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Summary

A short conserved motif located at the carboxy terminus of FtsZ, referred to here as the CCTP 

(conserved C-terminal peptide), is required for the interaction of FtsZ with many of its partners. In 

E. coli interaction of FtsZ with its membrane anchors, ZipA and FtsA, as well as the spatial 

regulators of Z-ring formation, MinC and SlmA, requires the CCTP. ZipA interacts with FtsZ with 

high affinity and interacts with the CCTP with low affinity, but the reason for this difference is not 

clear. In this study we show that this difference is due to the oligomerization of FtsZ converting 

the CCTP to a multivalent ligand that binds multiple ZipAs bound to a surface with high avidity. 

Artificial dimerization of the CCTP is sufficient to increase the affinity for ZipA in vitro. Similar 

principles apply to the interaction of FtsZ with SlmA. Although done in vitro these results have 

implications for the recruitment of FtsZ to the membrane in vivo, the interaction of FtsZ with 

spatial regulators and the reconstitution of FtsZ systems in vitro.

Introduction

The first generally recognized step in bacterial cell division in E. coli is the formation of the 

Z ring, which is under spatial and temporal regulation so that it forms at the proper time and 

place in the cell (Bi & Lutkenhaus, 1991, Lutkenhaus et al., 2012, Lutkenhaus, 2007). The Z 

ring is about 100 nm in width and accumulating evidence indicates it consists of a band of 

short, loosely arranged FtsZ filaments that are attached to the membrane through the 

membrane anchors ZipA and FtsA (Pichoff & Lutkenhaus, 2002, Fu et al., 2010, Strauss et 

al., 2012). These filaments arise from the GTP dependent polymerization of FtsZ and are 

extremely dynamic due to the subunit turnover associated with FtsZ’s GTPase activity 

(Stricker et al., 2002, Mukherjee & Lutkenhaus, 1998).

The FtsZ protein can be divided into distinct functional domains; an N-terminal globular 

domain with a tubulin fold, which binds GTP and is responsible for polymerization and GTP 

hydrolysis, is connected by a flexible linker to a short conserved carboxy-terminal peptide 

(CCTP) that mediates interaction with a number of FtsZ interacting proteins (Erickson et al., 

2010, Shen & Lutkenhaus, 2009, Mosyak et al., 2000, Haney et al., 2001, Szwedziak et al., 

2012, Du & Lutkenhaus, 2014). The connecting linker is intrinsically disordered and about 

50 amino acids in length in E. coli and B. subtilis (Gardner et al., 2013, Buske & Levin, 
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2013). The sequence of the linker is not important, only that it be intrinsically disordered, 

and for E. coli FtsZ, that it be longer than about 43 residues and shorter than 95 (Buske & 

Levin, 2013, Gardner et al., 2013). In some bacteria the linker is much longer, up to 257 

residues, but such long linkers cannot functionally replace the linker in the E. coli FtsZ 

(Gardner et al., 2013).

FtsZ’s CCTP is required for interaction of FtsZ with a number of proteins, including ZipA 

and FtsA, the membrane anchors for FtsZ filaments in E. coli (Pichoff & Lutkenhaus, 2002, 

Haney et al., 2001, Mosyak et al., 2000, Szwedziak et al., 2012, Ma & Margolin, 1999). The 

CCTP is also required for the action of the spatial regulators of the Z ring, MinC and SlmA. 

MinC, an antagonist of FtsZ assembly, uses a two-pronged mechanism to interact with FtsZ 

(Shen & Lutkenhaus, 2009, Shen & Lutkenhaus, 2010). It contacts the CCTP through its C-

terminal domain and contacts the globular domain through its N-terminal domain (Shen & 

Lutkenhaus, 2009, Shen & Lutkenhaus, 2010). SlmA, the mediator of nucleoid occlusion, 

also appears to use a two-pronged mechanism to interact with FtsZ (Du & Lutkenhaus, 

2014). It requires interaction with the CCTP to depolymerize FtsZ filaments and genetic as 

well as biochemical evidences suggests that SlmA contacts the globular domain in addition 

to the CCTP (Du & Lutkenhaus, 2014, Cho et al., 2011, Tonthat et al., 2011). In addition, 

the CCTP is required for the interaction of FtsZ with ZapD and ClpXP (Durand-Heredia et 

al., 2012, Camberg et al., 2009, Camberg et al., 2014). In other organisms the CCTP is 

involved in binding additional proteins involved in regulating or anchoring the Z ring to the 

membrane. In addition to FtsA in B. subtilis these include SepF, which can serve as a 

membrane anchor in this organism, and EzrA, which contributes to the spatial regulation of 

Z ring assembly (Krol et al., 2012, Duman et al., 2013, Singh et al., 2007, Singh et al., 

2008).

The structure of the CCTP bound to ZipA and FtsA is similar but not identical (Szwedziak 

et al., 2012, Mosyak et al., 2000). The former is from E. coli and the latter from T. maritima. 

In each case the CCTP has a helical region starting at a conserved proline. The helical region 

in the CCTP bound to FtsA has a kink, but this occurs at a glycine residue not present in the 

E. coli CCTP (Szwedziak et al., 2012). The interaction between CCTP and ZipA is largely 

hydrophobic whereas the interaction between FtsA and CCTP is largely electrostatic 

(Szwedziak et al., 2012, Mosyak et al., 2000). In both cases the interaction is rather weak 

with Kds estimated in the 10–50 µmolar range.

Although the interaction between ZipA and the CCTP is rather weak, the interaction 

between ZipA and full length FtsZ is reported to be about 100 fold stronger (Mosyak et al., 

2000, Haney et al., 2001). Two possible explanations for this higher affinity were proposed. 

One was that the presence of the globular domain influenced the conformation of the CCTP, 

which favored binding. The second was that ZipA made two contacts with FtsZ, one through 

the CCTP and the other through the globular domain (Mosyak et al., 2000). This latter 

possibility seems likely since monomeric ZipA has been reported to bundle FtsZ filaments 

(Mateos-Gil et al., 2012, Hale et al., 2000, RayChaudhuri, 1999, Kuchibhatla et al., 2011), 

which would not be expected if ZipA only bound to the CCTP. However, additional studies 

report that ZipA interacts with FtsZ monomers or oligomers with moderate affinity 

(micromolar range) and ZipA bundling of FtsZ filaments is salt sensitive (Martos et al., 
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2010, Hernandez-Rocamora et al., 2012b). We undertook a series of experiments to 

understand this difference in affinities between ZipA binding to full length FtsZ versus a 

peptide corresponding to the CCTP, as well as the effect of ZipA on bundling. We also 

analyze the interaction of SlmA and FtsZ, which has similar characteristics to the interaction 

of ZipA with FtsZ (Du and Lutkenhaus, 2014). The results have implications for the binding 

of filaments to the membrane in vivo, the interaction of spatial regulators with FtsZ 

filaments and in vitro reconstitution experiments.

Results

Differential affinity of ZipA for FtsZ and the CCTP

Initially we set out to determine if we could reproduce the different reported affinities of 

ZipA for FtsZ and the CCTP using a biosensor assay (see Experimental Procedures for the 

principles and details of the assay). Previous studies have found that the structured domain 

of ZipA, ZipA185–328, is necessary and sufficient to interact with FtsZ (Mosyak et al., 2000, 

Haney et al., 2001), so an N-terminally His-tag ZipA185–328 was purified for our study. In 

this assay 250 µl of His-ZipA185–328 (1 µM) was loaded onto Ni-NTA biosensor pins 

(ForteBio Inc.). These pins were then incubated with various concentrations of FtsZ or a 

fusion protein containing the last 17 amino acids of FtsZ (CCTP- residues 367–383) fused to 

the maltose binding protein (MalE-CCTP). FtsZ bound to the His- ZipA185–328 with an 

apparent Kd calculated to be 0.42±0.1 µM, which is close to previous reports (Mosyak et al., 

2000, Haney et al., 2001)(Fig. 1A &B; Table S1). To ensure that the binding affinity we 

observed for the full length FtsZ required the CCTP of FtsZ we tested FtsZ mutants 

containing amino acid substitutions in the CCTP. Neither of the two point mutants (FtsZ-

I374K and FtsZ-L378E) displayed an appreciable binding signal when added at 1 µM (Fig. 

1A).

Next we measured the apparent Kd for the interaction between MalE-CCTP and His- 

ZipA185–328 and determined that it was 30.8±4.7 µM (Fig. 1C & D). This is similar to the 

previously reported affinity for a 17 amino acid peptide corresponding to the CCTP (21.6 & 

35 µM; Table S1) (Mosyak et al., 2000). We also examined the binding affinity of a 14 

amino acid peptide corresponding to residues 370–383 of FtsZ. The affinity of ZipA for this 

peptide had an apparent Kd of 140±22 µM (Fig. S1 and Table 1). It is likely that this 

reduced affinity compared to that reported previously for the CCTP is due to the slightly 

shorter peptide (14 versus 17 amino acids) that we used. Nonetheless, this system 

reproduces the large differences in affinities between the full length FtsZ and the CCTP 

reported earlier.

Failure to find support for the two postulated models for the differential affinity

Having verified the differential binding affinities of ZipA for FtsZ and the CCTP we set out 

to test the two proposed possibilities for the higher affinity of ZipA for FtsZ than the CCTP. 

One of the explanations was that the globular domain influenced the conformation of the 

CCTP, which enhanced binding (Mosyak et al., 2000). To test this we exploited constructs 

from the Erickson lab in which various alterations were made to the linker region (Gardner 

et al., 2013). We assumed that varying the linker length and/or flexibility would minimize 
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the influence of the globular domain on the CCTP. One construct contained a deletion of the 

linker region (FtsZΔCL), another contained a much longer linker (linker from Caulobacter 

crescentus FtsZ, FtsZ-CcCL) and in a third, the unstructured linker was replaced with a 

structured domain (linker replaced with fibronectin type III domain 7, FtsZ-FNIII7CL). 

Sedimentation assays and electron microscopy showed that FtsZΔCL and FtsZ-CcCL, 

polymerized in the presence of GTP, consistent with the previous finding that the linker 

region is not necessary for polymerization (Fig. 2A) (Gardner et al., 2013, Wang et al., 

1997). Surprisingly, FtsZ-FNIII7CL did not polymerize, however, this is consistent with the 

previous observation that it did not complement an FtsZ depletion strain and the finding that 

B. subtilis FtsZ with a structured linker polymerizes poorly (Gardner et al., 2013, Buske & 

Levin, 2013).

The binding of these three FtsZ constructs with altered linker regions to His-ZipA185–328 in 

the biosensor assay was fairly similar to native FtsZ with the FtsZΔCL construct having 

slightly slower kinetics than the other two (Fig. 3A & B). Since the binding was so similar to 

WT FtsZ, we think it is unlikely that the globular domain of FtsZ influences the 

conformation of the CCTP resulting in the higher affinity. We therefore tested the possibility 

that ZipA makes a second contact with FtsZ (Mosyak et al., 2000). To test this we used an 

FtsZ truncated after amino acid 360, which lacks the CCTP (FtsZ-360). Increasing the 

concentration of FtsZ-360 from 1 to 80 µM did not result in a significant binding signal (Fig. 

3C). Even at 80 µM the binding signal was much lower than the binding signal seen with 1 

µM FtsZ and lower than the signal observed with a nonspecific protein, MinDΔ10. Although 

we cannot exclude the possibility that a weak interaction between ZipA and the globular 

domain of FtsZ may be dependent on the initial contact between ZipA and the CCTP, our 

data suggest that the CCTP is the only region of FtsZ important for binding to ZipA in the 

biosensor assay.

Consistent with the results above, His-ZipA185–328 did not sediment with polymers of 

FtsZ-360 in the presence of GTP, but it did sediment with polymers of FtsZ, FtsZΔCL and 

FtsZ-CcCL (Fig. 2B). In addition, His-ZipA185–328 bundled FtsZ polymers as reported and 

elimination of the linker region or increasing the length of the linker did not affect the 

bundling (Fig. 2C). As expected, His-ZipA185–328 did not bundle FtsZ-360. Since these 

drastic alterations of the linker region did not affect FtsZ binding to His-ZipA185–328, 

whether the reaction was performed on the biosensor tips or in solution, we conclude that 

the CCTP is probably the sole binding site for ZipA.

Evidence that oligomerization is responsible for the differential affinity

Having found no evidence for the proposed explanations for the different affinities of ZipA 

for FtsZ and the CCTP we tested the possibility that the higher affinity of ZipA for FtsZ was 

due to the oligomerization of FtsZ. In this scenario oligomers of FtsZ in solution interact 

with multiple ZipAs present on the biosensor tip and the higher affinity displayed by FtsZ 

over the CCTP is due to avidity arising from multiple CCTPs contacting multiple ZipAs on 

the tip. This possibility may actually reflect the in vivo and in vitro situation in which 

polymers of FtsZ in the cytoplasm are recruited to a membrane by interaction with multiple 

ZipAs present in the membrane. Our studies so far were done in the presence of 10 mM 
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Mg2+, which is known to promote the formation of FtsZ oligomers (Sossong et al., 1999, 

Martos et al., 2010). Although GDP is also present in the buffer, which favors FtsZ 

monomers, this effect is overridden by Mg2+. (Sossong et al., 1999, Martos et al., 2010). 

Reducing the Mg2+ concentration from 10 mM to 1 mM dramatically reduced the binding 

signal and eliminating the Mg2+ reduced the signal further (Fig. 4A). Size exclusion 

chromatography confirmed that FtsZ exhibited a higher oligomerization state in the presence 

of 10 mM Mg2+ than in its absence (Fig. S2).

It was possible, however, that Mg2+ affected the interaction between FtsZ and ZipA directly 

so we looked for additional support for the oligomerization model. Ideally we wanted an 

FtsZ mutant that would remain a monomer under all conditions. Recently, Li et al. reported 

the structure of FtsZ from Mycobacterium tuberculosis in the presence of GDP (Li et al., 

2013). FtsZ was present in a twisted filament and a variety of mutations that altered key 

contact residues between subunits in the structure were made that supported the 

physiological relevance of the filament structure (Li et al., 2013). Based on their work and 

with the goal of obtaining a mutant that would be unable to oligomerize we made several E. 

coli FtsZ mutants corresponding to the mutants which were reported to be unable to 

polymerize with GTP or assemble into short oligomers at higher concentrations with GDP. 

One of these, FtsZ-L178E, behaved as a monomer in size exclusion chromatography (Fig. 

S2). It ran as a monomer with or without GDP and in the presence or absence of 10 mM 

Mg2+. A sedimentation assay revealed that it also failed to polymerize with GTP (Fig. 2A). 

Since FtsZ-L178E was a monomer in solution under all conditions tested, it was used to 

analyze the binding of monomeric FtsZ to His- ZipA185–328.

In the presence of 10 mM Mg2+ FtsZ-L178E (1 µM) produced a very weak binding signal 

relative to WT FtsZ (Fig. 4A & B). By measuring the binding signal with increasing 

concentrations of FtsZ-L178E, the apparent Kd of FtsZ-L178E for His-ZipA185–328 was 

calculated to be 5.3±0.7 µM (Fig. 4C & D). This value is higher than the Kd value for MalE-

CCTP (30.8±4.7 µM), but it is still 10 fold weaker than the Kd value with FtsZ-WT. It is 

possible that the higher value is due to FtsZ-L178E self interacting at higher concentrations 

since it assembled into filaments when crystallized (data not shown). Together, we conclude 

that the oligomerization of FtsZ in solution significantly enhances its binding to His-

ZipA185–328 located on the biosensor tip.

Confirmation of the oligomerization model by construction of a chimera

As an additional approach to examine the effect of oligomerization of the protein in the 

solution on the affinity for the protein on the biosensor pin we constructed a chimera in 

which the linker and CCTP of FtsZ were fused to the C-terminus of MinDΔ10, essentially 

replacing the amphipathic tail of MinD (last 10 amino acids) with the linker and CCTP of 

FtsZ. MinD was chosen since dimerization of MinD can be induced by the addition of ATP 

(Hu et al., 2003). Only a weak signal was observed when a biosensor pin loaded with His- 

ZipA185–328 was dipped in a 1 µM solution of MinDΔ10-linker-CCTP in the presence of 

ADP (Fig. 5A, [MinDΔ10-linker-CCTP is abbreviated as MinDΔ10-ZCD in the figure]). In 

the presence of ATP, however, a significant signal was observed indicating that dimerization 

of the chimera significantly increased the affinity (Fig. 5B). To quantify the binding signal, 
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we incubated the His- ZipA185–328 coated pins with increasing concentrations of MinDΔ10-

linker-CCTP in the presence of ADP or ATP. The fitting curves of the binding signal plotted 

versus the concentration of MinDΔ10-linker-CCTP showed that in the presence of ADP, 

MinDΔ10-linker-CCTP bound to His-ZipA185–328 with an apparent Kd of 11.7±5.2 µM 

(Fig. 5A&B, Table 1), while in the presence of ATP, the apparent Kd was 1.4±0.2 µM (Fig. 

5C &D, Table 1). Together, these results demonstrate that oligomerization of the CCTP 

significantly enhances its binding to His- ZipA185–328 located on the tip.

The effect of reversing the components in the reaction

In the above experiments we provide strong evidence that oligomerization of FtsZ in 

solution augments binding to ZipA on the biosensor tip. If, however, the components in the 

reaction are reversed (FtsZ attached to the biosensor and ZipA in solution) only weak 

binding should be observed, since ZipA185–328 does not oligomerize (Mosyak et al., 2000, 

Martos et al., 2010). Size exclusion chromatography of ZipA185–328 confirmed that it was a 

monomer as previously reported (Fig. S3). The apparent Kd of ZipA185–328 (untagged) for 

His-FtsZ attached to the pin was determined to be 8.1±1.3 µM (Fig. 6A & B). To see if 

dimerization of ZipA would enhance its affinity for FtsZ attached to the biosensor pin we 

constructed a MinDΔ10-ZipA185–328 fusion and tested it for binding to His-FtsZ loaded onto 

the biosensor pin in the presence of ADP and ATP. As shown in Fig. 6C–F the apparent Kds 

for MinDΔ10-ZipA185–328 binding to His-FtsZ in the presence of ADP and ATP were 

8.1±2.5 µM and 1.3±0.1 µM, respectively. These results further demonstrate that 

oligomerization of the component in solution results in a higher affinity for the component 

attached to the biosensor pin.

In vivo effect of dimerization of ZipA185–328

Overexpression of the soluble ZipA185–328 is toxic to E. coli and inhibits cell division, 

presumably by disrupting the Z ring (Hale et al., 2000). This toxicity likely results from 

competition between this soluble ZipA185–328 and FtsZ’s membrane anchors, dislodging 

FtsZ filaments from the membrane. Based upon our in vitro results a soluble dimeric 

ZipA185–328 should be more toxic as it would be a better competitor since it binds 

oligomeric FtsZ with higher affinity. A monomeric MinDΔ10-ZipA185–328 fusion was made 

by introduction of the minD-K11A mutation into MinDΔ10-ZipA185–328. The toxicity was 

examined in a Δmin strain so there would be no contribution from interaction with the WT 

Min proteins. Consistent with expectations MinDΔ10-K11A–ZipA185–328 was less toxic 

than the wild type MinDΔ10-ZipA185–328 (Fig. 6G). Quantitative immunoblotting indicated 

that the monomeric mutant was stable and ∼6 fold less toxic than the WT (Fig. S4).

ZipA bundling of FtsZ filaments

Although ZipA has the ability to bundle FtsZ filaments, the basis for this activity is not 

clear. We only found that ZipA185–328 bound to the CCTP, and since it is monomeric, one 

would not expect it to promote bundling. However, the bundling of FtsZ filaments by ZipA 

has been observed repeatedly (Hale et al., 2000, Kuchibhatla et al., 2011, RayChaudhuri, 

1999, Mateos-Gil et al., 2012). In some cases it could be explained by the use of full length 

ZipA, which forms large oligomers due to the presence of the transmembrane region 
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(RayChaudhuri, 1999, Kuchibhatla et al., 2011), but in other cases only the soluble region of 

ZipA was used (Fig. 2) (Hale et al., 2000). Also, bundling of FtsZ filaments by full length 

ZipA was observed at low salt (0.05 mM KCl) but was not observed at a higher salt 

concentration (0.5 mM KCl)(Hernandez-Rocamora et al., 2012a, Martos et al., 2010). This 

result indicates some step in the ZipA induced bundling is sensitive to the ionic strength so 

we decided to examine this.

To assess the effect of in vitro buffer conditions on bundling of FtsZ filaments by ZipA we 

examined the effect of increasing the salt and pH on the bundling of FtsZ filaments by His-

ZipA185–328. Under our standard polymerization buffer conditions (50 mM HEPES-NaOH 

[pH 6.8], 10 mM MgCl2, 50 mM KCl) His-ZipA185–328 induced dramatic bundling of FtsZ 

filaments as reported by others (Fig. 2 and Fig. 7A). At higher pH and salt concentration (50 

mM HEPES-NaOH [pH 8.0], 10 mM MgCl2, 200 mM KCl), however, the dramatic 

bundling was virtually eliminated. We also verified that the interaction of His-ZipA185–328 

and unpolymerized FtsZ was not significantly affected by 200 mM KCl and the higher pH 

(Fig. S5, Table 1). To quantify the effect of pH and salt concentration on FtsZ bundling 

caused by His-ZipA185–328, we used low speed centrifugation in which FtsZ filaments 

bundled by ZipA, but not unbundled filaments, appear in the pellet. As shown in Fig. 7B, 

FtsZ and His-ZipA185–328 only appeared in the pellet with the low salt low pH buffer (50 

mM KCl, pH 6.8), consistent with the EM results. Increasing the pH from 6.8 to 8.0 without 

changing the salt concentration (50 mM KCl, pH 8.0) or increasing the salt concentration 

from 50 mM to 200 mM without changing the pH (200 mM KCl, pH 6.8) prevented the 

pelleting of FtsZ and His-ZipA185–328. Thus, the results indicate the bundling induced by 

ZipA185–328 in vitro is likely due to electrostatic interactions between ZipA185–328 and FtsZ 

that occur in addition to the binding to the CCTP.

FtsZ interaction with SlmA-SBS

The differential affinity ZipA displayed for FtsZ and the CCTP is similar to what we 

observed in examining the binding of SlmA/SBS to FtsZ and CCTP (Du and Lutkenhaus, 

2014). In that study we observed FtsZ bound to SlmA/SBS with a high affinity similar to 

that reported by Tonthat et al., and the CCTP bound with a weak affinity similar to what we 

observed between the CCTP and ZipA (Du & Lutkenhaus, 2014, Tonthat et al., 2011). Since 

the differential affinity between soluble FtsZ and His-ZipA185–328 attached to the biosensor 

was largely due to the oligomerization state of FtsZ, we speculated that this was also the 

case for the FtsZ-SlmA interaction. To explore this, we examined the effect of Mg2+ and the 

FtsZ-L178E substitution on the interaction between FtsZ and His-SlmA/SBS (SBS17, a 

SlmA binding site with high affinity for SlmA was used)(Cho et al., 2011). Since the 

interaction between FtsZ and SlmA is dependent upon SlmA bound to DNA, His-SlmA/SBS 

complexes were loaded on a biosensor pin, which was then dipped in a solution containing 

FtsZ. Elimination of Mg2+ from the buffer significantly reduced the binding signal between 

FtsZ and His-SlmA/SBS, although the reduction was not as dramatic as that observed with 

ZipA (Fig. 8A, olive green line). At 1 µM FtsZ-L178E displayed a weak signal with His-

SlmA/SBS, which increased when the concentration was increased to 20 µM indicating it 

had reduced affinity for His-SlmA/SBS.
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To further explore the interaction between FtsZ and His-SlmA/SBS we examined the 

various FtsZ constructs with alterations to the CCTP. Deletion of the CCTP (FtsZ-360) or 

substitution of key residues within the CCTP eliminated the binding signal for His-

SlmA/SBS at low concentration (1 µM, Fig. 8C & D), as previously reported (Du & 

Lutkenhaus, 2014). Interestingly, increasing the FtsZ-360 concentration resulted in 

increased signal suggesting a second weak interaction outside of the CCTP, something that 

was not observed with ZipA (Fig. 8C versus Fig. 3C). The apparent Kd for this association 

was estimated to be 82±35 µM, similar to what we observed for the CCTP (Fig. 8D, Table 

1) (Du & Lutkenhaus, 2014). A weak interaction between FtsZ lacking the CCTP and SlmA 

was observed previously (Tonthat et al., 2011).

We next explored the effect of the linker region on the FtsZ-SlmA/SBS interaction. In the 

FtsZ-ZipA binding experiments the linker region did not seem important and the various 

constructs with the linker region deleted or replaced with a longer or structured linker, 

behaved similar to FtsZ with the WT linker. In contrast to the results with ZipA, the linker 

impacted the binding of FtsZ to His-SlmA/SBS as only the construct with the long 

Caulobacter crescentus linker (FtsZ-CcCL) displayed strong binding (Fig. 8E & F). The 

other two constructs, including the one with the linker deleted (FtsZΔCL) and one with the 

structured linker (FNIII7CL), displayed very weak binding. These results suggest that a long 

flexible linker is required for high affinity binding to SlmA/SBS. A long flexible linker must 

be required for FtsZ to interact with the two binding sites on one SlmA monomer or to bind 

simultaneously to binding sites on adjacent dimers, since SlmA exists as a dimer of dimers 

on the SBS DNA. Furthermore, we found that addition of ATP did not augment the binding 

of MinDΔ10-linker-CCTP to His-SlmA/SBS on the biosensor. The signal was weak in the 

presence of ADP or ATP (Fig 8E & F). Taken together, these results suggest that 

oligomerization of FtsZ enhances the binding of FtsZ to SlmA/SBS significantly but has 

more stringent requirements than we observed with ZipA.

Discussion

Protein-protein interactions driven by short linear peptide sequences embedded within or at 

the end of a region of predicted disorder is quite common in eukaryotes (Uversky, 2013). An 

example is the intrinsically disordered C-terminal regulatory domain of p53, which binds 

many different partners (Oldfield et al., 2008). Although less common in prokaryotes, a few 

examples have emerged over the last decade. The single-stranded DNA binding protein 

(SSB) of E. coli, which is required for DNA replication, recombination and repair, contains 

an intrinsically disordered C-terminal tail that is required for SSB binding to more than 10 of 

its partners (Shereda et al., 2008). The CCTP of FtsZ is another example of a short peptide 

in prokaryotes that mediates the interaction of FtsZ with many proteins, including essential 

membrane tethers and the spatial regulators that help position the Z ring. Here, we show that 

the highly conserved CCTP binds to FtsZ’s partners with high specificity and low affinity, 

and the oligomerization of FtsZ generates a multivalent CCTP that binds cooperatively to 

these partners with high avidity. This kind of behavior favors polymers of FtsZ over 

monomers interacting with FtsZ’s partners. Thus, it is likely that only polymers of FtsZ are 

attached to the membrane and that spatial regulators of FtsZ interact primarily with FtsZ 

polymers. Although the system we studied is artificial it likely has characteristics that mimic 
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the in vivo situation. In particular, it is likely that attaching a protein to a chip is somewhat 

akin to having a protein attached to a membrane (although it can not diffuse) allowing an 

estimation of the impact of oligomerization of the protein in solution on its recruitment to 

the membrane.

The importance of oligomerization for high affinity binding between ZipA and FtsZ

In this study we set out to understand the differential affinity of ZipA for FtsZ and the 

CCTP. In our experimental system ZipA is attached to a biosensor tip and the FtsZ ligand is 

in solution. This setup reproduced the reported ∼100 fold difference in affinity that ZipA 

displays for FtsZ and the CCTP. Our conclusion that higher affinity binding is due to 

oligomerization that produces a multivalent CCTP binding to ZipA on the biosensor is based 

upon results from several approaches. First, conditions that reduced oligomerization (lower 

Mg2+ or the ftsZ-L178E mutation) reduced the affinity close to that observed with the CCTP 

attached to a monomeric carrier protein (MalE-CCTP or MinDΔ10-linker-CCTP). Second, 

dimerization of a monomeric carrier protein (MinDΔ10-linker-CCTP) was sufficient to 

increase the affinity ∼10 fold. Third, we demonstrated the importance of oligomerization of 

the protein in solution by reversing the components in the reaction. The monomeric C-

terminal domain of ZipA alone or fused to MinDΔ10, had low affinity for FtsZ on the 

biosensor, however, dimerization of MinDΔ10-ZipA led to a ∼6 fold increase in affinity. 

This result is consistent with the previous finding that ZipA interacts with FtsZ-GTP 

polymers with moderate affinity when monomeric ZipA was immobilized on a nanodisc 

(apparent Kd ∼ 40 µM, each nanodisc contains one ZipA molecule)(Hernandez-Rocamora 

et al., 2012b). Taken together, these results demonstrate that interaction between the CCTP 

and ZipA has low affinity if the protein in solution is monomeric, but high affinity if the 

protein is converted to a multimer. It should be noted that in earlier studies in which high 

affinity between FtsZ and ZipA were observed the measurements were done in the presence 

of Mg2+ which favors the oligomerization of FtsZ (Hale et al., 2000, Mosyak et al., 2000).

The linker region of FtsZ did not play a significant role in the binding affinity to ZipA under 

these experimental conditions. Even deletion of the linker region did not attenuate the 

binding indicating that FtsZΔCL multimers are still able to contact multiple ZipAs on the 

biosenor. It should be noted that the FtsZΔCL construct still contains a 6 amino acid linker 

(GRSGLE) due to the way it was constructed.

ZipA bundling of FtsZ filaments

Although ZipA has been repeatedly observed to bundle FtsZ filaments the significance is not 

clear. Our interest was in the mechanism by which monomeric ZipA could cause bundling; 

other bundling proteins are at least dimeric. Our results show that ZipA does indeed bundle 

FtsZ filaments under some buffer conditions, however, this bundling effect of ZipA was 

eliminated by increasing the pH and salt concentration of the buffer. Hale et al. also 

mentioned that increasing the pH and salt concentration significantly reduced the bundling 

of FtsZ filaments caused by ZipA (Hale et al., 2000). This raises the possibility that ZipA 

bound to the CCTP in one FtsZ filament interacts electrostatically with another FtsZ 

filament, essentially bridging two filaments. Such an effect may be similar to adding the 

extreme carboxy 6 residues of the B. subtilis FtsZ to the end of the E. coli FtsZ (Buske & 
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Levin, 2012). The presence of these extra residues, three of which carry a positive charge, is 

enough to cause the filaments to assemble into sheets and bundles at low salt concentration 

(50 mM MES, pH 6.5, 50 mM KCl, 2.5 mM MgCl2, 1 mM EGTA)(Buske & Levin, 2012). 

Consistent with this, the packing of FtsZ filaments appears irregular unlike FtsZ filaments 

bundled by ZapA or the packing of tubulin protofilaments in the wall of a microtubule 

(Mohammadi et al., 2009). Even though we raise doubts about the significance of ZipA 

bundling observed in vitro it is possible that ZipA could bundle polymers in vivo if it 

dimerizes through its N-terminal domain (Skoog & Daley, 2012).

FtsZ and SlmA

SlmA displays differential affinity for FtsZ and the CCTP that is similar to the interaction 

between ZipA and FtsZ, however, the interaction displays several differences. Conditions 

that favor FtsZ monomers (low Mg2+ or the ftsZ-L178E mutation) decrease the binding 

between FtsZ and SlmA/SBS as it did between FtsZ and ZipA. This is consistent with the 

observation by Cho et al. who observed that SBS/SlmA interacted with stable FtsZ polymers 

(FtsZ-D212N–GTP polymers) but not with FtsZ in the presence of GDP in a pull down 

assay (Cho et al., 2011). In contrast to our results with ZipA, however, we were unable to 

recapitulate high affinity binding by dimerization of MinDΔ10-linker-CCTP. In addition, 

only one of the constructs with an altered linker, FtsZ-CcCL displayed high affinity binding, 

the ones with the deleted linker or a structured linker did not. This suggests that the 

interaction between FtsZ and SlmA/SBS is less permissive than the FtsZ-ZipA interaction 

and requires a long, flexible linker.

Another difference between the FtsZ-SlmA interaction and the FtsZ-ZipA interaction was 

that FtsZ interacted with SlmA through a second site. This interaction is weak similar to the 

CCTP-SlmA/SBS interaction. The possibility of an interaction between SlmA and FtsZ 

outside of the CCTP was suggested from in vivo and in vitro work. As the CCTP is not 

necessary for polymerization, SBS-bound SlmA must also bind to the globular domain of 

FtsZ to antagonize FtsZ polymerization (Cho et al., 2011, Du & Lutkenhaus, 2014). 

Consistent with this, mutations in the globular domain of FtsZ confer resistance to 

SlmA/SBS and a SlmA mutant unable to bind DNA (which is necessary to bind the CCTP) 

inhibits division inefficiently, but genetic evidence indicates it does so through FtsZ (Du & 

Lutkenhaus, 2014, Cho et al., 2011). In addition, Tonthat et al. found that a SlmA dimer 

forms a complex with FtsZ316-GFP (the linker and CCTP replaced with GFP), indicating a 

weak interaction with the globular domain of FtsZ (Tonthat et al., 2011). Surprisingly, even 

though we found evidence for FtsZ interacting with SlmA through two different sites, the 

CCTP and somewhere else, our results indicate that a monomer of FtsZ binds only weakly 

to SlmA/SBS on the biosensor. This suggests that the two interaction sites on one FtsZ 

monomer are probably unable to both interact with the same SlmA monomer or even the 

combination of these two bindings is still weak.

Implications of this work

The results reported here suggest that studying the interaction between FtsZ and its 

interacting partners attached to a biosensor may be quite useful when that interaction 

depends upon the CCTP of FtsZ. Since the affinity of the CCTP for its interacting partner is 
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weak, it is likely that the interaction of FtsZ and its partners involves short polymers of FtsZ 

and not monomers. Monomeric FtsZ-GDP may only exist transiently in the cytolplasm as 

conditions in the cell favor formation of FtsZ-GTP oligomers, which are quickly recruited to 

the membrane (Fig. 9A.). The weak affinity of the CCTP for ZipA suggests that FtsZ 

monomers detach from the membrane when they are released from the membrane-localized 

polymer, whether or not they directly interact with ZipA (Fig. 9A.) This is likely the case for 

FtsZ polymers recruited by FtsA as well. In a recent in vitro study the interaction of FtsZ 

with a supported membrane layer containing ZipA or FtsA was examined (Loose & 

Mitchison, 2014). One of the findings was that the FtsZ pattern was different depending 

upon whether the membrane anchor was ZipA or FtsA. One possible explanation proposed 

for the difference was that ZipA but not FtsA could recruit FtsZ monomers to the membrane 

and nucleate FtsZ polymers (Loose & Mitchison, 2014). However, because of the Mg2+ 

concentration used in that study (5 mM) they were likely observing the recruitment of FtsZ 

multimers to the membrane by ZipA, something not observed with FtsA.

Previously, it was suggested that SlmA interacts with preformed polymers, in part, because 

an interaction was detected between SlmA and polymerized FtsZ and not between SlmA and 

FtsZ monomers in a pull down assay (Cho et al., 2011). This inability to observe monomers 

in the pull down assay is due to the weak affinity of FtsZ monomers for SlmA compared to 

the affinity for FtsZ oligomers. This is similar to the results with MinCC and FtsZ where 

stable FtsZ polymers but not monomers are recruited to vesicles in the presence of MinD 

and ATP suggesting that MinCC also has higher affinity for FtsZ polymers (Shen & 

Lutkenhaus, 2009). This higher affinity of spatial regulators for FtsZ oligomers ensures that 

they interact with FtsZ polymers, and that monomers do not compete, and is consistent with 

the proposal that these spatial regulators function by attacking FtsZ polymers (Shen & 

Lutkenhaus, 2010, Cho et al., 2011, Du & Lutkenhaus, 2014, Hu et al., 1999). FtsZ 

monomers bound to an SBS-SlmA or MinCD complex would quickly dissociate from the 

SBS-SlmA or MinCD complex once the polymer has been severed (Fig. 9B). In this way, 

the SBS-SlmA or MinCD complex avoids saturation by FtsZ monomers and can work 

efficiently at a much lower concentration than the level of FtsZ. Thus, our finding that 

oligomerization of FtsZ is responsible for the high affinity of FtsZ for ligands that bind the 

CCTP is useful to discern the different affinity FtsZ monomers and oligomers have for FtsZ 

ligands.

Experimental procedures

Bacterial strains, plasmids and growth conditions

Strains and plasmids used in this study are listed in Table 2. Strains were grown in LB 

medium at 37°C unless otherwise indicated. When needed, antibiotics were used at the 

following concentrations: ampicillin=100 µg/ml; kanamycin=25 µg/ml; and 

chloramphenicol=20 µg/ml.

Construction of plasmids

Various constructs expressing FtsZs with variations in the linker region were made. A 

plasmid pJSB-ΔCL (Gardner et al., 2013) from the Erickson lab contained a single base 
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insertion after codon 374 in ftsZ. This mutation causes a frame shift that produced a protein 

without the last 10 amino acids in CCTP of FtsZ. To correct the mutation we digested pJSB-

FNIII7CL and pJSB-ΔCL with BamHI/XhoI and ligated the ftsZ-ΔCL (without CCTP) 

fragment from pJSB-ΔCL to the digested pJSB-FNIII7CL. As the sequence of pJSB-

FNIII7CL was correct, this ligation resulted in the correct plasmid that can express ftsZ 

without the linker region but still contain the CCTP, FtsZΔCL.

pSD197, which expresses MalE fused to the CCTP of FtsZ, was constructed by inserting an 

EcoRI and HindIII digested fragment encoding ftsZ367–383 into the EcoRI and HindIII 

double digested pMAL-c2 plasmid. The fragment was amplified from pBANG112 using 

primer pairs Ztail-5’-EcoRI: 5’- GACTGAATTCAAAGAGCCGGATTATCTGG-3’ and 

Ztail-3’-HindIII: 5’- GACTAAGCTTGCCGGGAAATCTACCGGTG-3’.

Plasmids pSD207 and pSD208 were constructed by replacing the CcftsZ coding sequence of 

pMT219 (Thanbichler & Shapiro, 2006) with sequences coding for ftsZ-ΔCL-CCTP and 

ftsZ-FNIII7CL-CCTP amplified from pJSB-ΔCL and pJSB-FNIII7CL using primers EcZ-

NdeI-F: 5’-GACTCATATGTTTGAACCAATGGAACT-3’ and EcZ-HindIII-R: 5’-

GCCAAGCTTGCATGCCTGCAG-3’. The amplified fragments were digested with NdeI 

and HindIII and ligated to pMT219 digested with the same enzymes. Although pSD207 and 

pSD208 could be transformed into nonexpression strains easily, they could not be 

transformed into the BL21/pLysS strain, presumably due to the toxicity associated with the 

leaky expression of the mutant proteins.

Plasmid pSD210 and pSD211 were constructed by replacing the ftsZ coding sequence of 

pSEB160 with sequences coding for ftsZ-ΔCL-CCTP and ftsZ-FNIII7CL-CCTP. As there is 

an EcoRI site at the beginning of ftsZ, we cut pSD207 and pSD208 with EcoRI and HindIII 

to obtain the fragments coding for ftsZ-ΔCL-CCTP and ftsZ-FNIII7CL-CCTP. The digested 

fragments were ligated into pSEB160 cut with the same enzymes. The resulting plasmid did 

not cause any filamentation in JS238 in the absence or presence of glucose due to the tightly 

controlled Para promoter.

Plasmid pSD212 was created by inserting a BamHI and HindIII digested fragment encoding 

ftsZ321–383 into the BamHI and HindIII double digested pJF118EH-minDΔ10-L5 

constructed by KT ParK. The fragment was amplified from plasmid pSEB160 using primers 

Z321-BamHI-F: 5’-GATCGGATCCCCTGAAATCACTCTGGTGAC-3’ and EcZ-HindIII-

R.

Plasmid pSD217 was constructed by ligation of an of a BsaI-XbaI fragment containing the 

ZipA185–328 coding sequence and pE-SUMO-amp (LifeSensors) cut with the same enzymes. 

The fragment was amplified from plasmid pSEB370 using primers zipA185-BsaI-F: 5’-

CAGGTCTCTAGGTGATAAACCGAAGCGCAAAG-3’ and zipA-XbaI-R: 5’-

GTCATCTAGATCAGGCGTTGGCGTCTTTG-3’.

pSD218 was made by ligation of a BamHI/EcoRI double digested fragment containing 

coding sequence of minDΔ10 to pSD198 (Du & Lutkenhaus, 2014) digested with the same 

enzymes.
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Protein purification

FtsZ-WT, FtsZ-360, FtsZΔCL, FtsZ-FNIII7CL, FtsZ-L178E, FtsZ-I374K and FtsZ-L378E 

were purified as previously described (Du & Lutkenhaus, 2014). FtsZ-CcCL was purified 

similarly except that the protein was expressed in strain BL21/pLysS.

Purification of His-FtsZ, His-SlmA and His-ZipA185–328 were previously described using 

affinity chromotography (Du & Lutkenhaus, 2014).

MinDΔ10, MinDΔ10-linker-CCTP, MinDΔ10-ZipA185–328 were purified from JS238 

containing pJF118EH-minDΔ10-L5, pSD212 and pSD218 following the procedure of MinD 

purification with a few modifications (de Boer et al., 1991). Cells expressing the indicated 

proteins were collected from 1L of culture grown in LB with 1 mM IPTG for 3 hours. 

Collected cells were resuspended in buffer A (25 mM Tris-HCl [pH 7.5], 20 mM NaCl, 1 

mM EDTA, 1 mM DTT and 10% glycerol) and lysed by passing through the French press 

twice. The lysates were centrifuged at 12,000 rpm for 15 min at 4°C to remove cell debris. 

The supernatants were removed and loaded onto a pre-equilibrated DEAE column and then 

washed once with 50 mL buffer A. MinDΔ10, MinDΔ10-linker-CCTP, MinDΔ10-

ZipA185–328 proteins were eluted with a 20–200 mM NaCl gradient in buffer A. The peak 

fractions were pooled and ran over a HiLoad Superdex 200 column in buffer A. The peak 

fractions were collected and concentrated with Amicon Ultra Centrifugal Filters.

Purification of ZipA185–328 from BL21/pLysS cells containing pSD217 was similar to 

purification of SlmA described previously (Du & Lutkenhaus, 2014). Cell pellets were 

resuspended in 20 ml lysis buffer (20 mM Tris-HCl [pH7.9], 70 mM NaCl and 20 mM 

imidazole) and lysed by French press. The clarified supernatant was loaded onto a pre-

equilibrated Ni-NTA resin and washed twice with high salt wash buffer (20 mM Tris-HCl 

[pH 7.9], 500 mM NaCl and 20 mM imidazole/50 mM imidazole). The bound 6×His-

SUMO-ZipA185–328 protein was eluted with elution buffer (20 mM Tris-HCl [pH 7.9], 500 

mM NaCl and 250 mM imidazole). The peak fractions were dialyzed against the storage 

buffer (25 mM Tris-HCl [pH 7.9], 200 mM KCl, 1 mM EDTA and 10% glycerol) overnight. 

After dialysis, the 6×His-SUMO tag was cleaved with purified 6×His-tagged SUMO 

protease (Ulp1) for 4 hour on ice in the protein storage buffer. The released tag and protease 

were removed by passing it through the pre-equilibrated Ni-NTA resin. Untagged 

ZipA185–328 was collected in the flow through and wash fractions, concentrated and stored 

at −80°C.

MalE-CCTP was purified from JS238 containing pSD197 (pMAL-c2-ftsZ367–383) following 

the protocol of purification of maltose fusion protein from New England Biolabs.

Sedimentation assay and electron microscopy

FtsZ polymerization reactions were performed in 50 µL Pol buffer (50 mM HEPES-NaOH 

pH 6.8, 50 mM KCl and 10 mM MgCl2 for His-ZipA185–328, and 50 mM HEPES-NaOH pH 

8.0, 200 mM KCl and 10 mM MgCl2 for reactions with SBS-SlmA) at room temperature. 

FtsZ or its mutants (5µM) was incubated with or without equal molar His-ZipA185–328 at 

room temperature for 5 min. After the addition of 1 mM GDP or GTP, the reactions were 

subjected to ultracentrifugation at 80,000 rpm for 15 min at 25°C in TLA100.2 rotor and a 
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Beckman TL-100 centrifuge. Supernatants and pellets were then analyzed by SDS-PAGE. 

Low speed centrifugation experiments were performed similarly except that the buffers 

varied in pH or KCl concentration.

To visualize the effect of His-ZipA185–328 on FtsZ polymerization, 5 minutes after addition 

of GTP, 15 µL reaction samples were loaded onto glow discharged grids. 15 µl of 1% uranyl 

acetate was spotted on the grid for 1 min and blotted away. The grids were air-dried and 

imaged with a JEOL-JEM-1400 transmission electron microscope.

Biolayer interferometry assays

The BLItz system developed by Fortebio employs a label free, optical analytical technology 

to measure protein interactions based on Biolayer Interferometry. In these assays, a protein 

is immobilized on the biosensor surface and its binding partner is provided in solution. Any 

interaction between the immobilized protein with its binding partners in solution increases 

the optical thickness of the biolayer in the biosensor, resulting in a wavelength shift (Δλ) 

that is reported with nm as units. In our study, the assays with His-ZipA185–328 were 

performed in 250 µl of 1× Pol buffer (50 mM HEPES-NaOH [pH 6.8], 50 mM KCl, and 0, 1 

or 10 mM MgCl2) with the BLItz™ system (FortéBio) at room temperature. 250 µL of His-

ZipA185–328 (1 µM) was incubated with pre-equilibrated Ni-NTA biosensors for 3 minutes 

to immobilize His-ZipA185–328 on the surface of the biosensor and then washed 10 seconds 

to remove any loosely bound protein. Binding of FtsZ, FtsZ mutants, MalE-CCTP or 

MinDΔ10-linker-CCTP to the immobilized His-ZipA185–328 was monitored for 2 minutes 

with agitation at 2,200 rpm followed by dissociation in the same buffer without proteins for 

2 minutes. Data were automatically collected by the BLItz system and analyzed with 

GraphPad Prism 5. To obtain the apparent Kd, the binding signals at the end of the 

association step were plotted against the protein concentrations using a one-site specific 

nonlinear regression fitting.

In the reciprocal approach, His-FtsZ was immobilized at the surface of Ni-NTA biosensors 

and untagged ZipA185–328, or MinDΔ10-ZipA185–328 in the presence of ADP or ATP, was 

tested for binding to His-FtsZ. In these assays, 250 µL of 1× Pol buffer containing 1 µM His-

FtsZ was incubated with the biosensor tips with shaking at 2,200 r.p.m for 3 minutes. After 

the immobilization, the biosensor tips were washed with 1× Pol buffer for 10 seconds. 

Association of untagged ZipA185–328, MinDΔ10-ZipA185–328 in the presence of ADP or 

ATP was monitored for 2 minutes and dissociation was initiated by dipping the biosensor 

tips into 250 µl of 1× Pol buffer. Data were generated automatically by the BLItz™ User 

Software version and were subsequently analyzed by global fitting using the GraphPad 

Prism 5 software.

The assays with His-SlmA were performed similarly but in a different 1× Pol buffer (50 mM 

HEPES-NaOH [pH 8.0], 200 mM KCl, 0 or 10 mM MgCl2). His-SlmA (1 µM) was 

incubated with 1 µM of SBS17 at room temperature for 10 minutes before its association to 

Ni-NTA biosensors. The His-SlmA/SBS complexes was immobilized on the surface of the 

biosensors for 3 minutes and then washed for 10 seconds to remove the loosely bound 

complexes. Binding of FtsZ, FtsZ mutants, or MinDΔ10-linker-CCTP with ADP or ATP to 

the immobilized His-SlmA/SBS complexes was monitored for 2 minutes with agitation at 
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2,200 rpm. Dissociation was initiated by moving the tips into the same buffer without 

proteins and monitored for 2 minutes. Data were collected and analyzed with GraphPad 

Prism 5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Differential affinity of His-ZipA185–328 for FtsZ and MalE-CCTP. A&B) Kinetic and 

equilibrium binding analysis of FtsZ binding to His-ZipA185–328. His-ZipA185–328 was 

loaded onto Ni-NTA tips by dipping the tips into a 250 µl solution of 1 µM His-ZipA185–328 

(50 mM HEPES-NaOH [pH 6.8], 50 mM KCl, 10 mM MgCl2). The tips were rinsed in 

buffer and dipped in tubes containing various concentrations of FtsZ in the same buffer and 

the association monitored. After 2 minutes the tips were placed in buffer and disassociation 

monitored. The association of two FtsZ tail mutants was also examined at 1 µM (FtsZ-I374K 

and FtsZ-L378E). B) Binding signal at the end of association was plotted against the 

concentration of FtsZ in GraphPad Prism 5.0 and the apparent Kd value was obtained with 

nonlinear fitting. C and D) are similar to A) and B) except that MalE-CCTP was used 

instead of FtsZ.
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Fig. 2. 
Interaction of FtsZ mutants with His-ZipA185–328 in solution. A) Polymerization of FtsZ and 

FtsZ mutants assessed by sedimentation. FtsZ or various mutants (5 µM) was incubated at 

room temperature for 5 minutes and then GDP or GTP (1 mM) was added. After 5 

additional minutes at room temperature the reactions were subjected to ultracentrifugation 

for 15 minutes and the supernatants and pellets analyzed by SDS-PAGE (D=GDP, T=GTP). 

The various FtsZ constructs are indicated at the top. B) His-ZipA185–328 co-sediments with 

FtsZ and FtsZ mutants with modified linkers. Reactions were performed as (A) except that 

His-ZipA185–328 was included (5 µM). C) EM analysis of effect of His-ZipA185–328 on the 

bundling of FtsZ and FtsZ mutant polymers. FtsZ and its mutants with or without His-

ZipA185–328 (5 µM) were incubated at room temperature for 5 minutes followed by the 

addition of GTP (1 mM) to initiate polymerization. After 5 minutes 15 µl of each sample 

was spotted on pre-discharged EM grids and stained with uranyl acetate.
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Fig. 3. 
Effect of the linker region and CCTP on FtsZ binding to His-ZipA185–328. A) Influence of 

the linker region on FtsZ binding to His-ZipA185–328. Reactions were performed as Fig. 1A. 

The various FtsZ constructs contain an altered linker region as described in the text. B) 

Comparison of the binding signal of His-ZipA185–328 and various FtsZ mutants with altered 

linker regions. FtsZ and FtsZ-360 (deleted for the CCTP) were run as controls. C) FtsZ-360 

does not bind His-ZipA185–328. Reactions were performed as in Fig. 1A. The FtsZ-360 

concentration varied from 1–80 µM. MinDΔ10 was run at 80 µM as a control.
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Fig. 4. 
Oligomerization of FtsZ enhances binding to His-ZipA185–328 present on the biosensor. A) 

Influence of Mg2+ concentration and FtsZ oligomerization on FtsZ binding to His-

ZipA185–328. Reactions were performed as in Fig. 1A. The Mg2+ concentration in the buffer 

is indicated and protein concentration was 1 µM unless otherwise indicated. B) Comparison 

of the binding signal between FtsZ or FtsZ-L178E and His-ZipA185–328 at different Mg2+ or 

protein concentrations. C&D) Kinetic and equilibrium binding analysis of FtsZ-L178E 

(concentration indicated in panel) binding to His-ZipA185–328 Reactions were performed as 

in Fig. 1A and data were plotted as in Fig. 1B.
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Fig. 5. 
Dimerization of the CCTP increases its affinity for His-ZipA185–328 loaded on the biosensor. 

Kinetic and equilibrium analysis of MinDΔ10-linker-CCTP (indicated as MinDΔ10-ZCD in 

the figure) binding to His-ZipA185–328 in the presence of ADP (A&B) or ATP (C&D). 

Reactions were performed as in Fig. 1A and data were plotted as in Fig. 1B.
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Fig. 6. 
Dimerization of ZipA185–328 enhances its binding to His-FtsZ. A&B) ZipA185–328 binds to 

His-FtsZ on the biosensor with moderate affinity. Reactions were performed as Fig. 1A but 

the orientation of proteins was reversed. His-FtsZ was loaded onto the Ni-NTA tips by 

incubating the tips with 250 µl solution containing 1 µM His-FtsZ. The tips were then 

washed and incubated with increasing concentrations of ZipA185–328 (untagged) for 2 

minutes followed by a wash and a dissociation phase. Data were plotted as in Fig. 1B. C–F) 

Kinetic and equilibrium analysis of MinDΔ10-ZipA185–328 binding to His-FtsZ in the 

presence of ADP (C&D) or ATP (E&F). Reactions were performed as in Fig. 1A and data 

were plotted as in Fig. 1B. G) Dimerization of MinDΔ10-ZipA185–328 increases toxicity. 

Single colonies of strain S4/pSD198 (Δmin/Plac minDΔ10-zipA185–328) and S4/pSD198-

K11A (Δmin/Plac minDΔ10(K11A)-zipA185–328) were resuspended in 1 ml of LB medium 

and serially diluted by 10. Three µl of each dilution was spotted on plates containing 

appropriate antibiotics and IPTG, grown overnight at 37°C and photographed.

Du et al. Page 23

Mol Microbiol. Author manuscript; available in PMC 2015 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Bundling of FtsZ filaments by ZipA is sensitive to buffer conditions. A) EM analysis of the 

effects of salt and pH on FtsZ bundling by His-ZipA185–328. FtsZ (5 µM) with or without 

His-ZipA185–328 (5 µM) was incubated at room temperature for 5 minutes and then GTP (1 

mM) was added to initiate polymerization. Two different buffers were used, one with low 

salt and low pH (50 mM HEPES-NaOH [pH 6.8], 50 mM KCl and 10 mM MgCl2) as in Fig. 

2 and the other with high pH and high salt (50 mM Tris-HCl [pH 8.0], 200 mM KCl and 10 

mM MgCl2). After 5 minutes 15 µl of each sample was spotted on pre-discharged EM grids 

and stained with uranyl acetate. The scale bar indicates 100 nm. B) Sedimentation analysis 

of the effects of salt and pH on FtsZ bundling by His-ZipA185–328. Samples prepared as in 
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panel A were centrifuged at 14K and the supernatants (S) and pellets (P) were analyzed by 

SDS-PAGE. Lanes 1–4 were in low salt low pH buffer (50 mM KCl and pH 6.8), lanes 5–8 

were in high salt low pH buffer (200 mM KCl and pH 6.8), lanes 9–12 were in low salt high 

pH buffer (50 mM KCl and pH 8.0) and lanes 13–16 were in high salt high pH buffer (200 

mM KCl and pH 8.0). Note: lanes 1–2, 5–6, 9–10 and 13–14 contain only FtsZ while lanes 

4, 8, 12 and 16 contain only His- ZipA185–328.
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Fig. 8. 
Interaction of FtsZ with His-SlmA/SBS loaded on the biosensor. A&B) Influence of 

oligomerization of FtsZ on the interaction with SBS-His-SlmA loaded on the biosensor. 

SBS-His/SlmA was loaded on the Ni-NTA tips by incubating the tips with 250 µl of solution 

containing 1 µM His-SlmA and 1 µM SBS DNA. After a 10 second wash, association of 

FtsZ to SBS-His/SlmA was initiated by incubating the tips with solutions containing the 

indicated proteins (at 1 µM FtsZ [WT or mutant] and 10 mM Mg2+ unless otherwise 

indicated). After 2 minutes the tips were incubated with buffer to monitor the dissociation of 

the protein complexes. Binding signals at the end of association in panel A are plotted in 

panel B. C&D) Kinetic and equilibrium analysis of FtsZ-360 binding to SBS/His-SlmA on 

the biosensor. Reactions were performed as in panel A and the binding signals at the end of 

association were plotted against the protein concentration. An apparent Kd value was 

obtained by nonlinear fitting in GraphPad Prism 5.0. (E&F) Dimerization of the CCTP and 

influence of the linker region on FtsZ’s interaction with SBS/His-SlmA loaded on the 

biosensor. Reactions were performed as in panel A and data were compared as panel B. The 

protein concentrations were 1 µM and nucleotides were added at 1 mM.
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Fig. 9. 
How the weak affinity of the CCTP of FtsZ for partners such as ZipA contributes to FtsZ 

polymer dynamics at the membrane. (A) Oligomers of FtsZ in solution bind to the 

membrane (or biosensor) through multiple ZipAs binding multiple CCTPs. As new FtsZ 

subunits (monomers or short polymers) are added GTP hydrolysis leads to release of FtsZ 

monomers. Even though such monomers may be bound to ZipA through the CCTP, the 

weak affinity results in release of the FtsZ monomer from the membrane. (B) SBS-SlmA 

complex interacts with FtsZ polymers by binding to the CCTP. A second interaction (not 

depicted) between SBS-SlmA and FtsZ filament (globular domain of FtsZ) leads to 

breakage of the filament. After severing the FtsZ polymers, SBS-SlmA quickly dissociates 

from the bound FtsZ monomers and binds to the next available FtsZ polymer to initiate 

another round of breakdown of FtsZ polymers.
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Table 1

Affinities of proteins in solution for proteins attached to a biosensor1

Binding affinities of various proteins or peptide to 6×His-ZipA185–328

Apparent Kd (µM) Bmax (nm)2 R2(3)

FtsZ-WT 0.42±0.1 6.5±0.6 0.97

FtsZ-WT (pH 8.0, 200 mM KCl) 0.77±0.1 4.1±0.2 0.99

MalE-CCTP 30.8±4.7 3.2±0.2 0.99

FtsZ-L178E 5.3±0.7 4.6±0.2 0.99

MinDΔ10-linker-CCTP + ADP 11.7±5.2 4.1±0.7 0.94

MinDΔ10-linker-CCTP + ATP 1.4±0.2 4.2±0.2 0.99

CCTP (14 amino acids) 140±22 1.0±0.07 0.99

Binding affinity of various proteins to 6×His-FtsZ

ZipA185–328 8.1±1.3 2.8±0.1 0.98

MinDΔ10-ZipA185–328 + ADP 8.1±2.5 5.0±0.7 0.97

MinDΔ10-ZipA185–328 + ATP 1.3±0.1 3.4±0.1 1.00

Binding affinity of FtsZ360 to 6×His-SlmA-SBS

FtsZ-360 (pH 8.0, 200 mM KCl) 82±35 0.6±0.2 0.99

1
All the measurements were performed in buffer (50 mM HEPES-NaOH pH 6.8, 50 mM KCl, 10 mM MgCl2) unless otherwise indicated.

2
Bmax is the best-fit value for maximum specific binding in the same unit as Y (nm) in the plot.

3
R2 indicates the goodness of the fitting curve.
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Table 2

Bacterial strains and plasmids used in this study.

Strain Genotype Source/reference

BL21 (λDE3) ompT rB– mB (PlacUV5::T7gene1) Novagen

JS238 MC1061 malPp::lacIq srlC::Tn10 recA1 Lab collection

S4 W3110 min::kan (Shen & Lutkenhaus, 2009)

Plasmid Genotype Origin Source/reference

pET11B–FRCCc pET11B PT7::FtsZ-CcCL ColE1 (Gardner et al., 2013)

pJF118EH-MinDΔ10_L5 Ptac::minDΔ10-L5 ColE1 KT Park

pJSB-FNIII7 pBAD18 Para::FtsZ-FNIII7 Ampr ColE1 (Gardner et al., 2013)

pJSB-ΔCLa pBAD18 Para::FtsZ-FNIII7 Ampr ColE1 (Gardner et al., 2013)

pMT219b pET21(a) PT7::CcftsZ Ampr ColE1 (Thanbichler & Shapiro, 2006)

pSEB160 pBAD18, Para::ftsZ, Ampr ColE1 This study

pSD119 pBAD18, Plac::6×his-ftsZ, Ampr ColE1 (Du & Lutkenhaus, 2014)

pSD197 pMAL-c2 Ptac::malE-ftsZ367–383, Ampr ColE1 This study

pSD198 pQE80 Plac::6×his-zipA185–328Ampr ColE1 (Du & Lutkenhaus, 2014)

pSD207 pET21(a) PT7::ftsZΔCL Ampr ColE1 This study

pSD208 pET21(a) PT7::ftsZ-FNIII7C L Ampr ColE1 This study

pSD210 pBAD18, Para:: ftsZΔCL, Ampr ColE1 This study

pSD211 pBAD18, Para:: ftsZ-FNIII7CL, Ampr ColE1 This study

pSD212 pJF118EH Ptac::minDΔ10-linker-CCTP ColE1 This study

pSD217 pE-SUMO PT7::sumo-zipA185–328Ampr ColE1 This study

pSD218 pQE80 Plac::minDΔ10-zipA185–328Ampr ColE1 This study

a
The original pJSB-ΔCL contains one base insertion (Cytosine) after the codon for residue I374 due to the designed primer. This insertion causes 

frame shift and produces a protein without the CCTP of FtsZ. We corrected this mutation by replacing the FtsZ-FNIII7CL fragment of pJSB-

FNIII7 with the FtsZΔCL (BamHI/XhoI digested) fragment from pJSB-ΔCL. Note that the fragment of FtsZΔCL does not contain the CCTP of 

FtsZ.

b
CcftsZ stands for the Caulobacter crescentus FtsZ
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