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Abstract

In bacteria, animals, fungi, and many single celled eukaryotes, division is initiated by the
formation of a ring of cytoskeletal protein at the nascent division site. In bacteria, the tubulin-like
GTPase FtsZ serves as the foundation for the cytokinetic ring. A conserved feature of FtsZ is an
intrinsically disordered peptide known as the C-terminal linker. Chimeric experiments suggest the
linker acts as a flexible boom allowing FtsZ to associate with the membrane through a conserved
C-terminal domain and also modulates interactions both between FtsZ subunits and between FtsZ
and modulatory proteins in the cytoplasm.

Mechanistically, cytokinesis exhibits an extraordinary degree of conservation across all
domains of life. In bacteria, animals, fungi, and many single celled eukaryotes, division is
initiated by the formation of a ring of cytoskeletal protein at the nascent division site. This
ring serves as a framework for assembly of the division machinery and constricts at the
leading edge of the closing septum during cytokinesis. In animals and fungi this ring is
composed of the ATPases actin and myosin.

In bacteria, the essential GTPase FtsZ serves as the foundation for the cytokinetic ring. A
distant relative of eukaryotic tubulin, FtsZ forms single stranded polymers in vitro that
resemble the 13 protofilaments that run the length of microtubules. Like tubulin, FtsZ binds
GTP as a monomer but the active site for GTP hydrolysis is formed at the interface between
the two subunits. In vitro, GTP-binding promotes FtsZ polymerization, which further
promotes GTP hydrolysis. Although it appears static in conventional micrographs,
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fluorescence recovery after photo bleaching (FRAP) indicates that the FtsZ ring is highly
dynamic with subunit turnover on the order of seconds [1].

In contrast to tubulin, FtsZ does not form structures as highly ordered as a microtubule
under standard in vitro assembly conditions. Single stranded polymers, however, do interact
laterally in vitro, forming parallel bundles and sheets [2,3]. Super-resolution microscopy and
electron cryotomography (ECT) support a model in which single-stranded FtsZ polymers
also interact laterally in vivo to form a loosely associated wreath-like structure that varies in
thickness around its circumference[4-8].

The single-stranded nature of FtsZ filaments and the apparently cooperative nature of its
assembly in vitro, has for years presented a perplexing paradox. Multi-stranded filaments,
such as actin and microtubules, undergo cooperative assembly [9-11]. Cooperative filaments
assemble in two stages: an energetically unfavorable nucleation phase and an ensuing
elongation phase. The affinity of subunits for the filament end is higher than the affinity of a
subunit for itself due to the interaction between an adding subunit and multiple other subunit
interfaces already at the filament end. Critical concentration and a concentration dependent
lag phase are defining features of cooperative assembly. Cooperative filaments display a
critical concentration (C;), a minimum concentration of subunits below which
polymerization will not occur. When the subunit concentration rises above the Cg, all
additional protein assembles into filaments. At steady state, the equilibrium concentration of
monomers will equal the critical concentration. Additionally, cooperative assembly features
polymers undergoing a concentration-dependent lag phase during which the nucleus, or
smallest species for which elongation is preferred over disassembly, is formed.

Quantitative calorimetric and spectroscopic methods indicate that FtsZ assembly is
cooperative [12-14]. FtsZ polymers display a critical concentration for assembly and exhibit
the characteristic lag phase seen in many other cytoskeletal filaments. At the same time, the
observation that FtsZ forms stable single-stranded filaments in vitro, is ad odds with
standard models for cooperative assembly in which the adding subunit interacts with
multiple subunits on the growing polymer. Single stranded polymer formation is more
consistent with an isodesmic assembly model in which the affinity for dimer formation is the
same as polymer elongation. This discrepancy between in vitro experimental data and FtsZ
polymer structure have rendered the existing Kinetic models of actin or tubulin assembly
insufficient for modeling FtsZ assembly kinetics [15]. To overcome these limitations,
numerous models have been employed to describe how FtsZ assembles cooperatively yet
primarily appears as single-stranded filaments [15,16]. These models predict that subunits
undergo conformational changes that facilitate a high affinity active state favoring
polymerization. However, detailed molecular and structural evidence for such a high affinity
state remains elusive.

The FtsZ C-terminal linker: a model intrinsically disordered region (IDR)

Structurally FtsZ consists of four functional domains: a globular tubulin-like core, an
intrinsically disordered C-terminal “linker” (CTL), a highly conserved ~11 residue region
known as the C-terminal tail or grappling hook peptide (CTT or GHP), and short, variable
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set of residues termed the C-terminal variable region or CTV (Figure 1). The negatively
charged core encompasses FtsZ’s GTP binding site and the coordinating T7 “loop.” The
interface between the nucleotide binding site and the T7 loop in dimers and higher order
polymers forms the active site for GTP hydrolysis. The CTT or GHP is the site of interaction
between FtsZ and a host of modulatory proteins including the conserved membrane
associated protein FtsA that serves to anchor FtsZ to the plasma membrane. Finally,
depending on its charge, the CTV can play a significant role in mediating lateral interactions
between FtsZ polymers in vitro and in the integrity of the FtsZ ring in vivo.

The CTL, the focus of this review, has received scant attention until recently. The sequence
of the CTL is highly variable and like most archetypal IDPs a singular structure cannot be
resolved from crystals of FtsZ that contain the CTL. Experimental data support a model in
which the CTL serves as a flexible tether between FtsZ and the plasma membrane [17,18].
The importance of the intrinsically disordered CTL to the function of FtsZ has been
established unequivocally in recent investigations.

Consistent with its intrinsically disordered nature being important for function, the primary
sequences of CTLs are largely fungible as determinants of FtsZ activity. Not only is the
linker poorly conserved at the sequence level across species, the CTL of both E. coli and B.
subtilis FtsZ can be replaced by non-homologous linkers from other FtsZs and intrinsically
disordered regions (IDR) from unrelated proteins without obvious deleterious effects on
FtsZ assembly or function[17,18]. CTLs of varying lengths are also tolerated, up to a point.
Replacing the ~50 residue native linker with one that is approximately twice as long (~100
residues) has only a modest deleterious impact on FtsZ ring formation in B. subtilisand E.
coli. However, increasing linker length further (over 95 residues in E. coli and 100 residues
in B. subtilis) completely disrupts FtsZ function in vivo, leading to a lethal block in
division[17,18]. Reducing linker length by 50% (from ~50 to ~25 residues for B. subtilis
FtsZ) has little effect on FtsZ assembly, whereas replacing E. coli’s linker with a
significantly shorter (<24 residues) IDP from alpha adducin results in a non-functional FtsZ
that is unable to complement the heat sensitivity of a conditional ftsZ allele, fts784 [17,18].

The net charge of CTLs has little impact in vivo, although it can interfere with lateral
interactions between FtsZ polymers in vitro. Chimeric E. coli FtsZ’s CTLs with charges
ranging from +3 to -7 all complement the heat sensitivity of conditional ftsZ84 mutants [17].
While modest changes in the charge pattern of the CTL (e.g. swapping the native B. subtilis
CTL with the CTL from E. coli FtsZ) have a minor impact on lateral interactions between
FtsZ protofilaments in vitro, it does not meaningfully impair FtsZ assembly or function in
vivo. [18]. This impact is likely due to reductions in charge shielding between the linker and
the negatively charged core domains in adjacent single stranded FtsZ polymers, as similar
effects have been observed when CTV charge is altered [2]. Changes in lateral interaction
potential have been implicated in the failure of intrinsically disordered peptides that
included an 11-residue sequence from alpha-adducin (QQREKTRWLNS) to complement
the heat sensitivity of the ftsZ84tsallele [17]. Dubbed the ‘black sequence’, these 11
residues appeared to strongly promote lateral interactions between polymers of E. coli FtsZ,
resulting in paired protofilaments that presumably interfere with FtsZ’s ability to assemble
into functional rings in vivo.
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In contrast to primary sequence or charge, CTL flexibility is critical for function. B. subtilis
FtsZ filaments missing the entire CTL (FtsZACTL) display significantly slower assembly
kinetics than wild-type filaments, and form irregular, branched filaments [18] (Figure 2).
FtsZACTL is unable to form protofilaments. Taken together with a decreased GTP turnover
rate (~2.5 fold lower than wild type FtsZ) and increased critical concentration for GTP
hydrolysis, the data point toward reduced subunit-subunit interactions in the absence of the
CTL. Conversely, replacing the CTL with more structurally rigid alpha helices significantly
impairs FtsZ filament formation and GTPase activity, implying this chimeric FtsZ lacks
conformational flexibility in the N-terminal core locking the subunits in an inactive
conformation (Figure 2).

Together these findings suggest that a flexible CTL is critical for the efficient transition of
subunits into an active conformation needed for polymerization and cooperative assembly of
FtsZ filaments. A role for a flexible CTL in subunit-subunit interaction supports
computational results and structural data suggesting that the active FtsZ subunit goes
through significant reorientation in the N-terminal core that positions the T7 loop in the
nucleotide binding pocket of the adjacent subunit [19-21]. Further structural and
biochemical studies will be needed to shed light on specifically how the CTL is able to
communicate structurally with the globular core. A highly charged disordered C-terminal
tail has recently been shown to coordinate the cooperative assembly of Phuz, a tubulin
homolog from bacteriophage 201¢p2-1, into a three-stranded filament [22]. It is possible that
the FtsZ CTL, in conjunction with the highly conserved GHP peptide, plays a similar role in
the cooperative assembly of single stranded FtsZ polymers.

FtsZ as a generator of constrictive force

Beyond serving as a framework for assembly of the division machinery, a growing body of
evidence suggests that FtsZ also serves to generate at least a portion of the force required for
constriction of the septum during cytokinesis. In contrast to animal cells in which interaction
between a motor protein, myosin, and actin generates the force required for bacterial
division, FtsZ does not appear to be associated with any obvious motor proteins. In fact, a
recent search of the bacterial database at NCBI revealed no obvious homologues of
eukaryotic motor protein in the over 4700 bacterial genomes sequenced to date.

The initial discovery that FtsZ constricts at the leading edge of the invaginating septum in a
dividing E. coli cell implicated FtsZ in this process [23]. Coupled with lack of candidate
motor proteins, the ability of FtsZ to self-assemble into filaments in the presence of GTP,
and its status as the only cell division protein conserved across bacteria and archaea, has led
to what has been described as the “Z-centric hypothesis” in which FtsZ not only serves as
the framework for assembly of the division machinery, but is also the primary generator of
the constrictive force necessary for cytokinesis[24].

Liposome experiments conducted by the Erickson group, suggest that under at least some
conditions, FtsZ alone and more convincingly in combination with another highly conserved
protein, the membrane anchored ATPase FtsA, is sufficient to drive membrane invagination
[25,26]. A YFP tagged FtsZ fusion in which the GHP motif of FtsZ has been replaced with
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an amphipathic helix to ensure association between FtsZ and the membrane, is sufficient to
support assembly of FtsZ rings around the interior circumference of tubular liposomes. In
the context of these liposomes, the fluorescently tagged FtsZ (NAME) was able to assemble
into rings that appeared to constrict slightly in the presence of GTP[25], suggesting a role
for nucleotide hydrolysis in FtsZ force generation. More recently, however, the same group
determined that constriction can occur in the absence of GTP, although constrictions are
more transient [27].

Additional studies provide strong evidence that FtsA and FtsZ together form a dynamically
self-organizing system able to adapt to the rapidly progressing division septum. Experiments
in which native E. coli FtsZ and FtsA are added to unilamellar liposomes provide the most
convincing demonstration of FtsZ’s force generating potential. Under these conditions, FtsZ
forms a ring, which constricts in the presence of both GTP and ATP to form two daughter
“cells” [26]. A recent in vitro reconstitution study by Loose and Mitchison revealed that
FtsZ is capable of forming large, dynamic structures on lipid bilayers driven by interaction
with FtsA and the addition of both GTP and ATP [28]. Together, these experiments suggest
that FtsA plays a much more active role in division than previously thought and certainly
well beyond its role as a membrane “anchor” for FtsZ.

At the same time, the specific mechanics of FtsZ ring constriction remain elusive. A
plethora of models exist for force generation by FtsZ filaments [e.g. [29-34]. ECT and single
molecule imaging, specifically photoactivatable light microscopy (PALM), support a model
in which short FtsZ protofilaments, anchored to the membrane via interactions with FtsA,
form a loose, wreathlike structure around the inner circumference of the cell [4-6]. This type
of organization is reminiscent of the sliding filament mechanism of force generation
exhibited by actin-myosin filaments in muscle fibers. In this model, FtsZ protofilaments,
anchored at different points in the membrane and held together via electrostatic interactions,
would slide across one another, bringing their anchor points closer together. On the scale of
the entire FtsZ ring, this type of action would lead to membrane “gathering” and
constriction. Consistent with this idea, structured illumination microscopy (SIM) suggests
the presence of higher concentrations of FtsZ at specific points along the circumference of
the cytokinetic ring [8]. The role of these concentrated regions of FtsZ (called “nodes”) is
not clear. One, as yet untested, possibility, is that these nodes serve as anchors between
sliding filament arrays. At the same time however, in the absence of motor proteins, the
forces necessary to drive filament sliding are not readily apparent.

Alternatively, it has been suggested that the intrinsic bend of FtsZ protofilaments after
nucleotide hydrolysis might result in generation of contractile force [35-37]. Such models
follow closely with the ‘iterative pinching’ model proposed based on the discontinuous ECT
images of the Z ring in C. crescentus [6]. Driven by continual dynamic polymerization and
depolymerization of FtsZ, short filaments formed on the membrane bend and subsequently
generate an inward force over many cycles. Importantly, such a model is consistent with the
liposome experiments from the Erickson lab showing that FtsZ is sufficient to bend
membranes and recent SIM data revealing the Z ring is undergoing continual redistribution
around the cell circumference during a cell cycle. Whether the strength of the bending force
is sufficient for constriction remains a topic of intense debate [e.g. [29,38-41].
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Models that invoke nucleotide hydrolysis-induced bending of filaments must be reconciled
with experimental evidence for cell division in GTP-hydrolysis-deficient FtsZ mutants. An
FtsZ mutant in the “synergy loop” (D212G) is GTPase-dead but still supports cell division
[42]. GTP hydrolysis clearly is not necessary for constriction. However, Hsin et al., show
even the slightly bent FtsZ-GTP filaments can generate ~10 pN of force, still sufficient to
carry out division [29,33]. In these GTPase deficient mutants, other cellular factors might
contribute to force generation as well. A recent model also shows curvature of filaments can
drive formation of either a circular or helical Z ring, as straighter filaments generate helices
or spirals[31]. This model perhaps explains structures observed in different ftsZ mutants
[43,44].

A role for the CTL in force generation

Even assuming the filaments are capable of sliding, in the absence of a motor protein,
specifically how force is generated is not clear. One possibility, suggested by Erickson and
colleagues[17], is that the CTL itself functions as an entropic spring maintaining contacts
between protofilaments and the membrane via interactions between the GHP and FtsA, as
well another membrane associated protein, ZipA [17]. In this model, sliding or bending FtsZ
filaments put tension on the CTL springs, which in turn pulls the membrane in towards the
cytokinetic ring. Gardner et al estimate that the force necessary to stretch the CTL to half its
length (~8.5 nm) requires a force of 9.3 pN. This type of force, exerted at multiple sites
around the FtsZ ring would be sufficient to initiate invagination of the septum, if not
complete it. The proposed model is consistent with data indicating that linker length is an
important determinant of function, although at the same time the range of tolerated lengths is
quite large; linkers between 25 and 100 residues were phenotypically indistinguishable in B.
subtilis [17,18]. Additionally, substituting the CTL with a stiff polypeptide, such as a portion
of the a-helical domain from beta-catenin, not only interferes with division but also
interferes with FtsZ ring assembly, making it difficult to assess the specific requirement for
flexibility in constriction.

Genetic and cytological data strongly argues against a model where FtsZ generated force is
sufficient to drive cytokinesis. Inhibiting the activity of the dozen or so well characterized
cell division proteins known to function downstream of FtsZ assembly in E. coli or B.
subtilis, results in filamentous cells with regularly spaced FtsZ rings. Although these FtsZ
rings likely remain dynamic with regard to subunit turnover, they are unable to support
division, maintaining what appears to be a constant diameter over many generations until the
cells finally senesce.

Instead of FtsZ doing all the work of constriction, we propose a model in which the initial
constriction of the FtsZ ring serves as a physical trigger for cytokinesis (Figure 3). In this
model the force generated by bending protofilaments and a constricting Z ring result in
mechanical stress sufficient to alter the direction of cell envelope synthesis from lateral to
septal. This type of model is reminiscent of the model of Sun and Jiang [45] and is
consistent with both cytological data from conditional E. coli mutants suggesting division is
an all or nothing phenomenon. A model in which a minor FtsZ-driven constriction triggers
cross wall biosynthesis is supported by electron micrographs of the Gram-positive bacterium

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Buske et al.

Page 7

Bacillus subtilis in which small nubs of cell wall are visible at the poles of sporulating cells
that previously harbored unused polar FtsZ rings [46-48].

In this model, the key step is deformation of the plasma membrane at the initiation of
division. Based on the computational data that estimates the constriction force required for
cell division is on the order of ~8 pN [40] and that a FtsZ filament can generate 10-30 pN of
force through bending due to GTP hydrolysis [33,37], the question remains how does the
bending force act upon the membrane? Since the filament does not interact directly with the
membrane but is anchored to the membrane through another protein like FtsA, this suggests
that the force must be transduced through another mechanism.

We would suggest that the initial constrictive force is transmitted through the CTL itself.
Subunits at the end of a filament bend inwards away from the membrane, due to the intrinsic
properties associated with GTP hydrolysis. In response, the linker, because it is flexible,
extends to keep the filament anchored to the membrane. In effect, the linker pulls the
membrane inward as the filament continues to bend and the linker approaches its contour
length. Filament ends have been estimated to be approximately 20 nm from the membrane
when bent in an intermediate conformation and their center anchored at the membrane [16].
With a contour length of ~17 nm, the FtsZ linker should be almost fully extended in this
conformation and further bending would lead to distortion of the membrane. Support for
such a model comes from observations that an FtsZ construct in which the CTL is
approximately five times longer than wild type forms Z rings but cannot support cell
division [18]. Such a long linker is unable to be extended to its contour length and transduce
any force to the membrane even when FtsZ filaments are fully bent, resulting in assembled
but impotent cytokinetic rings.

An opportunity to connect sequence-disorder relationships to function

Computational analysis suggests that the FtsZ CTL is an archetypal example of an
intrinsically disordered peptide or IDP. Systematic investigations have enabled the
establishment of a predictive diagram-of-states for inferring the relationship between
sequence features and conformational properties of IDPs (Figure 4) [49-57]. The diagram-
of-states is based on composition specific parameters, such as the net charge per residue
(NCPR) and the fraction of charged residues (FCR), as inputs to make inferences regarding
the predominant conformational states — globules, coils, or chimeras of globules and coils —
for a specific IDP sequence. The classification of IDPs into distinct conformational classes
applies to sequences that are at least thirty residues long, have low overall hydrophobicity,
and low proline contents.

Polar tracts (NCPR =~ 0 and FCR ~ 0) and weak polyelectrolytes / polyampholytes (NCPR
<0.25 and FCR < 0.25) are predicted to form heterogeneous distributions of globules that
minimize their interface with aqueous solvents [49-52,58,59]. Polyelectrolytic sequences for
which NCPR > 0.3 and FCR > 0.35 should form swollen random coil conformations that
maximize chain-solvent interactions and minimize intra-chain electrostatic repulsions [52].
Sequences of polyampholytic IDPs include both types of charged residues and the sequences
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of CTLs are best described as either weak or strong polyampholytes based on their FCR
values.

Recent work has shown that the conformational properties of polyampholytes are governed

by the linear sequence distribution of opposite charges [56]. The mixing versus segregation

of oppositely charged residues is calculated using a parameter k. For a given IDP sequence,

f; and f_ denote the fraction of positive and negatively charged residues, respectively. These

fractions are calculated using the intrinsic pk, values of amino acids and essentially tallies

the fraction of Lys / Arg (fy) and Asp / Glu (f-) residues within a sequence. The overall
o (=) _

charge asymmetry is defined as = (Fitfo) [60]. For each sequence variant we calculate

k by partitioning the sequence into n overlapping windows of size g. For each g-residue

= 1)
window we calculate U'—m, which is the charge asymmetry for blob i in the

3

sequence of interest. Using this we quantify the mean squared deviation from o as

3> (05 — o)

5:%. Different sequence variants will have different values of 8, and the

)
maximal value 8,5 for a given amino acid composition is used to define #= <—5 >such
max

that 0 < x < 1. We calculate x using two values for the window size, g = 5 and 6, and the
final « for a given sequence variant is an average of the two values.

Low values of « are realized for well-mixed sequence variants and x — 1 if oppositely
charged residues are segregated in the linear sequence. If opposite charges are well-mixed
within the linear sequence, then electrostatic repulsions and attractions counterbalance each
other and the result is random coil like conformations. Conversely, if opposite charges are
well segregated in the linear sequence, then IDPs form semi-compact hairpin-like
conformations. Sequences of intermediate compositional biases (NCPR < 0.25 and 0.25 <
FCR < 0.35) form a fuzzy boundary between the sequences of low and high FCR.

What do quantitative sequence-disorder relationships say about the CTL of FtsZ? Figure 4
shows our annotation of the predictive diagram-of-states using 1,209 different sequences for
FtsZ CTLs. Of these 1,209 sequences, 34% fall in region R1, 47% in region R2, and 19%
correspond to region R3 (Figure 5). The inset to Figure 4 depicts the properties of sequences
drawn from regions R1, R2, and R3 in the space of FCR and CTL length. As shown in panel
A of Figure 5, longer CTL sequences generally have lower FCR values, whereas sequences
with higher FCR values tend to be shorter in length. This observation highlights the fact that
inasmuch as length and FCR are covarying quantities, one must proceed with caution in
interpreting the effects of changes to CTL length on FtsZ function, both in cytokinesis and
force generation. Simple models that rely on worm-like chain model descriptions for the
CTL are likely to be misleading.

The linear patterning of oppositely charged residues within the CTL sequences are likely to
also be relevant for FtsZ functions, for the evolution of these sequences, and for the inferred
robustness / fungible nature of CTLs. For a given amino acid composition, one can generate
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numerous distinct sequences that span the range of x values. The number of distinct
sequences one can generate for a given composition will be set by the FCR value, which in
turn determines 8ax- Panel B in Figure 5 shows the distribution of 8,44 values for CTL
sequences drawn from different regions of the diagram-of-states shown in Figure 4. We see
a clear trend of 8, shifting toward higher values as FCR increases, which is in line with
the expectation that a wider range of sequences with distinct charge patterns can be
generated as FCR increases. Panel C in Figure 5 shows the distribution of « values for CTL
sequences drawn from regions R1, R2, and R3 of the diagram-of-states shown in Figure 5.
Each of the distributions is peaked around a k value of 0.2 and the tails of these distributions
suggest a selection against sequences of very low «k values or k values greater than 0.4.

The sequence characteristics of CTLs imply two testable predictions: First, we expect there
to be a covariation between FCR and chain length, whereby the CTL length increases as
FCR decreases and vice versa. This covariation should conserve coarse grain properties such
as the overall size and shape distributions of disordered CTLs and this could explain the
ability to interchange CTLs between different bacterial sequences. Secondly, for a given
amino acid composition, we expect that changes to «, achieved through sequence design,
should change the overall conformational properties thus allowing us to test the impact of «
and hence the impact of sequence-disorder relationships of CTLs on bacterial cytokinesis
mediated by FtsZ. Specifically, the distribution of x values suggests that CTL sequences
with k values below 0.1 and above 0.45 are likely to yield functionally impaired FtsZs.

In the context of the overall model that we propose for the critical role of the CTL in
constriction, we expect that CTL sequences that result from de novo design will lead to
deleterious consequences for FtsZ functions if one of the following were true: (i) The parent
CTL sequence belongs to region R1, and the de novo designed sequence conserves FCR and
significantly alters the CTL length. (ii) The properties of the designed sequence are
fundamentally altered by changes to the amino acid composition that lead to a significant
decrease or increase of FCR, which would imply a change in conformational class vis-a-vis
the diagram-of-states. (iii) For a parent sequence derived from R2 or R3, if we were to
leverage the intrinsic designability afforded by the amino acid composition to deploy CTL
designs with k values that lie well outside the range of observed values. If the « becomes too
high, the CTL should either become unresponsive or occlude longitudinal interactions
because it is locked up in strong intra-chain electrostatic interactions, whereas CTL variants
with very low x are likely to either be readily degraded or exceed a putative flexibility
threshold, which could impair lateral associations and / or force generation.

It is clear that the CTL plays an essential if underappreciated role in FtsZ assembly and
bacterial cell division. Taking advantage of computational modeling, improved biophysical
characterization of IDPs, and cytological, biochemical and genetic analysis we are confident
that ongoing and future work will help us elucidate the connection between sequence-
disorder relationships of CTLs and their connection to FtsZ function. Success in such an
endeavor will, in all likelihood, provide a template for leveraging the growing body of
sequence-disorder studies to understand the role of specific sequence-disorder relationships
in IDP functions for a wide range of systems.
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Figure 1. Structure of B. subtilis FtsZ
The N-terminal core (maroon) is depicted as bound to GDP [from PDB entry 2RHO [61]].

The flexible C-terminal linker (red) is depicted here as an unstructured peptide. The
conserved C-terminal tail (CTT), in blue is depicted as a short a helix based on the structure
of the E. coli CTT in complex with ZipA [62].
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Wild Type ACTL Helical CTL

g_ig_ure 2. A flexible and disordered C-terminal linker is essential for FtsZ assembly and cell
IvVISsion

Immunofluorescence micrographs of B. subtilis cells expressing (A) wild type FtsZ (B) a
mutant FtsZ missing the CTL but retaining the grappling hook peptide and C-terminal
variable region (FtsZ ACTL), and (C) a chimeric FtsZ in which the CTL has been replaced
with an alpha helical domain of the same size from human beta-catenin (FtsZ CTLH). FtsZ
is green DNA is blue and cell wall is red in these images. Wild type FtsZ forms ordered
ring-like structures that traverse the width of the cell. (Cells adhere to the slide lengthwise
such that the FtsZ rings appear as bands in the micrographs). Neither FtsZ ACTL or FtsZ
CTLH are able to support division as evidenced by the lack of distinct FtsZ rings and the
filamentous nature of the cells. Deletion of the CTL appears to fundamentally change the
architecture of FtsZ assembly leading to the formation of filaments or cords of FtsZ
polymers that traverse the length of the filaments. FtsZ CTLH is also defective in ring
formation forming randomly positioned puncta suggestive of aggregation. Bar = 5um.
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Figure 3. The flexible FtsZ linker as a transducer of constriction force
A. As cell division begins the Z ring (blue) anchored by FtsA (purple) localizes to midcell.

Growth of the cell wall is directed outward. Inset: FtsZ filaments (blue) are anchored to the
membrane through the interaction between its grappling hook peptide (GHP; green) and
FtsA (purple). After initial filament formation and tethering to the membrane FtsZ filaments
remain primarily straight in their GTP-bound form. B. Initial constriction of the Z ring
created inward tension on the cell wall. Inset: Curved FtsZ filaments induced after GTP
hydrolysis bend in away from the membrane. The force from bending filaments causes the
CTL (dark blue) of subunits anchored to FtsA to extend and deform the membrane inward.
C. Continued Z-ring constriction and invagination of the membrane serves as a signal for the
cell-wall synthesis machinery to form of the leading division septum. Inset: FtsZ filaments
continue to bend further as more subunits inhabit their GDP-bound state. The flexible CTL
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extends taught and further pulls on the membrane leading to re-arrangement of the cell wall
to follow. Membrane = gray and cell wall = orange.
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Figure 4. Diagram-of-states for IDPs
Sequences with R1 are predicted to form globules those with R2 will be chimeras of

globules and coils whereas the sequences within R3 will form classic random coils if the
charges are well mixed within the linear sequence (low x), and hairpins if the charges are
segregated within the linear sequence (high x). The conformational properties are expected
to vary continuously as a function of FCR. We annotated the diagram-of-states using
information gleaned from the analysis of CTL sequences from different FtsZ proteins of
1,209 distinct bacteria. The inset shows a scatter plot of all 1,209 sequences in the two-
parameter space of FCR and CTL sequence length. The color-coding used in this scatter plot
corresponds to the annotation of the diagram-of-states.
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Figure 5. Properties of FtsZ CTL sequences
(A) Cumulative distribution functions (CDFs) quantifying the probability that a CTL

sequence corresponding to a specific FCR interval will have a chain length less than or equal
to a specific value. The CDFs corresponding to sequences with lower FCR values are shown
using the cooler colors whereas CDFs corresponding to higher FCR values are shown using
hotter colors. The overall message of this analysis is that CTL sequences with higher FCR
values tend to be shorter (< 100 residues) than those with lower FCR values. (B) Histograms
quantifying the frequencies with which CTL sequences corresponding to different values of
Smax are realized in different regions of the diagram-of-states. The lower the 85« Values the
fewer the number of sequences one can generate with distinct conformational properties.
Therefore, 5nax quantifies the overall designability for a give amino acid composition and
this designability increases with FCR and is highest for sequences drawn from R3 and is
lowest for sequences drawn from R1. (C) Histograms quantifying the distribution of x
values for CTL sequences drawn from different regions of the diagram-of-states.
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