integrated and fitted to a single-site binding
model (bottom) yielding a stoichiometry of 1.0 with an enthalpy of —2.1 kcal/mol and Kj, of 32 + 6 uM. (C) ZapC dimer as suggested by crystal packing and PISA (PDBe PISA;
www.ebi.ac.uk/pdbe/pisa) [30]. The strands of the N-terminal chromo domain come together to form an eight-stranded sheet. (D) Left: analysis of the oligomeric state of ZapC
from sedimentation velocity analytical ultracentrifugation. Interference scans (symbols) and best-fit c(s) model at different points in time indicated by colour temperature
with residuals to the fit below. Right: c(s) sedimentation coefficient distribution showing peaks for monomer, dimer and higher oligomer.
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binding to exactly the same FtsZ motif. However this hypothesis
has two distinct problems: (i) we are not aware of any methylation
reported for FtsZ from any bacterium; and (ii) it has recently been
reported that ZapC binds to the body of FtsZ, not the C-terminal
peptide [17]. However, this study used mostly pelleting conditions
and fluorescence changes as readout, both of which are indirect
and prone to problems because the assays involve sedimentation.
To investigate this conflicting evidence, we probed the direct inter-
action of a peptide derived from the C-terminal tail of FtsZ with
ZapC by ITC (isothermal titration calorimetry) and obtained a Kp
of 32 uM, as expected for binding of a short, flexible peptide
(Fig. 2A and B). This does not disprove the existence of other ZapC
binding surfaces on the body of FtsZ that could lead to the reported
nanomolar affinities [17]. Clearly, these matters require further
investigation in the future.

The structure of the ZapC crystals described here contains two
monomers per asymmetric unit. Although there are two other con-
tacts in the lattice, the one shown in Fig. 2C clearly has the largest
interface, buries a number of hydrophobic side chains and com-
pletes the otherwise open beta sheet of the N-terminal chromo
domain forming an eight-stranded beta sheet across the two
monomers. It is therefore expected that the previously reported
mutation L22P would have an effect on dimerisation, as it was
reported to increase the amount of multimers found after size
exclusion chromatography. This particular dimer was also selected
computationally by PISA (PDBe PISA, http://www.ebi.ac.uk/pdbe/
pisa) [36] as the most likely assembly. The dimer interface buries
a contact area of approximately 1500 A% (out of 8900 A? of each
monomer). In order to clarify the oligomeric state of the protein
in solution, we performed analytical ultracentrifugation (Fig. 2D),
finding that ZapC runs as three species. The two major species cor-
responded very well with theoretical values for ZapC monomers
and dimers. There is a minor species of higher S value but this var-
ies between different concentrations corresponding to masses
between a trimer and tetramer. This may be due to ZapC aggrega-
tion, which we observed during analytical ultracentrifugation in
the absence of glycerol (not shown). The concentrations of mono-
meric and dimeric species can be calculated by integrating the
baseline-separated distributions, giving an estimate for the dissoci-
ation constant of approximately 30 uM for the monomer-dimer
equilibrium. If one FtsZ tail binds one ZapC monomer, as indicated
here by ITC (Fig. 2B), it is expected that a dimer of ZapC would have
the ability to crosslink and bundle FtsZ filaments, as has been
reported [14,15]. Beyond this, we can only speculate what the role
of dimerisation is in the context of ZapC's interaction with FtsZ and
in the wider context of bacterial cell division but it is intriguing
that a number of FtsZ-interacting proteins are dimers, including
ZipA [37,38], SulA [39], MinC [40], ZapA [41], SImA [42] and EzrA
[43] and most of these also bind to the C-terminal tail of FtsZ.

Acknowledgements

We would like to acknowledge excellent support at beamline
124, Diamond Light Source, Harwell, UK. The work at MRC-LMB
was funded by the Medical Research Council (MC_U105184326)
and the Wellcome Trust (095514/Z/11/Z). Work at CNB-CSIC was
funded by BI02011-28941-C03-01 (SYNVISION) from the Spanish
Ministerio de Ciencia e Innovacién. CO acknowledges a fellowship
from the Ministerio de Ciencia e Innovacién, Spain.

References

[1] Egan, AJ. and Vollmer, W. (2013) The physiology of bacterial cell division. Ann.
N. Y. Acad. Sci. 1277, 8-28.

[2] Lutkenhaus, J., Pichoff, S. and Du, S. (2012) Bacterial cytokinesis: from Z ring to
divisome. Cytoskeleton (Hoboken) 69, 778-790.

[3] Rowlett, V.W. and Margolin, W. (2015) The bacterial divisome: ready for its

close-up. Philos. Trans. R. Soc. Lond. B Biol. Sci. 370.

Nanninga, N. (1991) Cell division and peptidoglycan assembly in Escherichia

coli. Mol. Microbiol. 5, 791-795.

[5] Vicente, M. and Rico, A.L. (2006) The order of the ring: assembly of Escherichia

coli cell division components. Mol. Microbiol. 61, 5-8.

[6] Vicente, M., Rico, A.L, Martinez-Arteaga, R. and Mingorance, ]. (2006) Septum

enlightenment: assembly of bacterial division proteins. J. Bacteriol. 188, 19-

27.

Rico, A.l, Krupka, M. and Vicente, M. (2013) In the beginning, Escherichia coli

assembled the proto-ring: an initial phase of division. J. Biol. Chem. 288,

20830-20836.

Errington, J., Daniel, RA. and Scheffers, D.J. (2003) Cytokinesis in bacteria.

Microbiol. Mol. Biol. Rev. 67, 52-65 (table of contents).

[9] Holtje, J.V. and Heidrich, C. (2001) Enzymology of elongation and constriction
of the murein sacculus of Escherichia coli. Biochimie 83, 103-108.

[10] Ortiz, C., Natale, P., Cueto, L. and Vicente, M. (2015) The keepers of the ring:
regulators of FtsZ assembly. FEMS Microbiol. Rev., http://dx.doi.org/10.1093/
femsre/fuv040.

[11] Huang, K.H., Durand-Heredia, J. and Janakiraman, A. (2013) FtsZ ring stability:
of bundles, tubules, crosslinks, and curves. J. Bacteriol. 195, 1859-1868.

[12] Gueiros-Filho, FJ. and Losick, R. (2002) A widely conserved bacterial cell
division protein that promotes assembly of the tubulin-like protein FtsZ.
Genes Dev. 16, 2544-2556.

[13] Ebersbach, G., Galli, E., Mogler-Jensen, J., Lowe, ]. and Gerdes, K. (2008) Novel
coiled-coil cell division factor ZapB stimulates Z ring assembly and cell
division. Mol. Microbiol. 68, 720-735.

[14] Durand-Heredia, J.M., Yu, H.H., De Carlo, S., Lesser, C.F. and Janakiraman, A.
(2011) Identification and characterization of ZapC, a stabilizer of the FtsZ ring
in Escherichia coli. ]. Bacteriol. 193, 1405-1413.

[15] Hale, C.A., Shiomi, D., Liu, B., Bernhardt, T.G., Margolin, W., Niki, H. and de
Boer, P.A. (2011) Identification of Escherichia coli ZapC (YcbW) as a component
of the division apparatus that binds and bundles FtsZ polymers. ]J. Bacteriol.
193, 1393-1404.

[16] Durand-Heredia, ]., Rivkin, E., Fan, G., Morales, ]. and Janakiraman, A. (2012)
Identification of ZapD as a cell division factor that promotes the assembly of
FtsZ in Escherichia coli. ]. Bacteriol. 194, 3189-3198.

[17] Bhattacharya, A., Ray, S., Singh, D., Dhaked, H.P. and Panda, D. (2015) ZapC
promotes assembly and stability of FtsZ filaments by binding at a different site
on FtsZ than ZipA. Int. J. Biol. Macromol. 81, 435-442.

[18] van den Ent, F., Lockhart, A., Kendrick-Jones, ]. and Lowe, J. (1999) Crystal
structure of the N-terminal domain of MukB: a protein involved in
chromosome partitioning. Structure 7, 1181-1187.

[19] Van Duyne, G.D., Standaert, R.F., Karplus, P.A., Schreiber, S.L. and Clardy, J.
(1993) Atomic structures of the human immunophilin FKBP-12 complexes
with FK506 and rapamycin. ]. Mol. Biol. 229, 105-124.

[20] Stock, D., Perisicc O. and Loéwe, ]. (2005) Robotic nanolitre protein
crystallisation at the MRC Laboratory of Molecular Biology. Prog. Biophys.
Mol. Biol. 88, 311-327.

[21] Sheldrick, G.M. (2008) A short history of SHELX. Acta Crystallogr. A 64, 112-
122.

[22] McCoy, AJ., Grosse-Kunstleve, R.W., Adams, P.D., Winn, M.D., Storoni, L.C. and
Read, RJ. (2007) Phaser crystallographic software. ]. Appl. Crystallogr. 40,
658-674.

[23] Adams, P.D., Afonine, P.V., Bunkoczi, G., Chen, V.B., Davis, LW., Echols, N.,
Headd, JJ., Hung, LW., Kapral, GJ., Grosse-Kunstleve, RW., McCoy, AJ.,
Moriarty, N.W., Oeffner, R., Read, RJ., Richardson, D.C., Richardson, ].S.,
Terwilliger, T.C. and Zwart, P.H. (2010) PHENIX: a comprehensive Python-
based system for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213-221.

[24] Cowtan, K. (2006) The Buccaneer software for automated model building. 1.
Tracing protein chains. Acta Crystallogr. D Biol. Crystallogr. 62, 1002-1011.

[25] Murshudov, G.N. Vagin, A.A. and Dodson, EJ. (1997) Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D Biol. Crystallogr. 53, 240-255.

[26] Turk, D. (2013) MAIN software for density averaging, model building,
structure refinement and validation. Acta Crystallogr. D Biol. Crystallogr. 69,
1342-1357.

[27] Schuck, P. (2000) Size-distribution analysis of macromolecules by
sedimentation velocity ultracentrifugation and lamm equation modeling.
Biophys. J. 78, 1606-1619.

[28] Laue, T.M., Shah, B.D., Ridgeway, T.M., Pelletier, S.L., 1992. Computer-aided
interpretation of analytical sedimentation data for proteins. In: Analytical
ultracentrifugation in biochemistry and polymer science. The Royal Society of
Chemistry, pp. 90-125.

[29] Gekko, K. and Timasheff, S.N. (1981) Mechanism of protein stabilization by
glycerol: preferential hydration in glycerol-water mixtures. Biochemistry 20,
4667-4676.

[30] Ballare, C., Lange, M., Lapinaite, A., Martin, G.M., Morey, L., Pascual, G., Liefke,
R., Simon, B., Shi, Y., Gozani, O., Carlomagno, T., Benitah, S.A. and Di Croce, L.
(2012) Phf19 links methylated Lys36 of histone H3 to regulation of Polycomb
activity. Nat. Struct. Mol. Biol. 19, 1257-1265.

[31] Holm, L. and Sander, C. (1993) Protein structure comparison by alignment of
distance matrices. ]. Mol. Biol. 233, 123-138.

[32] Chen, C., Nott, TJ., Jin, J. and Pawson, T. (2011) Deciphering arginine
methylation: Tudor tells the tale. Nat. Rev. Mol. Cell Biol. 12, 629-642.

[4

(7

(8


http://www.ebi.ac.uk/pdbe/pisa
http://www.ebi.ac.uk/pdbe/pisa
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0005
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0005
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0010
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0010
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0015
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0015
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0020
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0020
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0025
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0025
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0030
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0030
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0030
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0035
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0035
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0035
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0040
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0040
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0045
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0045
http://dx.doi.org/10.1093/femsre/fuv040
http://dx.doi.org/10.1093/femsre/fuv040
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0055
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0055
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0060
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0060
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0060
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0065
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0065
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0065
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0065
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0070
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0070
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0070
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0075
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0075
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0075
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0075
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0080
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0080
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0080
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0085
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0085
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0085
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0090
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0090
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0090
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0095
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0095
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0095
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0100
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0100
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0100
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0105
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0105
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0110
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0110
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0110
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0115
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0115
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0115
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0115
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0115
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0115
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0120
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0120
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0125
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0125
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0125
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0130
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0130
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0130
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0135
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0135
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0135
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0145
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0145
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0145
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0150
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0150
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0150
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0150
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0155
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0155
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0160
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0160

3828

[33]

[34]

(35]

(36]

(37]

(38]

C. Ortiz et al./ FEBS Letters 589 (2015) 3822-3828

Krissinel, E. and Henrick, K. (2004) Secondary-structure matching (SSM), a
new tool for fast protein structure alignment in three dimensions. Acta
Crystallogr. D Biol. Crystallogr. 60, 2256-2268.

Simhadri, C., Daze, K.D., Douglas, S.F., Quon, T.T., Dev, A., Gignac, M.C., Peng, F.,
Heller, M., Boulanger, M.J., Wulff, J.E. and Hof, F. (2014) Chromodomain
antagonists that target the polycomb-group methyllysine reader protein
chromobox homolog 7 (CBX7). ]. Med. Chem. 57, 2874-2883.

Wang, S., Arends, SJ., Weiss, D.S. and Newman, E.B. (2005) A deficiency in S-
adenosylmethionine synthetase interrupts assembly of the septal ring in
Escherichia coli K-12. Mol. Microbiol. 58, 791-799.

Krissinel, E. and Henrick, K. (2007) Inference of macromolecular assemblies
from crystalline state. J. Mol. Biol. 372, 774-797.

Mosyak, L., Zhang, Y., Glasfeld, E., Haney, S., Stahl, M., Seehra, ]. and Somers, W.
S. (2000) The bacterial cell-division protein ZipA and its interaction with an
FtsZ fragment revealed by X-ray crystallography. EMBO J. 19, 3179-3191.
Skoog, K. and Daley, D.O. (2012) The Escherichia coli cell division protein ZipA
forms homodimers prior to association with FtsZ. Biochemistry 51, 1407-
1415.

[39]

[40]

[41]

[42]

[43]

Cordell, S.C., Robinson, E.J. and Léwe, J. (2003) Crystal structure of the SOS cell
division inhibitor SulA and in complex with FtsZ. Proc. Natl. Acad. Sci. U.S.A.
100, 7889-7894.

Shen, B. and Lutkenhaus, J. (2009) The conserved C-terminal tail of FtsZ is
required for the septal localization and division inhibitory activity of MinC(C)/
MinD. Mol. Microbiol. 72, 410-424.

Low, H.H., Moncrieffe, M.C. and Lowe, J. (2004) The crystal structure of ZapA
and its modulation of FtsZ polymerisation. ]. Mol. Biol. 341, 839-852.
Tonthat, N.K., Arold, S.T., Pickering, B.F., Van Dyke, M.W., Liang, S., Lu, Y.,
Beuria, T.K., Margolin, W. and Schumacher, M.A. (2011) Molecular mechanism
by which the nucleoid occlusion factor, SImA, keeps cytokinesis in check.
EMBO J. 30, 154-164.

Cleverley, R M., Barrett, J.R., Basle, A., Bui, N.K., Hewitt, L., Solovyova, A., Xu, Z.
Q., Daniel, R.A,, Dixon, N.E., Harry, E.J., Oakley, A.]., Vollmer, W. and Lewis, R.J.
(2014) Structure and function of a spectrin-like regulator of bacterial
cytokinesis. Nat. Commun. 5, 5421.


http://refhub.elsevier.com/S0014-5793(15)01034-0/h0165
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0165
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0165
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0170
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0170
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0170
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0170
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0175
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0175
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0175
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0180
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0180
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0185
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0185
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0185
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0190
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0190
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0190
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0195
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0195
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0195
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0200
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0200
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0200
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0205
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0205
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0210
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0210
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0210
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0210
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0215
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0215
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0215
http://refhub.elsevier.com/S0014-5793(15)01034-0/h0215

	Crystal structure of the Z-ring associated cell division protein�ZapC from Escherichia coli
	1 Introduction
	2 Materials and methods
	2.1 Cloning, protein expression and purification
	2.2 Crystallisation
	2.3 Structure determination
	2.4 Isothermal titration calorimetry
	2.5 Analytical ultracentrifugation

	3 Results and discussion
	Acknowledgements
	References


