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and Physical Sciences, and Astbury Centre for Structural Molecular Biology, University of Leeds, 

United Kingdom; 4 Biosurfaces Lab, CIC biomaGUNE, San Sebastian, Spain

* Corresponding authors: grivas@cib.csic.es (GR) and r.richter@leeds.ac.uk (RPR)
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ABSTRACT: In most bacteria, the early step of septum formation implies the association of soluble 

FtsZ polymers to the cytoplasmic membrane. ZipA, together with FtsA, provide membrane tethering 

to FtsZ in Escherichia coli, forming a dynamic proto-ring that serves as an assembly scaffold for the 

remaining elements of the divisome. Despite their importance for bacterial cell division, multivalent 

interactions between proto-ring elements at membrane surfaces remain poorly characterized in 

quantitative terms. Here we measured the binding of FtsZ to ZipA incorporated in supported lipid 

bilayers at controlled densities by using a combination of biophysical surface-sensitive techniques 

(quartz crystal microbalance and spectroscopic ellipsometry) and analyzed how ZipA density and 

FtsZ concentration control the state of assembly of FtsZ. We find that ZipA attachment enables 

FtsZ-GMPCPP (where GMPCPP is a GTP analogue with reduced hydrolysis) to assemble in 
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2

several distinct ways, that is: (i) two-dimensional polymerization at the membrane, and (ii) three-

dimensional polymerization from the membrane into the solution phase where this may be 

associated with the formation of higher-order complexes. In these processes, ZipA is required to 

enrich FtsZ at the surface but the FtsZ bulk concentration defines which morphology is being 

formed. Moreover, we report a strong effect of the nucleotide (GDP vs GMPCPP/GTP) on the 

kinetics of ZipA-association/dissociation of FtsZ. These results provide insights on the mode of 

interaction of proto-ring elements in minimal membrane systems and contribute to complete our 

understanding of the initial events of bacterial division.
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INTRODUCTION

The FtsZ protein (FtsZ, UniprotKB P0A9A6), a self-assembling GTPase present in the cytoplasm of 

most bacteria, is a tubulin homologue and a central component of the Escherichia coli divisome, the 

molecular machinery driving cytokinesis 1, 2. FtsZ interacts with additional proteins to form a dynamic 

ring at the cytoplasmic membrane, which acts as a scaffold to recruit the remaining elements of the 

divisome. In vitro studies have shown that GTP drives the (Mg2+-dependent) concerted assembly of 

FtsZ monomers to form flexible single-stranded filaments with a narrow size distribution; they tend 

to further associate into higher order polymers whose final structural organization depends upon 

experimental conditions 3. Like other cytoskeletal filaments, these polymers are dynamic with a 

GTP-dependent turnover of FtsZ, which is considered to be central for positioning and function of 

the mature division ring 1, 4.

For membrane attachment, FtsZ requires two additional proteins, FtsA and ZipA. Together they 

form the so-called proto-ring, the initial molecular assembly of the divisome 5, 6. FtsA is an 

amphitropic protein that associates with the membrane by an ATP-driven process involving a short 

amphipathic peptide helix 7. ZipA (ZipA, UniprotKB P77173) consists of a short N-terminal 

extracellular region, a transmembrane region, and an intracellular C-terminal FtsZ-interacting 

domain that is connected to the transmembrane region by a flexible linker region 8, 9. The C-terminal 

end of FtsZ binds the tethering elements of the proto-ring (FtsA and ZipA) and also other FtsZ-

regulating proteins such as MinC which inhibits FtsZ polymerization and hence FtsZ ring formation 

at undesired locations. Thus, the C-terminal region of FtsZ acts as a central hub integrating signals 

that modulate divisome assembly in E. coli 10.

Minimal membrane systems, such as nanodiscs, liposomes and supported lipid bilayers (SLBs), 

have been used as scaffolds to reconstitute different combinations of proto-ring subsets in order to 

test their functional properties 11. Among them, SLBs have allowed studying the structural 

organization and dynamics of proto-ring elements at the membrane by surface sensitive techniques. 

Page 3 of 33

ACS Paragon Plus Environment

Biochemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



4

Firstly, FtsZ when tethered to an SLB through ZipA forms dynamic polymer networks that can 

reorganize by fragmentation, annealing and lateral condensation, as revealed by atomic force 

microscopy 12. Secondly, the co-reconstitution of FtsZ and FtsA on SLBs resulted in the emergence 

of dynamic chiral vortices whose diameters resemble the bacterial circumference, as shown by total 

internal reflection fluorescence microscopy imaging 13. These dynamics are compatible with 

treadmilling of the polar FtsZ fibers. Thirdly and more recently, it has been shown that this self-

organization phenomenon is an intrinsic property of FtsZ alone when supplemented with a 

membrane anchor and the chemical energy afforded by nucleotide hydrolysis 14. The surface 

density of FtsZ was found to be the key parameter controlling the assembly and destabilization of 

FtsZ polymers rendering the turnover of curved polymer bundles directional, which results in the 

emergence of the chiral dynamic patterns.

These density-dependent transitions, reminiscent of the large-scale collective patterns of self-

propelled driven filaments, such as microtubules, highlight the impact of surface concentration of 

proto-ring membrane-tethered elements on modulating the behavior of FtsZ polymers. Along these 

lines, it has been shown that the shrinkage of ZipA-containing vesicles driven by dynamic FtsZ 

polymers only occurs above a certain threshold ZipA density 15, and that the binding of FtsZ to ZipA 

on lipid-coated microbeads is modulated by nucleotides and the ZipA concentration at the lipid 

membrane surface 16.

Despite the established importance of tethering to ZipA for FtsZ assembly, we lack a quantitative 

description of how ZipA surface density correlates with FtsZ binding and regulates FtsZ self-

organization. Here we have used supported lipid bilayers to anchor a histidine (His)-tagged soluble 

variant of ZipA (sZipA) to address these questions. sZipA was found to have FtsZ binding properties 

comparable to the full-length protein when incorporated in lipid bilayer nanodiscs 17, 18, and can 

readily be incorporated into membrane model systems. Specifically, the density of anchoring sites 

was tuned by controlling the amount of tris-nitrilotriacetic acid (tris-NTA) functionalized lipids in the 

SLB to which sZipA binds specifically (Fig. 1A). Tris-NTA provides a more stable anchorage than 
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5

the conventional mono-NTA because of its higher affinity for His tags, especially convenient for 

immobilization of sZipA at very low densities 19.

This platform, in combination with quartz crystal microbalance (QCM-D) and spectroscopic 

ellipsometry (SE), is well suited to investigate how the interaction and assembly properties of FtsZ 

are influenced by the surface concentration of ZipA in the lipid membrane. These surface sensitive 

analytical tools have allowed us to measure the binding of FtsZ bearing GMPCPP (a slowly 

hydrolysable GTP analog) over a broad range of receptor surface densities and to determine the 

impact of FtsZ-ZipA complex formation on the assembly properties of GMPCPP-FtsZ polymers. 

These data enabled us to identify two distinct binding regimes associated with the growth of FtsZ 

polymers along the surface, or from the surface into the bulk solution, respectively. In addition, our 

study identifies a drastic yet hitherto unappreciated difference in the kinetics of 

association/dissociation events when FtsZ carries GTP and GDP, respectively.
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6

MATERIALS AND METHODS

Buffer preparation: All buffers were prepared in ultrapure water and degased before use in QCM-D 

and SE assays. Working buffer for vesicle preparation contained 10 mM HEPES at pH 7.4, and 150 

mM NaCl. Working buffer for ZipA and FtsZ binding assays contained 50 mM Tris, 300 mM KCl and 

5 mM MgCl2 at pH 7.5. All buffer components were purchased from Sigma.

Protein purification: The proteins used in this work were grown and purified from E. coli cells 

(BL21 strain) as previously described (FtsZ in 20; His-tagged ZipA in 17 and 18). The soluble construct 

of ZipA with 6 His tags (sZipA) was produced by elimination of the hydrophobic N-terminal domain 

(first 25 amino acids) as described earlier 18. Protein stocks were pooled and stored at -80 °C. The 

purity of sZipA and FtsZ was verified by SDS-PAGE (MWFtsZ = 40 kDa, MWsZipA = 36 kDa) (Fig. S1 

in the Supporting Material). Typically, FtsZ was obtained at high concentration (~500 µM) and 

sZipA was concentrated (~40 µM). Both proteins were dialyzed in buffer containing 50 mM Tris, 500 

mM KCl and 5 mM MgCl2 after purification. For the present studies, sZipA and FtsZ were diluted in 

buffer to final concentrations of 0.28 µM, and between 0.125 and 25 µM, respectively. Polymer 

formation was induced by the addition of 0.5 mM GMPCPP, purchased from Jena Bioscience (Jena, 

Germany).

Liposome preparation: Lyophilized dioleoylphosphatidylcholine (DOPC) was purchased from 

Avanti Polar Lipids (Alabaster, AL, USA). A lipid analog with two oleoyl tails and a chelator 

headgroup comprising three nitrilotriacetic acid moieties (tris-NTA) was prepared as described 

earlier 21 and kindly provided by Changjiang You and Jacob Piehler (Osnabrück University, 

Germany). Both lipids were dissolved in chloroform and mixed in the desired molar ratios (0, 0.1, 

0.5, 1, 2 and 5% tris-NTA). Mixtures were dried, first under a stream of nitrogen gas and then in 

vacuum, and then resuspended in working buffer. Small unilamellar vesicles (SUVs) were prepared 

by sonication, as described previously 22. SUVs at a stock concentration of 2 mg/ml were stored at 4 

°C under argon and used for up to one month. Before use, vesicle suspensions were diluted to 50 
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7

µg/ml in working buffer supplemented with 2 mM NiCl2. The NiCl2 was used to load the NTA with 

Ni2+ ions and also facilitated SLB formation.

Quartz crystal microbalance with dissipation monitoring (QCM-D): QCM-D measures changes 

in resonance frequency, Δf, and dissipation, ΔD, of a sensor crystal upon interaction of soft matter 

with its surface. The QCM-D response is sensitive to the mass (including coupled water) and the 

mechanical properties of the surface-bound layer 23. Silica-coated QCM-D sensors (QSX303; Biolin 

Scientific, Västra Frölunda, Sweden) were cleaned by immersion in 2% sodium dodecyl sulfate 

(SDS) for at least 30 min, abundant rinsing with ultrapure water and blow-drying in nitrogen gas. 

Prior to use, sensors were activated in a UV/ozone environment (Bioforce Nanoscience, Ames, IA, 

USA) for at least 30 min.

QCM-D measurements were performed with a Q-Sense E4 system equipped with Flow Modules 

(Biolin Scientific) with flow rates of typically 10 μl/min controlled by a syringe pump (KD Scientific, 

Holliston, MA, USA), at a working temperature of 23 °C. Although Δf and ΔD were collected at six 

overtones (i = 3, 5, 7, 9, 11, 13), only the changes in dissipation, ΔD, and normalized frequencies, 

Δf = Δfi/i, for i = 5 are presented for clarity in the main figures. All other overtones provided 

qualitatively similar information. 

Film thickness determination from QCM-D data. For dense monolayers of globular proteins such 

as sZipA, the film thickness can be estimated using the Sauerbrey relation, i.e. from d = − C / ρ × 

Δf, where the density ρ = 1.2 g/cm3 represents the protein film density to within an error of less than 

20% and C = 18 ng/cm2/Hz is the sensor’s mass sensitivity constant 23. For soft films of 

interpenetrating polymers such as 3D polymerized FtsZ (vide infra), data analysis with a continuum 

viscoealastic model is appropriate: thickness d and viscoelastic properties of the sZipA/FtsZ film 

were determined by fitting of the QCM-D data (comprising Δf and ΔD for the 6 measured overtones) 

to a continuum viscoelastic model 24 as implemented in the software QTM 25 (‘small load 

approximation’; D. Johannsmann, Technical University of Clausthal, Clausthal-Zellerfeld, Germany). 
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8

Viscoelastic properties were parameterized in terms of the shear storage modulus G’(f) and the 

shear loss modulus G’’(f). The frequency dependencies of the storage and loss moduli were 

assumed to follow power laws within the measured range of 15 to 65 MHz, with exponents α’ and 

α’’, such that G(f) = G0 (f/f0)α, respectively, with f0 set to 15 MHz. The exponents were confined to 

the ranges 0 ≤ α′ ≤ 2 and −1 ≤ α″ ≤ 1, i.e. the ranges physically reasonable for polymer solutions 

and gels 26. The film density was assumed to be 1.0 g/cm3. The fitting procedure was described in 

detail previously 27; care was taken to analyse the confidence intervals for each of the fitted 

parameters, and the indicated errors correspond to a confidence level of one standard deviation. 

The thickness values obtained with the Sauerbrey relation and the viscoelastic model are expected 

to be comparable to the hydrodynamic film thickness 23. For partial monolayers of discrete particles, 

such as sub-monolayers of sZipA (and likely also FtsZ 2D polymers; vide infra), neither of the above 

described analysis approaches is appropriate to accurately quantify film thickness 23. Moreover, it is 

generally difficult to quantify the surface density of proteins by QCM-D because hydrodynamically 

coupled solvent also contributes to the QCM-D response and its relative contribution to the total 

measured mass is a priori unknown 23. We thus used spectroscopic ellipsometry instead to quantify 

protein surface densities and estimate film thickness trends across the FtsZ 2D and 3D growth 

regimes.

Spectroscopic ellipsometry (SE): SE measures changes in the polarization of light upon reflection 

from a surface. The SE response is sensitive to the thickness and refractive index of surface-bound 

layers. Silicon wafers were used as a support for SLBs and to attach proteins of interest. The wafers 

were cleaned by sequential rinsing with acetone, ethanol and ultrapure water; and subsequently 

activated with UV/ozone for 30 min.

SE measurements were carried out at room temperature in the same buffer as for the QCM-D 

experiments, with a M2000V system (J. A. Woollam, Lincoln, NE, USA; wavelength range λ = 380–

1000 nm; horizontal plane of incidence; 70° angle of incidence) using a custom-built open cuvette 

(~120 µL volume; made from PEEK polymer with glass windows). The cuvette featured a magnetic 
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9

stirrer for continuous homogenization of the cuvette content and a flow-through tubing system for 

rapid solution exchange during rinsing steps 28, 29. Prior to the measurement, the cuvette was 

passivated with 10 mg/mL bovine serum albumin (BSA; Sigma) diluted in water, rinsed with 

ultrapure water and blow-dried with nitrogen gas. Small volumes of concentrated samples were 

pipetted directly into the buffer-filled cuvette (without any flow through) and the magnetic stirrer then 

ensured rapid (i.e. within a few seconds) homogenization of the cuvette content and dilution of the 

sample to the desired concentration. Rinsing with buffer was performed with a peristaltic pump at a 

flow rate of 350 µl/min.

Analysis of protein surface density and film thickness from SE data. Data were analyzed with 

the software CompleteEASE (J. A. Woollam) using a model of multiple optically homogeneous 

layers, as described in detail elsewhere 22, 28. Briefly, the protein film (made from sZipA alone, or 

from sZipA and FtsZ) was treated as a transparent Cauchy medium with an effective optical 

thickness deff and a wavelength-dependent effective refractive index nF,eff(λ) = AF,eff + BF / λ2. The 

bulk solution was treated as a transparent Cauchy medium with nS(λ) = AS + BS / λ2. We set AS = 

1.325 for the HEPES buffer with 150 mM NaCl (pure water contributes 1.322, and the salt 0.003), 

and 1.328 for TRIS buffer with 300 mM NaCl (pure water contributes 1.322, and the salt 0.006). We 

used BS = BF = 0.00322 μm2 where this is the dispersion of pure water and the contributions of salt 

and protein can be neglected 28. deff and AF,eff were the adjustable fit parameters.

Protein surface densities were determined through de Fejter’s equation 30, Γ = deff Δneff / (Mw × 

dn/dc), where Mw is the molecular mass, and Δneff is the difference in refractive index between the 

protein film and the buffer solution (Δneff = nF,eff (λ) - nS(λ) = AF,eff - AS). We used a refractive index 

increment of dn/dc = 0.180 cm3/g for all proteins 31.

It shall here be noted that the film thickness obtained from SE with the above-described fitting 

should be considered an effective quantity and is therefore denoted as deff throughout. Firstly, its 

determination is based on the assumption that the film is of constant protein concentration 
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10

throughout. We do not know what the morphology of the polymerized FtsZ is. It appears plausible 

that whilst the protein concentration is roughly constant for 2D polymerized FtsZ it would decrease 

gradually with the distance from the surface for 3D polymerized FtsZ. Under the latter conditions, 

the effectively measured optical thickness is expected to underestimate the 

geometric/hydrodynamic film thickness 32. Secondly, the optical thickness of the protein film 

depends also on the optical properties of the substrate which are typically determined from SE data 

prior to protein incubation: considering possible errors on the substrate optical properties we 

estimate that the measured protein film thickness may be inaccurate by several nm (Ralf P. Richter, 

personal communication). We stress, however, that the resolution in the optical thickness is typically 

about 1 nm 31 and trends in film thickness can thus be measured reliably once the substrate optical 

properties are fixed. Moreover, whilst errors in the optical thickness may be appreciable these have 

only a marginal effect on the protein surface densities because any errors in deff are compensated 

by errors in AF,eff such that the product deff Δn = deff (AF.eff - AS) remains constant to a good 

approximation.

Hill analysis: Curves of sZipA/FtsZ effective film thickness  vs. FtsZ concentration  (thickness �eff �
‘isotherms’) were analyzed using a Hill equation with offset, that is, . Here, �eff = �0,eff + �max,eff

����0.5 + ��
 is the concentration at half-maximal binding,  is the Hill coefficient, and  and  are the �0.5 � �0,eff �max,eff

effective film thickness values in the limit of low and high FtsZ coverage, respectively. These four 

parameters were adjustable in the fitting.

Curves of the FtsZ surface density  vs. FtsZ concentration  (binding isotherms) were analyzed Γ �
with a set of two Hill terms, that is . Here, the index 2D represents the Γ= Γ2D

��2D��2D
2D

+ ��2D
+ Γ3D

��3D��3D
3D

+ ��3D

first phase of FtsZ binding (binding and polymerization at the surface) and index 3D the second 

phase (polymerization from the surface into the bulk solution). In the fitting,  and  were fixed �3D �3D
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11

at the values obtained from the effective thickness isotherms, and , ,  and  were Γ2D �2D �2D Γ3D

adjustable in the fitting.

RESULTS 

Preparation of model membranes

The proper assembly of model membranes displaying sZipA was confirmed by QCM-D (Figs. 1B 

and S2). SLBs were formed by the method of vesicle spreading (Fig. 1B, 4 to 20 min): a transient 

minimum in the frequency shift and a transient maximum in the dissipation shift reflect the binding of 

initially intact vesicles which subsequently rupture and coalesce into complete SLBs; the shifts of f 

= -25 ± 2 Hz and D ≈ 0.2 ± 0.1 × 10-6 at the end of the vesicle incubation process are consistent 

with the formation of SLBs of good quality 33. Injection of sZipA (Fig. 1B, 40 to 100 min) on SLBs 

prepared with vesicles containing 5 mol-% tris-NTA lipids generated an additional frequency shift of 

f ≈ -63 Hz. This corresponds to a hydrodynamic layer thickness of ~9 nm, consistent with the 

dimensions of the sZipA construct (a globular domain of ~3 nm diameter concatenated to a flexible 

region that can be folded, according to 9). The relatively high associated dissipation shift (D ≈ 5 × 

10-6) can be ascribed to the presence of the flexible linker that connects the globular FtsZ binding 

domain to the SLB 34, 35 and provides compliance to the protein film. Only a minor fraction of sZipA 

was released upon rinsing with buffer (Fig. 1B, 100 to 120 min), whilst the rest remained bound 

upon rinsing with buffer but was readily eluted with imidazole (Fig. S2), indicating stable and 

specific anchorage through the His tags as desired.

The ZipA grafting density (ΓZipA) was quantified by spectroscopic ellipsometry (SE; Fig. 1C), and 

was found to be linearly dependent on the fraction of tris-NTA lipids in the vesicles from which the 

SLBs were prepared (Fig. 1D). ΓZipA was here defined as the quasi-stable binding of sZipA after 

rinsing with buffer for at least 30 minutes. From these data, the mean spacing sZipA between sZipA 

receptors could also be calculated (Fig. 1D, inset), demonstrating that a broad range of coverages, 
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12

from dense (sZipA ≈ 5 nm for 5% tris-NTA) to very sparse (sZipA ≈ 90 nm for 0.1% tris-NTA) packing 

are readily obtained.

Quantification of FtsZ surface densities and identification of FtsZ polymer growth regimes 

on ZipA-displaying model membranes

FIG 1. Design of ZipA displaying model membranes. (A) Scheme of bacterial sZipA-FtsZ interaction reconstituted on a 

silica-supported lipid bilayer (SLB). Protein and lipid sizes are drawn approximately to scale. (B) Preparation of a ZipA 

displaying SLB monitored by QCM-D (frequency shift - blue line, dissipation shift – red line with open symbols). (C) Time-

resolved measurement of the ZipA grafting density (ΓsZipA) by SE. Conditions for B and C: SUVs – 5% tris-NTA, 50 μg/ml; 

sZipA – 0.28 μM; start and duration of sample incubation steps are indicated with solid arrows on top of the plot; during 

remaining times the surfaces were exposed to plain working buffer. (D) sZipA grafting density post rinsing (ΓsZipA, blue 

symbols) and corresponding average inter-sZipA spacing (ssZipA, inset with red symbols; calculated as root-mean-square 

distance) as a function of tris-NTA content in the SLB (expressed in mol-% of tris-NTA lipids in the liposomes from which 

the SLBs were formed). Error bars represent standard deviations from at least two independent measurements. The black 

line is the result of a linear fit through the origin, giving a slope of 1.13 ± 0.02 pmol/cm2 sZipA per % NTA.
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To quantify FtsZ binding to sZipA-displaying model membranes, we performed titration assays by 

SE over a broad range of FtsZ concentrations (0.12 to 25 µM) and ZipA surface densities (0.5 to 5% 

tris-NTA, or 0.43 to 5.7 pmol/cm2; cf. Fig. 1D). The formation of FtsZ polymers was elicited by the 

addition of GMPCPP (0.5 mM), a slowly hydrolysable GTP analogue 3. FtsZ surface densities 

generally reached equilibrium within experimental time scales, as illustrated in Fig. 2 for a selected 

sZipA surface density (5.7 pmol/cm2). These assays revealed binding in a FtsZ-concentration and 

sZipA-surface-density dependent manner (Fig. 3). The equilibrium responses obtained by SE also 

facilitated analysis with equilibrium thermodynamic models. The binding isotherm of FtsZ-GMPCPP 

to 0.43 pmol/cm2 sZipA, shown in Fig. 3A, revealed two discrete association processes occurring 

below and around the critical concentration for FtsZ polymerization in solution (1 µM), respectively. 

From the double-logarithmic presentation of the data, it can be appreciated that there are two 

separate phases in the isotherm with slopes well above 1 (below 0.25 µM, and between 0.75 and 

1.5 µM FtsZ). This implies that FtsZ binding occurs in two distinct steps, each of which is positively 

cooperative. The distinctiveness of the two steps was most apparent at this low sZipA surface 

density yet it could also be discerned, with gradually decreasing sharpness, for the higher densities 

(Fig. 3C). 

FIG 2. Representative FtsZ-GMPCPP titration curve.  Surface density of FtsZ (ΓFtsZ; quantified by SE) upon stepwise 

titration of a model membrane displaying 5.7 pmol/cm2 sZipA with FtsZ. Model membrane preparation as in Fig. 1B-C; 

titration steps are labeled from 1 to 8, corresponding to FtsZ concentrations of 0.12, 0.25, 0.75, 1.5, 2.5, 5.0, 12.5 and 25 

µM, respectively. Whilst FtsZ binding generally increased with FtsZ concentration, a minor decrease was observed upon 

switching from 12.5 to 25 μM FtsZ (step 7 to 8). It is not clear if this subtle reduction is real: for films thicker than a few 10 

nm, SE becomes sensitive to the film density profile and changes in the density profile might entail an apparent change in 

surface density when analyzed with the simple optical model used here (which assumes a constant density across the 

film). Slightly negative surface densities post rinsing are likely due to release of some sZipA over the time course of the 

FtsZ titration and rinsing.
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In addition to the protein surface density, SE also provides estimates of the protein film thickness. 

Interestingly, the measured effective thickness of the ZipA/FtsZ film also showed two distinct 

regimes (Fig. 3B): up to 0.5 µM FtsZ-GMPCPP the effective thickness was essentially constant 

(around 15 nm, i.e. roughly consistent with the size of a sZipA molecule in complex with a FtsZ 

molecule, taking into account the flexibility of the unstructured domain of ZipA), and above 0.5 µM 

FtsZ-GMPCPP it increased sharply to reach a new and much higher plateau value (around 40 nm, 

i.e. much larger than the size of such a simple complex). Similar thickness trends were found for all 

sZipA densities studied (Fig. S3). We ascribe the sharp increase in effective film thickness above 

0.5 µM FtsZ-GMPCPP (Fig. 3B) to FtsZ polymerization with ZipA-bound FtsZ polymers emanating 

into the solution phase (3D polymerization) whilst the constant effective thickness up to 0.5 µM 

represented a two dimensional FtsZ film. We cannot however rule out that the higher density of 

filaments on the surface imposes a rearrangement of the nonstructured region of sZipA that could 

cause the extension of the flexible domain into the solution and thus make a (likely minor) 

contribution to the effective thickness increase 35. The 3D thickness growth was found to be well 

described by a conventional Hill equation. The resulting association constant was K0.5 = 1.18 ± 0.04 

μM and the Hill coefficient was n = 5.2 ± 0.4. These values should be considered effective for a 

couple of reasons. Firstly, the thickness values derived by SE are effective quantities: whilst they 

accurately reflect thickness trends, the absolute values should be interpreted with some caution: 

they may deviate from the hydrodynamic thickness of compact films (e.g. FtsZ in the 2D growth 

regime) by a few nanometers, and they may in addition substantially underestimate the 

hydrodynamic dimensions of graded films that exhibit a gradient of decreasing density from the 

surface into the solution (e.g. FtsZ in the 3D growth regime; see Methods for details). Secondly, it is 

not known if thickness is proportional to FtsZ surface density; however, both the K0.5 value and the 

high degree of cooperativity are fully consistent with previous reports on FtsZ polymerization in 

solution (reviewed in 36).

Page 14 of 33

ACS Paragon Plus Environment

Biochemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



15

FIG 3. Quantification of FtsZ-GMPCPP binding to ZipA-displaying model membranes by SE. (A-B) Equilibrium 

binding data for an sZipA surface density of 0.43 pmol/cm2 (0.5% tris-NTA), with mean and minima/maxima of at least two 

independent measurements: (A) Surface density of FtsZ (ΓFtsZ) as a function of FtsZ concentration (cFtsZ; in this double-

logarithmic plot, a dashed line with a slope of 1 is shown for reference); (B) Effective sZipA/FtsZ film thickness, 

deff,sZipA+FtsZ, as a function of FtsZ concentration. Red lines are best fits to the data with Hill equations: the thickness data in 

B was fit with one Hill term plus offset and gave  and ; the surface density data in A was �0.5 = 1.18 ± 0.04 μM �= 5.2 ± 0.4

fit with two Hill terms with  and  fixed at the values obtained from B, giving , �3D �3D Γ2D = 0.68 ± 0.20 pmol cm2 �2D

,  and . (C) FtsZ/sZipA binding stoichiometry as a function of FtsZ = 0.24 ± 0.04 μM �2D = 5.2 ± 1.1 Γ3D = 3.1 ± 0.3 pmol cm2

concentration for different sZipA surface densities (0.43 to 5.7 pmol/cm2, as indicated). All data are from individual 

measurements, except at 0.43 pmol/cm2 sZipA where the mean and minima/maxima of two independent measurements 

are presented. (D) Equilibrium surface density of FtsZ as a function of sZipA grafting density at several FtsZ 

concentrations (0.5 to 5 µM, as indicated; in this double-logarithmic plot, a line with a slope of 1 is shown for reference). All 

data are from individual measurements.
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The binding data (Fig. 3A) was modelled with a sum of two Hill terms (see Methods), in which the 

first term (index 2D) is attributed to 2D polymerization and the second term (index 3D) to 3D 

polymerization. Although all the parameters could not be determined simultaneously with good 

confidence, when K3D and n3D were fixed to the values obtained from the thickness analysis, all 

other parameters could be well determined within narrow confidence intervals. The results of this 

modeling exercise revealed that (i) the maximal binding for phase 1 (Γ2D = 0.68 ± 0.20 pmol/cm2) is 

of a magnitude comparable to the surface density of ZipA (0.43 pmol/cm2) and (ii) the Hill coefficient 

for 2D polymerization (n2D = 5.2 ± 1.1) is comparable to the Hill coefficient for 3D polymerization 

estimated from effective thickness analysis. In this case, the best-fit value of the association 

constant was found to be K2D = 0.24 ± 0.04 μM.

Density of the FtsZ polymer film. The FtsZ surface density saturated at approximately 4 pmol/cm2 

(Fig 3A). If all FtsZ monomers were hypothetically organized in a single layer, then this would be 

equivalent to a root-mean-square distance between monomers of ~ 5.4 nm. The FtsZ monomer is ~ 

4 nm long and ~ 5 nm wide 37, and the total amount of bound FtsZ would hence just about fit into a 

monolayer on the surface, even at the highest ZipA surface density. However, since we observe 

that the thickness of the protein layer increases substantially when the FtsZ concentration in 

solution is above 1 μM (as shown by SE, Fig. 3B, and QCM-D, Fig. 4) we can conclude that the 

protein crowding at the membrane is at most moderate, without discarding the contribution to the 

obtained thickness values given by potential rearrangement of the unstructured domain of ZipA.
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FIG 4. QCM-D analysis of FtsZ-GMPCPP (polymer) binding as a function of ZipA surface density. Shown are 

representative data (frequency shift - blue lines; dissipation shift - red lines with open symbols) for FtsZ binding and 

unbinding on four SLBs with distinct tris-NTA content (A - 0.1%, B - 0.5%, C - 2%, D - 5%) corresponding to a range of 

ZipA surface densities (0.1 to 5.7 pmol/cm2, as indicated; see Fig. 1D). FtsZ was incubated at 10 µM with GMPCPP, and 

subsequent rinsing proceeded in GMPCPP-containing buffer (as indicated by arrows on top of the graphs). At all other 

times the surfaces were exposed to plain working buffer. See Fig. S4 for complete data sets including SLB-formation, 

sZipA binding and washing steps. (E) sZipA/FtsZ film thickness, dsZipA+FtsZ, as a function of sZipA surface density as 

obtained through viscoelastic modelling of QCM-D data. The time points during FtsZ incubation (in A to D) at which 

frequencies attained a minimum and dissipations a maximum were selected for fitting; see Fig. S5 for the extracted film 

viscoelastic properties and the quality of the fit.
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Stoichiometry of ZipA-FtsZ binding. The SE data also enabled a direct quantitative comparison 

of the surface densities of FtsZ and sZipA, and hence allowed estimating the stoichiometry of 

binding of FtsZ-GMPCPP to sZipA. The results (Fig. 3C) reveal that binding was saturable for all 

tested sZipA surface densities. The maximal number of FtsZ subunits bound per sZipA was found to 

decrease substantially as the surface density of receptors increased, from a value close to 10 at 

0.43 pmol/cm2 sZipA (0.5% tris-NTA) to 1.0 at 5.7 pmol/cm2 sZipA (5% tris-NTA). At 0.25 μM FtsZ, 

on the other hand, the stoichiometry varied only little, and remained below 1.0, across the full range 

of assayed sZipA surface densities. From these results, it can be concluded that almost all FtsZ 

molecules seem to be bound to ZipA in the first binding regime but in the second binding regime the 

majority of FtsZ oligomers is not directly bound to sZipA. Moreover, considering that a stoichiometry 

of 1.0 is attained for the highest sZipA density at saturation (i.e. where the film is too thick for all 

FtsZ molecules to contact sZipA), it appears that only a fraction of sZipA is occupied, meaning that 

binding in this case is limited by steric hindrance of the FtsZ polymers rather than by sZipA surface 

density.

Sensitivity of FtsZ binding to ZipA surface density. To evaluate how sensitive FtsZ association 

is to ZipA coverage, we plotted ΓFtsZ against ΓZipA. The log-log plot (Fig. 3D) reveals that the slope of 

the curves does not increase significantly above 1 over the entire range of ZipA surface densities. 

This behavior contrasts what has previously been observed for thermodynamically stable and 

flexible polymers where the individually weak interactions of the polymer with multiple cell surface 

receptors entails a rather narrow dynamic range and a very sharp onset of binding at a certain 

receptor surface density (‘superselectivity’; 38). The binding response of FtsZ varies gradually yet 

dynamically over the full range of possible ZipA receptor densities. Significant differences between 

this experimental setup and the one in which superselectivity was observed could explain this 

difference. A major difference is the reversible (i.e. continuously assembling and dissembling) 
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character of the FtsZ polymers. The interaction between FtsZ monomers triggered by the presence 

of GMPCPP is stronger than the interaction with ZipA 39 but also reversible. The slowly hydrolysable 

analogue slows down FtsZ monomer turnover 40 but does not eliminate it completely and this effect 

might still be present and affect locally the interaction with ZipA on the surface. Another possible 

explanation could be the lack of flexibility of the FtsZ polymers which may reduce the effective 

affinity of the individual FtsZ-ZipA interaction in a coverage-dependent manner owing to steric 

clashes between FtsZ polymers and to entropic penalties associated with the flexible ZipA 

membrane anchor needing to stretch to reach out and bind to a free FtsZ molecule. On the other 

hand, it is unlikely that the freedom of ZipA to diffuse across the membrane is responsible for the 

weak dependence of FtsZ binding on ZipA surface density, as receptor lateral mobility has 

previously been show to affect the quality of superselectivity only weakly 41.

 

Morphology and reorganization of FtsZ polymer film

Specificity of binding. To complement the SE analysis and obtain further insight into the FtsZ 

polymerization process we also monitored FtsZ binding by QCM-D. These assays were performed 

as a single incubation step at 10 μM FtsZ-GMPCPP (Fig. 4). It is notable that a clear QCM-D 

response was observed even on 0.1% NTA (Fig. 4A) where the ZipA grafting density was at 0.1 

pmol/cm2 (i.e. close to the detection limit, with close to 100 nm average spacing between ZipA 

molecules; cf. Fig. 1D). In contrast, no binding of FtsZ was detected on SLBs lacking ZipA (Fig. 

S2A), indicating that FtsZ binds exclusively through sZipA to the model membranes. It has 

previously been shown that peptides derived from the C-terminal region of FtsZ containing the 

central hub region 42 inhibited the binding of FtsZ polymers to ZipA contained in nanodiscs 17. 

Confirming the specificity of FtsZ binding, similarly, we found here that such peptides also compete 

with FtsZ polymers for binding to sZipA anchored to SLBs (Fig. S2B).
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Dynamic 3D polymerization and re-organization. A prominent feature observed for all ZipA 

surface densities was that FtsZ binding induced large dissipation shifts (Fig. 4). These provide 

further strong evidence for the 3D growth of FtsZ polymers, and thus corroborate the prior 

interpretation of the SE data (Fig. 3B). The dissipation shifts reached values of several 10 × 10-6 

which is much more than what is typically obtained for a simple monolayer of globular proteins: 

monolayers of streptavidin or green fluorescent protein tethered to a lipid bilayer, for example, 

produce dissipation shifts around 1 × 10-6 34, 43. Shifts of several times 10-6 such as seen for sZipA 

monolayers (Fig. 1B) are already relatively high and usually due to extended flexible regions 

connecting the protein to the surface, or multiple protein domains to each other 34. Dissipation shifts 

of 10 × 10-6 and more, on the other hand, are readily attained with films of flexible polymers, such as 

one-end grafted ‘brushes’ of synthetic or biological polymers 32, 44, 45. The very large dissipation 

shifts observed for FtsZ are thus incompatible with the formation of a simple protein monolayer and 

indicate that FtsZ instead binds to the surface forming a complex that emanates into the solution 

phase and generates a soft and relatively thick (and thus highly dissipative) polymer film. 

Thickness values extracted by viscoelastic modelling of QCM-D data for films made of 10 µM FtsZ 

on several sZipA densities (Figs. 4E and S5) are of the same order of magnitude, yet moderately 

(about 50%) larger compared to the effective thickness values determined by SE (Figs. 3B and S3). 

This is consistent with FtsZ forming a graded layer with the density being highest near the surface 

and gradually decreasing into the solution phase, as for such films QCM-D is expected to provide a 

larger thickness than SE owing to the different contrast-sensing mechanisms of these two 

techniques 32. This QCM-D thickness analysis suggests that the film thickness is virtually 

independent of sZipA surface density (Fig. 4E). The shear elastic modulus (elasticity), and to a 

lesser extend the loss modulus (proportional to viscosity), however, increase with ZipA (and 

consequently FtsZ) surface density (Fig. S5A) as would be expected for an increasingly dense film 

of interpenetrating polymers.
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The QCM-D data upon FtsZ incubation at a single, high concentration (10 μM) also demonstrate 

that the polymer films assemble fast, as witnessed by the rapid decrease in frequency during the 

first few minutes after FtsZ injection. Another salient feature was that the QCM-D responses do not 

reach any equilibrium over the 20 min FtsZ incubation period. Instead, frequency and dissipation 

showed at least one transient extremum (in the case of 2% and 5% tris-NTA even several extrema) 

and following this the frequency slowly increased and the dissipation slowly decreased. This 

complex QCM-D response is in stark contrast to the SE data where we consistently observed 

binding equilibria being rapidly reached (Fig. 2). This can be understood by considering the different 

sensing principles of SE and QCM-D: whilst the areal mass density determined by SE is not (or at 

most weakly) influenced by the internal structure of the protein film, the QCM-D frequency shift is 

not only affected by the amount of FtsZ on the surface but also by the mechanical properties of the 

FtsZ film and the amount of hydrodynamically coupled solvent within it 23. Joined together, the SE 

and QCM-D data thus indicate that the FtsZ polymer film reorganizes over extended incubation 

times although the FtsZ surface density remains approximately constant. Whilst QCM-D does not 

provide direct information about the ultrastructure of the polymer film, we can suggest based on the 

gross data that this reorganization reflects the formation of higher order polymer complexes such as 

the polymer bundles previously visualized by atomic force microscopy on SLBs 12.

It is notable that the complex QCM-D response was characteristic for high FtsZ concentrations (10 

μM). When the FtsZ concentration was lowered to 0.5 μM, the magnitude of the QCM-D response 

was much smaller than at 10 μM but the binding readily attained equilibrium within 5 min of 

incubation (Fig. 5A). That the dissipation increased only marginally at 0.5 μM (D ≈ 1 × 10-6, 

compared to 32 × 10-6 at 10 μM) confirms that FtsZ polymers do no longer grow into the solution 

phase when the FtsZ concentration is lowered below the concentration required for polymerization 

in solution (1 μM at our working conditions 20). Additional QCM-D experiments at 2.5 µM FtsZ (Fig. 

5A) confirmed that there is a sharp, cooperative transition in the film morphology around 1 μM (Fig. 

5B), consistent with the earlier SE data (Fig. 3A-B).
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Dissociation. The dissociation of FtsZ-GMPCPP from the sZipA-displaying membrane, after rinsing 

with nucleotide-containing buffer, was fully reversible at all the receptor densities assayed (Fig. 4). 

Interestingly, whilst FtsZ dissociated in a single continuous event on SLBs with the lower sZipA 

densities (0.1% and 0.5% tris-NTA, corresponding to average distances between sZipA molecules 

of about 90 and 20 nm, respectively; Fig. 4A-B), the detachment occurred in two clearly distinct 

phases at the higher ZipA densities (2% and 5% tris-NTA, 10 and 5 nm; Fig. 4C-D). The frequency 

increased rapidly in the first phase (which lasted a few minutes) and much more slowly (and 

markedly linear) in the second phase. These two phases may correspond either to the release of 

two different polymer species or to polymer conformational changes during the dissociation process. 

Larger protein surface densities could favor more specific and stable lateral associations between 

filaments. That the dissipation shifts reached a level of only a few times 10-6 at the end of the first 

FIG 5. Dependence of FtsZ-GMPCPP film morphology on FtsZ concentration. (A) QCM-D data (frequency shift - solid 

lines, dissipation shift – solid lines with open squares) on model membranes with a selected sZipA grafting density (0.43 

pmol/cm2 sZipA, corresponding to 0.5 % tris-NTA) and three distinct FtsZ-GMPCPP concentrations (0.5 µM – green, 2.5 

µM – blue, 10 µM – black). Start and duration of incubation with FtsZ are indicated with a solid arrow on top of the plot; 

during remaining times the surfaces were exposed to plain working buffer. (B) Minimal frequency shifts (-Δfmin) and 

maximal dissipation shifts (ΔDmax) upon FtsZ binding as a function of FtsZ-GMPCPP concentration (from data in A); in 

these double-logarithmic plots, dashed lines with a slope of 1 are shown for reference: sharp changes with slopes larger 

than one between 0.5 and 2.5 µM are consistent with a cooperative transition within this concentration range. 
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phase (Fig. 4C-D) suggests that polymers that emanate into the solution phase dissociate in the 

first phase whilst polymers that are closely associated to the membrane are retained for longer and 

dissociate in the second phase.

Interaction of FtsZ-GDP oligomers with sZipA-displaying model membranes

Next, to assay the effect of the nucleotide bound to FtsZ on the kinetics of association to ZipA at the 

membrane and its subsequent dissociation from it, QCM-D experiments were performed in the 

presence of GDP instead of GMPCPP (Fig. 6). Under the conditions used in our assays (variable 

FtsZ concentrations in buffer with 300 mM KCl and 5 mM MgCl2), FtsZ-GDP has been shown to 

self-associate and form short oligomers from monomers in a non-cooperative fashion, with 

hexamers being the largest species detectable 18.

At 2.5 µM, FtsZ bound to sZipA-displaying model membranes (0.5% tris-NTA) in a single and rapid 

phase (Fig. 6A) which presumably corresponds to the binding of pre-formed FtsZ-GDP oligomers to 

sZipA. Such a phase was also observed at 10 µM with slightly larger magnitude, but a second 

FIG 6. FtsZ-GDP (oligomer) binding to ZipA-displaying model membranes. QCM-D analysis (frequency shift – blue 

lines; dissipation shift – red lines with open symbols) of FtsZ-GDP binding to sZipA-displaying SLBs (0.5% tris-NTA, or 

0.43 pmol/cm2 sZipA): (A) 2.5 µM FtsZ-GDP, (B) 10 µM FtsZ-GDP and competition with FtsZ-derived peptide (110 µM). 

Arrows on top of the graphs indicate start and duration of injections with FtsZ-GDP or FtsZ-derived peptide, as indicated; 

during remaining times the surface was incubated with plain working buffer. Two-phase binding of FtsZ-GDP is evident in 

B but not A, and the FtsZ-derived peptide is able to fully displace the more stably bound fraction of FtsZ.
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phase was additionally observed that was slow and did not saturate within the typical incubation 

time of 20 min in our experiments (Fig. 6B). This behaviour was unlike FtsZ-GMPCPP polymers, for 

which binding was fast and saturable (Fig. 2), and involved prolonged reorganization (Fig. 4). The 

lack of saturation precluded a more detailed analysis of the binding process for FtsZ-GDP with 

thermodynamic models.

In contrast to FtsZ-GMPCPP polymers that were completely dissociated from ZipA during the 

washing step with buffer, at 0.5% sZipA and 10 µM FtsZ a significant fraction of FtsZ-GDP 

(corresponding to around 50% of the total bound protein) was found to remain stably bound. 

Interestingly, this fraction could be dislodged from the membrane by a molar excess of a C-terminal 

FtsZ peptide (Fig. 6B). This confirms that the bound FtsZ was specifically attached to sZipA via its 

genuine binding site. It highlights that the GDP-bound form of FtsZ dissociates more slowly from 

ZipA than the GTP/GMPCPP-bound form.
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DISCUSSION

Using supported lipid bilayers as minimal membrane systems, we here provided evidence that the 

binding of FtsZ-GMPCPP polymers to ZipA and the organization of the polymers at the membrane, 

are very sensitive to changes in FtsZ concentration yet rather insensitive to changes in ZipA 

concentration. We can argue that the primary parameter that bacteria use to control FtsZ ring 

formation is the local concentration of free FtsZ whereas modulation by ZipA surface density may 

aid in producing a robust response according to the moment of cell cycle.

How physiologically relevant are our minimal membrane systems? The SLBs reproduce the lateral 

mobility of bacterial membranes, allowing ZipA to diffuse freely and rearrange upon FtsZ binding. 

Moreover, our experiments were done in bilayers containing between 0.1 and 5% tris-NTA lipids to 

control the density of ZipA on the bilayer to be closer to physiological levels than in previous 

reconstitution experiments, in which 10% NTA was used 12, 13, 46. In fact, the lowest surface density 

of ZipA used in our experiments (0.1 pmol/cm2 on 0.1% tris-NTA) corresponds to ~400 molecules 

per µm2. This closely matches what would be expected if the 1500 ZipA molecules that are typically 

present in E. coli covered the inner cell membrane area (~4 µm2) uniformly. On the other hand, it 

has been estimated from in vitro assays that a local surface density of 10,000 ZipA molecules per 

µm2 (equivalent to ~1.5% tris-NTA in our assay) is required for FtsZ induced membrane contraction 

15.

On the basis of our results we propose a model of ZipA templated FtsZ-GPMCPP polymerization as 

shown in Fig. 7 in which the assembly state depends rather sensitively on the concentration of FtsZ, 

and hence on its association state in solution. The concentration dependence of binding is best fit 

by two discrete yet similarly cooperative events. At concentrations below 0.1 µM, FtsZ would bind to 

surface-immobilized ZipA as monomers or linear oligomers. As the FtsZ concentration increases, 

these oligomers then grow in a single layer parallel to the surface, forming a two-dimensional 

assembly of polymers that cover the membrane. The increase in film thickness values detected by 

SE (Fig. 3B) and QCM-D (Fig. 4E), and in dissipation values detected by QCM-D (Fig. 5B), show 
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that, above 1 µM, the polymers also grow in the third dimension towards the bulk solution and likely 

form higher order structures such as bundles. A multilayered growth of FtsZ filaments on the 

surface at high protein concentration in solution has also been detected using fluorescence 

microscopy. Ramirez-Diaz et al. 47 described the formation of abundant three-dimensional polymer 

networks on the membrane when protein in solution was above 1.0 μM. Another useful surface 

characterization technique, Atomic Force Microscopy (AFM) could not, unfortunately, be used to 

confirm the presence of these protruding structures. Imaging  soft,  flexible   filaments dynamically 

exchanging proteins present at high concentration in the imaging buffer is not technically feasible. 

However, images of a similar setup but in the absence of protein  in the solution 12  already showed 

that the filament network was not lying completely flat on the lipid surface but that at some points 

filament bundles moved away from the surface. It is easy to imagine that in the presence of protein 

in solution, filament breaking observed could allow protein incorporation favoring further thickening 

and separation of the filaments from the surface.

  

FIG 7. Schematic illustration of the FtsZ polymerization and re-organization steps revealed in this study. Scheme 

of the polymerization of FtsZ in bulk solution (upper panel) and on the surface (lower panel): In bulk solution, the FtsZ 

monomers and small oligomers assemble to form polymers above the critical concentration of polymerization in solution, 

around 1 µM. When attached to sZipA-displaying membranes, a two-phase polymerization occurs: below 1 µM, GMPCPP 

triggers FtsZ polymerization in 2 dimensions, assembling into polymers that grow parallel to the surface. Above 1 µM, the 

membrane-bound FtsZ preserves its ability to polymerize into the bulk solution, in 3 dimensions. The polymer film is 

thought to reorganize dynamically, and high local FtsZ concentrations may induce the formation of bundles due to lateral 

interactions between FtsZ polymers.
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The equilibrium binding of FtsZ-GMPCPP polymers to ZipA-SLBs appears to be saturable at all 

ZipA surface densities assayed (Figs. 2-3). This observation agrees well with the previously 

reported behavior of the association of FtsZ-GTP polymers to ZipA contained in lipid-coated beads 

16. In both cases, binding saturability can be attributed to the composition of the polymers that the 

free FtsZ-GTP and FtsZ-GMPCPP form in solution, which show a narrow distribution of sizes (with 

weight-averaged stoichiometries around 100 and 200 for GTP and GMPCPP polymers, respectively 

48). We had previously proposed that the narrow size distribution could be a consequence of the 

formation of cyclic structures, that are not necessarily closed 36. Consistent with such a scenario, 

the formation of chiral ring-like vortices of FtsZ on lipid membranes under conditions comparable to 

the ones used here has recently been described 47, 49.  It is interesting to note that this dynamic 

behavior was only observed when the protein concentration in solution was kept below 1 μM, 

corresponding to the regime in which the filaments are mostly lying parallel to the surface. At higher 

concentrations it is easy to visualize that the three dimensional growth could perturb the collective 

rotation of the vortexes parallel to the membrane plane.

Contrary to the GMPCPP form of FtsZ, the binding of FtsZ-GDP to ZipA did not equilibrate (Fig. 6). 

In a previous binding study using lipid-coated beads we had reported that FtsZ-GDP binding to 

ZipA-coated membranes does not to saturate, and proposed that this is due to surface associated 

FtsZ oligomers continuing to grow as the free FtsZ concentration increases [16]. This may also 

apply for the here-presented FtsZ-GDP binding data on planar membranes, and explain the 

continuous albeit slow second phase of binding. 

We have also found that FtsZ-GMPCPP detaches from ZipA more easily than the FtsZ-GDP, 

despite the larger binding avidity of the FtsZ-GMPCPP polymers (and also FtsZ-GTP polymers 16) to 

membrane-associated ZipA when compared to the binding of the FtsZ-GDP oligomers. In this way, 

a significant fraction of the GDP form remains stably attached to the surface and only can be 

dissociated by the addition of the FtsZ C-terminal peptide. Du et al. 50 have found that higher-order 

FtsZ-GDP oligomers bind more strongly to immobilized ZipA than the monomeric form. This 
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observed effect could explain the unexpected stability of the FtsZ-GDP oligomers remaining 

attached to the sZipA surface after rinsing.

These significant differences in the association/dissociation kinetics of both species may be due to 

the control by nucleotides of FtsZ association/assembly and its binding to ZipA (reviewed in 36).

This differential behavior may have a biological implication for the bacterial cell cycle, related to the 

requirements of FtsZ at the vicinity of the membrane at the moment of proto-ring formation. 

Specifically, the GDP species presents a slowed-down binding rate in its second phase and also a 

slowed-down unbinding rate, while the GTP species (or the GMPCPP species in our assays) shows 

a more dynamic behavior, with quicker association/dissociation exchange rates. We may here 

hypothesize that the nucleotide effectively acts as a ‘switch’ activating the dynamism required to 

modulate the multiple interactions in which the C-terminus of FtsZ is involved acting as a central 

hub to integrate the signals that modulate the assembly of the division machinery for proper cell 

division.

In summary, we have developed a minimal membrane model on which the ZipA surface density 

was quantitatively tuned. Our results demonstrate that, at the ZipA densities tested, the binding of 

FtsZ-GMPCPP (and by extension –GTP) polymers, unlike FtsZ-GDP oligomers, is reversible and 

depends primarily on the free FtsZ concentration in solution. Free polymers can adopt higher-order 

structures in two and three dimensions, likely relevant for the formation of the FtsZ ring. The ZipA 

surface density plays a secondary role and probably provides a robust anchorage to FtsZ oligomers 

and polymers. The presented approach can easily be extended to other divisome elements or 

mixtures of them, and thus provides a robust tool for the screening of interactions with FtsZ in a 

relevant and well-controlled environment. Future studies will aim, in particular, at understanding the 

role of the C-terminus of FtsZ as a central hub integrating signals that modulate divisome assembly, 

and at elucidating the biochemical parameters that govern these multiple interactions at the proto-

ring.
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