
The trans-envelope Tol–Pal complex is part of the cell division 
machinery and required for proper outer-membrane invagination 
during cell constriction in E. coli

Matthew A. Gerding1, Yasuyuki Ogata2, Nicole D. Pecora1, Hironori Niki2,3, and Piet A. J. de 
Boer1,*

1Department of Molecular Biology and Microbiology, Case Western Reserve University School of 
Medicine, Cleveland, OH, USA

2Radioisotope Center, Genetic Strains Research Center, National Institute of Genetics, Mishima, 
Shizuoka, Japan

3Microbial Genetics Laboratory, Genetic Strains Research Center, National Institute of Genetics, 
Mishima, Shizuoka, Japan

Summary

Fission of bacterial cells involves the co-ordinated invagination of the envelope layers. 

Invagination of the cytoplasmic membrane (IM) and peptidoglycan (PG) layer is likely driven by 

the septal ring organelle. Invagination of the outer membrane (OM) in Gram-negative species is 

thought to occur passively via its tethering to the underlying PG layer with generally distributed 

PG-binding OM (lipo)proteins. The Tol–Pal system is energized by proton motive force and is 

well conserved in Gram-negative bacteria. It consists of five proteins that can connect the OM to 

both the PG and IM layers via protein–PG and protein–protein interactions. Although the system 

is needed to maintain full OM integrity, and for class A colicins and filamentous phages to enter 

cells, its precise role has remained unclear. We show that all five components accumulate at 

constriction sites in Escherichia coli and that mutants lacking an intact system suffer delayed OM 

invagination and contain large OM blebs at constriction sites and cell poles. We propose that Tol–

Pal constitutes a dynamic subcomplex of the division apparatus in Gram-negative bacteria that 

consumes energy to establish transient trans-envelope connections at/near the septal ring to draw 

the OM onto the invaginating PG and IM layers during constriction.

Introduction

Cytokinesis of bacteria is mediated by the septal ring (SR) (divisome, septasome), a ring-

shaped organelle associated with the invaginating envelope layers during cell constriction. 

Components of the SR include essential division proteins, without which cells cannot divide 
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at all, as well as nonessential factors that may serve critical but redundant functions, or 

nonessential accessory functions that improve the efficiency of the constriction process. To 

date, the SR of Escherichia coli is known to contain 10 essential division proteins that make 

up the core of the organelle. Core proteins are either cytoplasmic (FtsZ, A), or integral 

inner-membrane (IM) species of bitopic (ZipA, FtsQ, B, L, I, N) or polytopic (FtsK, W) 

topology. Assembly of the core SR starts well before division and is thought to initiate with 

the polymerization of FtsZ just underneath the IM. These polymers are joined by the FtsZ 

binding proteins FtsA, ZipA and ZapA, resulting in a mostly cytoplasmic intermediate 

assembly referred to as the Z-ring. The Z-ring is then joined by the remaining core 

components in a certain order to form a mature constriction-competent SR. FtsN is the last 

known essential core protein to join the ring, and its recruitment occurs just prior to or 

coincident with the onset of cell constriction. (For recent reviews, see Addinall et al., 1997; 

Chen and Beckwith, 2001; Errington et al., 2003; Goehring and Beckwith, 2005; Margolin, 

2005; Vicente et al., 2006.)

In addition to core proteins, a number of nonessential SR components have been identified. 

These include ZapA and the chaperone GroEL in the cytoplasm (Gueiros-Filho and Losick, 

2002; Ogino et al., 2004), the IM-associated (predicted) ABC transporter FtsE/FtsX 

(Schmidt et al., 2004), and the periplasmic murein hydrolases AmiC and EnvC (Bernhardt 

and de Boer, 2003; 2004).

How the mature SR drives cell envelope invagination is an important unsolved question. 

Inward movement of the IM is closely co-ordinated with inward growth of septal 

peptidoglycan (PG, murein) during invagination (Woldringh, 1976; Rothfield et al., 1986; 

MacAlister et al., 1987). In principle, the IM could be pushed inwards by septal PG 

synthesis, pulled inwards by contraction of the Z-ring in the cytoplasm, or move by a 

combination of the two. One of the latter two scenarios is most likely as membrane 

invagination can occur without septal PG ingrowth in certain mutants of E. coli and Bacillus 

subtilis (Daniel et al., 2000; Heidrich et al., 2002; Siddiqui et al., 2006). In turn, Z-ring 

contraction is likely coupled to some ordered rearrangement or depolymerization of FtsZ 

polymers, but the molecular mechanisms behind this important step remain obscure 

(Addinall and Holland, 2002; Ryan and Shapiro, 2003; Goehring and Beckwith, 2005).

Gram-negative bacteria such as E. coli face the additional task of ensuring proper 

invagination of the outer membrane (OM). OM invagination requires separation of the 

underlying septal murein into two daughter layers by murein hydrolases (Heidrich et al., 

2001; 2002), at least two of which (AmiC and EnvC) specifically localize to the SR during 

constriction (Bernhardt and de Boer, 2003; 2004). Thin-section electron microscopic studies 

on E. coli and Salmonella typhimurium indicate that invagination of all three envelope layers 

is normally tightly co-ordinated in time and space (Weigand et al., 1976; Fung et al., 1978; 

Rothfield et al., 1986; MacAlister et al., 1987; Bi and Lutkenhaus, 1991; Lutkenhaus, 1993). 

This implies that there are only small intervals between septal PG ingrowth, its splitting 

from the OM proximal end, and coverage of the separating daughter layers by inward 

moving OM in these species
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It is notable that none of the known SR components are OM proteins, and it has long been 

suspected that OM invagination occurs passively via generally distributed (lipo)protein 

linkages between the OM and PG layers (Rothfield and Justice, 1997; Weiss, 2004). The 

major murein lipoprotein (Lpp, Braun's lipoprotein), in particular, plays an important role in 

maintaining contacts between the OM and PG, including at constriction sites. Besides a 

general weakening of OM barrier functions, cells defective for Lpp also show a distinct 

defect in OM invagination under limiting Mg++ conditions. This is accompanied by the 

formation of large OM blebs at constriction sites and cell poles, and by a mild cell chaining 

phenotype due to delayed daughter cell separation (Weigand et al., 1976; Fung et al., 1978; 

Suzuki et al., 1978; Yem and Wu, 1978). Even though Lpp contributes to proper OM 

invagination, it appears homogenously distributed along the cell envelope (Hiemstra et al., 

1986; 1987), and is generally not considered to be a specific component of the division 

machinery.

The Tol–Pal system is well conserved in Gram-negative bacteria (Sturgis, 2001) and is also 

required for maintaining OM integrity. The system consists of (at least) five proteins. TolA, 

TolQ and TolR are IM proteins, TolB is periplasmic, and Pal (peptidoglycan-associated 

lipoprotein) is an abundant OM lipoprotein (Lloubes et al., 2001; Cascales et al., 2002; 

Lazzaroni et al., 2002). TolA, Q and R interact via their trans-membrane helices to form a 

complex in the IM (Derouiche et al., 1995; Lazzaroni et al., 1995; Germon et al., 1998; 

Journet et al., 1999) while Pal and TolB interact near the OM (Bouveret et al., 1995; 1999; 

Clavel et al., 1998; Ray et al., 2000; Cascales and Lloubes, 2004). The system can bridge 

the IM and OM via a specific interaction between the extended periplasmic C-terminus of 

TolA with Pal (Cascales et al., 2000; Cascales and Lloubes, 2004) and, possibly, via an 

interaction between TolA and TolB as well (Dubuisson et al., 2002; Walburger et al., 2002). 

Interestingly, the TolA–Pal interaction requires work as it depends on both the proton 

motive force (pmf) and TolQ and TolR activities (Cascales et al., 2000; 2001). The pmf and 

TolQ/R induce a conformational change in the periplasmic portion of TolA that likely 

allows it to engage Pal (Germon et al., 2001). TolQ and TolR show similarities to ExbB/

MotA and ExbD/MotB respectively, suggesting they directly transduce membrane ion 

potential to ‘energize’ TolA into capturing a Pal partner in the OM (Braun and Herrmann, 

1993; Cascales et al., 2001).

In addition to connecting the IM and OM as part of the TolA–Pal complex, Pal lipoprotein 

can also directly connect the OM and PG layers via a strong, non-covalent, interaction 

between a C-terminal domain and the peptide moieties of PG (Mizuno, 1981; Lazzaroni and 

Portalier, 1992; Clavel et al., 1998; Bouveret et al., 1999; Parsons et al., 2006). This 

interaction does not require the other Tol proteins, but it is likely modulated by them, as 

TolB competes with PG for binding Pal (Clavel et al., 1998; Bouveret et al., 1999; Ray et 

al., 2000; Cascales and Lloubes, 2004).

Although the Tol–Pal system has been intensely studied, its physiological role(s) has 

remained unclear. The system was first identified for its abuse by both group A colicins 

(Bernstein et al., 1972; Benedetti et al., 1991; Lazdunski, 1995; 1998; Cao and Klebba, 

2002; Lazzaroni et al., 2002; Pommier et al., 2005) and filamentous ssDNA phages (such as 

f1, fd, M13 and CTXphi) (Sun and Webster, 1986; Click and Webster, 1997; 1998; 
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Riechmann and Holliger, 1997; Lubkowski et al., 1999; Heilpern and Waldor, 2000) to 

intoxicate/infect cells. Both agents mimic features of Pal suggesting they fool TolA and/or 

TolB in engaging them instead of the lipoprotein (Deprez et al., 2002; Cascales and Lloubes, 

2004; Pommier et al., 2005). The Tol proteins likely aid in positioning the colicins or phage 

particles close to the IM, but the precise mechanisms whereby these agents cross the 

envelope and gain access to the cytoplasm are still incompletely understood (Bouveret et al., 

2002; James et al., 2002; Lazzaroni et al., 2002).

Clues as to the physiologically relevant role of the Tol–Pal system are that mutations in the 

tol-pal genes lead to increased sensitivity of cells to a variety of drugs and detergents, 

leakage of periplasmic components, prolific shedding of OM vesicles in the medium, and 

upregulation of the RpoE-mediated extracytoplasmic stress response (Bernadac et al., 1998; 

Lazzaroni et al., 1999; Llamas et al., 2000; Cascales et al., 2002; Prouty et al., 2002; Henry 

et al., 2004; Dubuisson et al., 2005; Vines et al., 2005). Moreover, Tol–Pal mutants show a 

pronounced cell division phenotype indicative of defects in OM invagination and cell 

separation. Thus, E. coli tolA mutants form long multi-septate cell chains in rich medium of 

low osmolarity or high ionic strength even when Mg++ is not limiting (Meury and 

Devilliers, 1999). Similar chaining has been observed in mutants of any of the tol-pal genes 

of Vibrio Cholerae (Heilpern and Waldor, 2000), Pseudomonas putida (Llamas et al., 2000) 

and/or Erwinia chrysanthemi (Dubuisson et al., 2005).

These phenotypes are reminiscent of those of lpp mutants (Fung et al., 1978; Suzuki et al., 

1978; Yem and Wu, 1978; Bernadac et al., 1998; Cascales et al., 2002) and the Tol–Pal 

system could play a general structural role similar to that of Lpp in maintaining OM 

integrity. However, the complexity of the system plus the facts that the Tol–Pal proteins: (i) 

can connect the OM with both the PG and IM layers, (ii) constitute a pmf-energized system, 

and (iii) prevent chaining phenotypes that are more severe than those of lpp cells, suggest 

that the Tol–Pal system may serve a more active role in the division process.

Here we used fluorescent fusions to show that all five Tol–Pal proteins accumulate at cell 

constriction sites in E. coli. Recruitment to these sites is dependent on FtsN activity and may 

be coincident with the onset of envelope invagination. TolQ and TolA localize 

independently of any of the other four Tol–Pal proteins, while TolR and Pal require other 

components of the system. Studies with a fluorescent periplasmic probe (TTGFP) showed a 

localized expansion of the periplasm at constriction sites in tolA, pal and tolQ-pal mutant 

cells. In addition, they revealed the prolific generation of large OM blebs/vesicles 

specifically at division sites and cell poles in these cells. We propose that the Tol–Pal 

system forms a subcomplex of the division apparatus in Gram-negative bacteria, and that 

one of its primary functions is to draw the OM into the space created by the separation of 

septal murein during the cell constriction process. The dynamic localization of the Tol–Pal 

proteins in live cells implies that the interactions of Pal with TolA and with PG must be 

transient in nature. We suggest that the system is energized to allow for rapid Pal–TolA and 

Pal–PG engagement/disengagement cycles as Tol–Pal complexes are recruited to sites of 

constriction and as they move along with the contracting SR to establish new OM–IM 

bridges across, and OM–PG bridges with, freshly separated septal murein. The wave of 

transient Tol–Pal-mediated OM–IM and OM–PG connections at/near the SR is proposed to 
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keep the OM closely associated with the underlying PG layer during the constriction 

process. In the wake of this wave, other PG-binding OM (lipo)proteins could efficiently 

secure the OM to the PG of the nascent poles in a more permanent manner.

Results

Discordant invagination of IMs and OMs during cell constriction in tol-pal mutants

In a survey of the localization patterns of E. coli proteins that are fused at their C-terminus 

to GFP [ASKA library (Kitagawa et al., 2005)], we noticed accumulation of a TolQ–GFP 

fusion at sites of cell constriction. Because tol-pal mutations can cause cell chaining in 

several Gram-negative species (Meury and Devilliers, 1999; Heilpern and Waldor, 2000; 

Llamas et al., 2000; Dubuisson et al., 2005), this observation prompted us to further explore 

the possibility of a direct role of the Tol–Pal system in the division process. We examined 

the morphology of three mutant strains. FB20229 [tolA] carries a transposon insertion in 

tolA, MG5 [pal] is deleted for pal, and MG4 [tolQ-pal] lacks all five genes of the Tol–Pal 

system (Fig. 1, Table 1). E. coli tolA mutants were previously shown to form cell chains in 

medium of low osmolarity (Meury and Devilliers, 1999). Accordingly, FB20229 cells 

formed long multi-septate chains in Luria–Bertani (LB) medium that lacked added NaCl 

(Fig. 2A), and chaining was suppressed by addition of NaCl to 0.5% (not shown). In 

addition, MG4 and MG5 showed the same phenotypes as FB20229 (Fig. 2C, and data not 

shown), suggesting the division defect in the mutants is due to the inability to form a 

complete trans-envelope complex.

Chaining of the three mutants was also largely suppressed by growth in M9 minimal 

medium (Figs 3–7, panels B–D). Even under suppressing growth conditions, however, cell 

morphology was abnormal in several respects. First, cells of all three mutants were both 

moderately shorter and wider than wild-type (wt) cells, leading to a reduction in the average 

length/width ratio from 2.6 (wt) to 2.0 (Figs 3–7, Table 2). Second, while the accuracy of 

septal placement at midcell was not affected, the fraction of cells with a visible constriction 

was significantly higher in the three mutants compared with the wt control, indicating the 

constriction process takes longer to complete (Table 2). Third, mutant cells showed 

pronounced local expansions of their periplasmic space at sites of constriction, as inferred 

from fluorescence patterns created by Twin-arginine transport system (Tat)-targeted GFP 

(TTGFP). This version of GFP is routed to the periplasm via Tat, and is a useful soluble 

probe of periplasmic space (Bernhardt and de Boer, 2004; Mullineaux et al., 2006). As 

expected (Santini et al., 2001; Thomas et al., 2001; Bernhardt and de Boer, 2003; 

2004), TTGFP created an even halo of fluorescence along the periphery of wt cells (Fig. 3A). 

In any of the three mutants, however, it additionally produced strong ring-like signals at 

sites of constriction (Fig. 3B–D). We previously observed such TTGFP ‘rings’ in another 

chain-forming mutant (envC) and take it to mean that invagination of the OM lags behind 

that of the IM, creating a relatively large periplasmic volume around the leading edge of cell 

constriction (Bernhardt and de Boer, 2004).

Finally, although the prolific shedding of OM vesicles is a known property of tol-pal 

mutants (Bernadac et al., 1998; Henry et al., 2004), the TTGFP probe allowed us to monitor 

the production of such vesicles for the first time in live cells. In contrast to wt cells (Fig. 
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3A), cells of all three mutants frequently appeared in the process of budding-off one or two 

prominent fluorescent vesicles, and their culture media contained numerous fluorescent 

vesicles already released (Fig. 3B–D). Notably, over 90% of all OM blebs readily scoreable 

by fluorescence microscopy (diameter > 300 nm) were associated with either the site of 

constriction or the cell poles (Table 2). These results suggested that OM blebbing in the tol-

pal mutants is closely related to a defect in the division process.

Fluorescent versions of Tol–Pal components

Fusions from the ASKA collection (Kitagawa et al., 2005) of TolA, TolB, TolR and Pal 

carrying GFP at their C-termini were not useful for sublocalization studies (not shown). This 

was not unexpected because the C-termini of these four proteins reside in the periplasm and 

periplasmic GFP fails to become fluorescent after export by the Sec general secretory 

system (Feilmeier et al., 2000). Therefore, we constructed additional fusions allowing 

sublocalization of all five known components of the Tol–Pal complex in live cells (Fig. 1). 

GFPmut2 (Cormack et al., 1996) was fused to the cytoplasmic N- (TolR, TolA), or C-

termini (TolQ) of the integral IM proteins of the complex. The wholly periplasmic TolB 

protein was visualized by exploiting the ability of Tat to export pre-folded fluorescent GFP 

(-fusions) (Santini et al., 2001; Thomas et al., 2001; Bernhardt and de Boer, 2003; 2004). To 

this end, the native Sec-specific export signal of TolB was substituted with TTGFP.

In contrast to Aequorea GFP, a monomeric derivative of Discosoma DsRed (Campbell et 

al., 2002) was recently shown capable of becoming fluorescent upon Sec-mediated export to 

the periplasm in both E. coli and Caulobacter crecentus (Chen et al., 2005). Hence, to sub-

localize the OM lipoprotein Pal, we fused mCherry RFP, an improved variant of mRFP1 

(Shaner et al., 2004), to its C-terminus. Fusions were expressed from a plasmid or lysogenic 

phage under control of the lac regulatory region (Table 1).

Tol–Pal mutants are hypersensitive to detergents (Davies and Reeves, 1975; Lazzaroni et al., 

2002). To assess functionality of the GFP–TolA and Pal–RFP fusions, we tested their 

abilities to restore detergent resistance to FB20229 [tolA], MG5 [pal] or MG4 [tolQ-pal]. 

Plasmids pNP4 [Plac∷gfp-tolA] or pMG36 [Plac∷pal-rfp] were introduced into TB28 [wt] 

and the three mutant strains, and transformant cultures were spot-titered on LB agar 

containing either no or 0.5% SDS, and various concentrations (0, 5, 50 and 100 μM) of 

IPTG. Plasmid pNP4 [Plac∷gfp-tolA] conferred SDS resistance to FB20229 [tolA], and did 

so even when no inducer was added. As expected, however, it failed to rescue growth of 

MG5 [pal] and MG4 [tolQ-pal] at any concentration of IPTG (Fig. 2E, and not shown). 

Likewise, plasmid pMG36 [Plac∷pal-rfp] specifically allowed growth of MG5 [pal] in the 

presence of detergent, but only when IPTG was present at 50 μM or more (Fig. 2E, and not 

shown). The requirement for added inducer in this case is consistent with the relatively high 

abundance of Pal in wt cells (Cascales et al., 2002).

The GFP–TolA and Pal–RFP fusions also specifically corrected the chaining and shape 

phenotypes of tolA and pal cells respectively. Thus, plasmid pNP4 [Plac∷gfp-tolA] fully 

corrected the chaining phenotype of FB20229, and pMG36 [Plac∷pal-rfp] that of MG5, in 

low osmotic LB medium containing minimally 5 μM (pNP4) or 100 μM (pMG36) IPTG 
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(Fig. 2B and D, and not shown). Moreover, GFP–TolA and Pal–RFP specifically suppressed 

the short and fat morphology of M9-grown FB20229 and MG5 cells respectively (Table 2).

We conclude that the GFP–TolA and Pal–RFP fusions retained function. Although we did 

not test GFP–TolQ, GFP–TolR and TTGFP–TolB in a similar manner, their localization 

patterns described below suggests that these fusions retained at least part of their respective 

Tol functions as well.

Tol–Pal proteins localize to the division site

Production of the five fluorescent fusions in wt strain TB28 revealed that each specifically 

accumulated at sites of cell constriction (Figs 4–8, panels A). Given that the Tol–Pal system 

forms trans-envelope complexes, and that tol-pal mutants suffer discordant invagination of 

the IM and OM during cell constriction (see above), this finding strongly supports a specific 

and direct role for the Tol–Pal proteins in the normal cell division process. As such, this 

finding increases the number of nonessential division proteins by five, and identifies Pal as 

the first OM-associated component of the division machinery in Gram-negative bacteria.

As Tol–Pal complexes form via multiple interactions among its components (Lazzaroni et 

al., 2002; Cascales and Lloubes, 2004), the specific accumulation at the division site of one 

or more of the Tol–Pal proteins might be interdependent. To start exploring this possibility, 

we also monitored the localization patterns of TolQ–GFP, GFP–TolR, GFP–TolA and Pal–

RFP in the tolA, pal and tolQ-pal mutant strains. The TTGFP–TolB fusion was not included 

in these experiments because the localized expansion of the periplasm at division sites in 

these mutants (Fig. 3) renders results with this fully periplasmic fusion difficult to interpret.

Interestingly, TolQ–GFP still associated with division sites in all three mutants (Fig. 4B–D), 

showing that TolQ recognizes these sites in the absence of the four other proteins. GFP–

TolR did similarly not require TolA or Pal to associate with division sites (Fig. 5B and C). 

However, while still intact as judged by Western analyses (Fig. S1), the fusion appeared 

dispersed around the periphery of MG4 [tolQ-pal] cells (Fig. 5D), indicating that 

recruitment of TolR to division sites requires TolQ, and/or possibly TolB.

As expected, GFP–TolA localized to division sites in tolA cells while correcting their 

detergent sensitivity, chaining and shape defects (Figs 2B and 6B). Like TolQ–GFP, 

moreover, GFP–TolA still localized to division sites in the absence of the other four proteins 

(Fig. 6C and D). Pal–RFP accumulated sharply at division sites in pal cells (Figs 2D and 

7C), but failed to localize in the other two mutants. Though intact (Fig. S1), the Pal–RFP 

fusion appeared dispersed along the periphery of tolA and tolQ-pal cells, indicating its 

interaction with TolA (Cascales et al., 2000; Cascales and Lloubes, 2004) is important for its 

accumulation at sites of constriction (Fig. 7B and D). In addition, and consistent with its 

localization in the OM, Pal–RFP also decorated the OM blebs and vesicles produced by 

these cells (Fig. 7D, and not shown). No such blebbing was observed in the wt or 

complemented pal cells (Fig. 7A and C, Table 2, and not shown). Thus, as might be 

expected, the fusion not only suppressed cell chaining (Fig. 2D), SDS sensitivity (Fig. 2E) 

and shape alteration (Fig. 7C, Table 2), but also OM blebbing in the pal mutant.
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Localization of Tol–Pal complexes to the division site requires FtsN

The finding that TolQ and TolA localized to division sites in the absence of each other, and 

of the other Tol–Pal components, showed that each is independently attracted by some non-

Tol/Pal feature at these sites. Candidates for recruitment of the Tol–Pal complex to the 

division site include any of the known division proteins that make up the SR. Polymerization 

of the FtsZ protein underneath the IM is an initiating step in assembly of the SR apparatus at 

the prospective site of division. We determined that localization of functional GFP–TolA 

requires this step by observing the fusion in filaments expressing the FtsZ polymerization 

antagonist SfiA(SulA) (Mukherjee et al., 1998; Trusca et al., 1998; Cordell et al., 2003). 

GFP–TolA accumulated normally at division sites in cells of strain TB28/pNP4/pJE80 [wt/

Plac∷gfp-tolA/PBAD∷sfiA] growing in the presence of glucose (SfiA−) (Fig. 9A). Division 

ceased in the presence of arabinose (SfiA+), however, and GFP–TolA dispersed along the 

periphery of the resulting filaments (Fig. 9B).

A large fraction (85% or more) of wt cells that showed accumulation of any of the Tol–Pal 

fusions at midcell also showed a corresponding constriction, suggesting that Tol–Pal 

complexes join the division apparatus at a relatively late stage. In the SR assembly pathway, 

FtsN is the last known essential division protein recruited. It is required for the onset of 

visible cell constriction and joins the SR at, or just prior to, this stage (Addinall et al., 1997; 

Chen and Beckwith, 2001; Wissel and Weiss, 2004). To determine if localization of the Tol–

Pal proteins depends on FtsN, we used an FtsN-depletion strain, CH34/pMG20 [ΔftsN/

PBAD∷TTbfp-EftsN], which lacks chromosomal ftsN and is rescued by expression of a Tat-

targeted periplasmic fusion containing the essential periplasmic domain of FtsN. When 

grown in the presence of arabinose (FtsN+), CH34/pNP4/pMG20 cells divided normally and 

GFP–TolA accumulated normally at division sites (Fig. 9C). Cells growing in the presence 

of glucose (FtsN−) formed filaments as expected, and these often still contained some 

constrictions. However, GFP–TolA notably failed to localize sharply in these filaments. 

Rather, the fusion dispersed along the periphery, in addition to forming some weak bands 

and/or spots along the length of the filaments (Fig. 9D). We similarly tested the localization 

of TolQ–GFP, GFP–TolR, TTGFP–TolB and Pal–RFP in filaments of CH34/pMG20. None 

of the fusions localized to rings (Fig. 9F, and not shown). The ZipA protein is an early SR 

component whose recruitment to the ring does not require FtsN (Hale and de Boer, 1999; 

2002; Liu et al., 1999). Accordingly, and in contrast to the Tol–Pal fusions, a ZipA–GFP 

fusion localized sharply to regularly spaced rings in FtsN-depleted CH34(λCH151)/pMG20 

filaments (Fig. 9G).

We conclude that accumulation of Tol–Pal complexes at the division site requires FtsN 

activity.

Discussion

It has long been unclear what the physiological role(s) of the Tol–Pal system is (Lazdunski 

et al., 1998; 2002; Bouveret et al., 2002). We discovered that the Tol–Pal proteins 

specifically localize to the site of cell constriction in E. coli, and propose that the trans-

envelope Tol–Pal system constitutes a subcomplex of the division machinery in Gram-

negative bacteria that is specifically employed to ensure proper invagination of the OM.
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Such a role of the Tol–Pal proteins in division is now supported by their localization, by the 

phenotypes of tol-pal mutant cells, and by the genetic and biochemical evidence that the 

proteins form complexes that span the envelope (see above) (Lazdunski et al., 1998; 2002; 

Bouveret et al., 2002). It was recognized early on that the Tol–Pal proteins play some role in 

OM integrity (Nagel de Zwaig and Luria, 1967; Bernstein et al., 1972; Lazzaroni and 

Portalier, 1992), and the release of OM vesicles by mutants indicated a failure to properly 

connect the OM with the two other layers (Bernadac et al., 1998). Our results suggest that 

tol-pal mutants more specifically fail to properly connect the OM to the other two envelope 

layers during cell constriction. Localization of TTGFP revealed a pronounced expansion of 

the periplasmic space at constriction sites of live mutant cells. In addition, a large fraction (> 

44%, Table 2) of these cells displayed readily visible (> 300 nm) TTGFP-filled OM blebs. 

Over 90% of these blebs localized to sites of constriction or polar caps, indicating that a 

substantial fraction of OM and periplasm shed by tol-pal mutants is released from these 

sites. It is possible that most or all blebs initially form at the division site during constriction 

and then are inherited by new poles upon completion of the process. Alternatively, some 

blebs may form at poles after sister cells have already separated. Negative stain electron 

microscopy images of tol-pal mutant cells in a previous study showed the presence of 

relatively small (20–200 nm) OM blebs/vesicles on the surface of cells, but failed to reveal 

any preferential location of these structures (Bernadac et al., 1998). The reason for this 

discrepancy is unclear. As noted before with lpp mutants (Fung et al., 1978), however, 

relatively large septal/polar OM blebs, such as those scored in this study (> 300 nm), are 

fragile and may not have survived sample preparation.

A failure to properly connect the OM with the IM and/or PG layers during constriction is 

also consistent with the chaining phenotype of tol-pal mutants (Meury and Devilliers, 1999; 

Heilpern and Waldor, 2000; Llamas et al., 2000; Dubuisson et al., 2005). This phenotype 

was first described for tolA mutants of E. coli growing in medium of low osmolarity or high 

ionic strength (Meury and Devilliers, 1999). We found that E. coli pal and tolQ-pal mutants 

behave identically to tolA mutants in this regard, which is consistent with results obtained in 

other Gram-negative species (Heilpern and Waldor, 2000; Llamas et al., 2000; Dubuisson et 

al., 2005). A defect in septal murein separation can be a primary cause of delayed OM 

invagination and cell chaining (Rodolakis et al., 1973; Heidrich et al., 2001; 2002; 

Bernhardt and de Boer, 2004). However, such a defect is not apparent in thin-section 

transmission electron microscopy images of tol-pal mutants (Bernadac et al., 1998; Meury 

and Devilliers, 1999; Llamas et al., 2000), suggesting that their primary division defect lies 

in the inability of the OM to keep up with the invagination of the other two layers during 

constriction.

A straightforward interpretation of the results is that Tol–Pal stimulates OM invagination 

during cell constriction by tethering the OM to the inward moving IM and PG layers. This is 

likely accomplished via multiple linkages involving the Pal lipoprotein. First, Pal binds the 

peptide moieties of PG, establishing non-covalent OM–PG links (Mizuno, 1981; Cascales et 

al., 2002; Parsons et al., 2006). Second, Pal binds the C-terminus of TolA in a pmf-, and 

TolQ/R-dependent fashion, establishing OM–IM linkages that cross the PG meshwork 

(Cascales et al., 2000; 2001; Cascales and Lloubes, 2004). Third, TolB can bind TolA via its 
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N-terminal domain (Dubuisson et al., 2002; Walburger et al., 2002) and Pal via its C-

terminal one (Ray et al., 2000). If TolB were able to engage both partners simultaneously, 

this might create a second type IM–OM bridge. However, a tripartite Pal–TolB–TolA 

complex has not yet been observed in vivo or in vitro (Walburger et al., 2002). This could be 

due to technical issues, or it might mean that such a complex is not made or short-lived.

Our images reveal that the Tol–Pal proteins localize dynamically during the cell cycle in a 

fashion very similar to the previously studied non-cytoplasmic SR proteins (Errington et al., 

2003; Aarsman et al., 2005; Goehring and Beckwith, 2005; Margolin, 2005; Vicente et al., 

2006). The proteins appear dispersed along the entire cell envelope in young non-

constricting cells. They then accumulate in a ring at the division site near the time of 

constriction initiation. The ring remains at/near the leading edge of the invaginating 

envelope as constriction progresses, and the proteins disperse again after cell separation is 

complete.

As it seems impossible for PG-bound/trapped complexes to move in this fashion, these Tol–

Pal dynamics indicate that the interactions of Pal with PG and with TolA must be readily 

reversible in vivo. In this regard, it is interesting that the Pal–PG and Pal–TolB interactions 

are mutually exclusive (Bouveret et al., 1995; 1999; Clavel et al., 1998; Cascales and 

Lloubes, 2004). Therefore, it is tempting to speculate that TolB plays a role in reversing 

Pal–PG interactions to permit lateral movement of the lipoprotein in the OM. TolB might 

similarly play a role in breaking up the Pal–TolA interaction, which would permit lateral 

displacement of the lipoprotein in the OM as well as that of the TolQRA subcomplex in the 

IM.

We envision a mechanism for Tol/Pal-mediated OM invagination as depicted in Fig. 10. As 

the core SR begins to constrict, it directs synthesis of septal murein just behind the inward 

moving IM, and Tol–Pal proteins move from other sites in the cell to the SR (Fig. 10A). As 

soon as murein hydrolases split the septal PG from the OM-proximal side into two separate 

mesh works, energized TolA molecules reach through the freshly created meshes to grab 

hold of free Pal molecules in the OM (Fig. 10B). After a Pal partner is caught, it is pulled 

inwards, drawing the OM over the PG and IM layers (Fig. 10C). Provided that the Tol–Pal 

complexes are physically associated with cytoplasmic and/or IM components of the core SR, 

the inward pull could be generated by the contracting SR itself. However, it is tempting to 

speculate that the Tol proteins play a more active role in drawing in Pal. For example, TolA 

could act like a chameleon's tongue that in its energized state is in an elongated 

conformation allowing it to reach for Pal over some distance (Fig. 10B and E). After 

catching a Pal partner, it may then snap back to a less extended conformation and pull Pal 

inwards (Fig. 10C and F). The idea of TolA as a retractable grabbing device is attractive 

because: (i) it is consistent with its energy requirement for engaging Pal (Cascales et al., 

2000; 2001; Germon et al., 2001), (ii) it allows for the generation of a pulling motion 

independently of the core SR (see below), and (iii) it renders it easy to picture why colicins 

and phages would hijack the device to be drawn through the periplasm towards the IM 

(Bouveret et al., 2002; Cao and Klebba, 2002; Lazzaroni et al., 2002).
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As the SR and murein hydrolases generate freshly split murein adjacent to the just-

established TolA–Pal bridges, the proteins disengage again (Fig. 10C and D), and TolA 

reconnects with free Pal through the newer meshes more proximal to the core SR (Fig. 10E). 

Cycles of Tol–Pal binding and unbinding continue as the proteins follow the core SR until 

the OM fuses at the tip of the new cell poles. Even though each TolA–Pal bridge is transient, 

the wave of interactions at/near the constricting SR ensures that the OM invaginates co-

ordinately with the other two layers. In addition, by maintaining the OM and PG in close 

proximity at/near the SR, the transient OM–IM bridges would likely increase the rate by 

which other PG-binding OM (lipo)proteins, such as Lpp and OmpA, can secure the OM to 

the PG layer at the nascent polar caps more permanently. It is intriguing in this regard that 

both Lpp and OmpA can be specifically cross-linked in vivo with Pal and TolB (Palva, 

1979; Clavel et al., 1998; Cascales et al., 2002; Cascales and Lloubes, 2004). Perhaps the 

Pal and/or TolB protein helps to recruit free Lpp and/or OmpA to form more permanent 

connections, following the wave of TolA–Pal interactions.

Even though the results of this study support a specific role for Tol–Pal in OM invagination 

during cell fission, the system is not essential. OM invagination may be delayed in cells 

lacking an intact Tol–Pal system, but they do manage to complete division in a time frame 

that is dependent on the osmolarity and/or ionic strength of the medium. Then how does the 

OM eventually invaginate in these cells? The simplest possibility is that other PG-binding 

OM (lipo)proteins are responsible. Perhaps additional such proteins accumulate specifically 

at the SR to help connect the OM to the PG during constriction. Alternatively, generally 

distributed OM (lipo)proteins such as Lpp and OmpA (Hiemstra et al., 1986; 1987; Lai et 

al., 2004) may be able to partially compensate for the absence of SR-specific proteins. By 

establishing new stable OM–PG contacts next to existing ones in the cylindrical portion of 

the cell, the affinity of such proteins for PG might eventually connect the OM to the PG over 

the entire polar cap. This process might be too slow to support a well-coordinated 

invagination of the OM, leading to slow OM invagination and OM blebbing at the division 

site in the absence of Tol–Pal. Conversely, cells lacking Lpp might be prone to OM blebbing 

at the division site (Weigand et al., 1976; Fung et al., 1978) because the wave of transient 

Tol–Pal connections at the SR is insufficiently followed up by more permanent OM–PG 

linkages.

Defective OM invagination, cell chaining, and the formation of large OM blebs at 

constriction sites and cell poles also occurred in lkyD mutants of Salmonella enterica 

typhimurium (Weigand et al., 1976; Fung et al., 1978; MacAlister et al., 1987). Unpublished 

mapping data render it highly unlikely that lkyD is allelic with any of the tol-pal genes (J. 

Fung and L. Rothfield, pers. comm.). As lkyD might have activities that are partially 

redundant with that of the Tol–Pal system, it will be interesting to determine its precise 

identity.

To prevent cell lysis, there must be a certain lag between the synthesis of septal PG at the 

ingrowing edge and its processing into separate daughter layers from the OM-proximal end. 

The extent of this lag will determine a minimal distance between the two membranes at the 

constricting SR. Although it is not clear whether the intermembrane distance at the SR in E. 

coli is much different from that elsewhere in the cell (Weigand et al., 1976; Fung et al., 
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1978; Rothfield et al., 1986; MacAlister et al., 1987; Bi and Lutkenhaus, 1991; Lutkenhaus, 

1993), this distance is enlarged in deeply constricted cells of Caulobacter crecentus (Judd et 

al., 2005). We suggest two non-exclusive ways in which the Tol–Pal system might 

compensate for such an increased distance. One is that energized TolA may be able to reach 

out for Pal sufficiently far to overcome a modest increase in intermembrane distance. The 

other is that the Tol–Pal proteins may form the IM–OM bridges a compensatory distance 

away from the core SR. In this case, ‘rings’ of dynamic Tol–Pal complexes that are not 

necessarily physically connected to the core SR might flank the core.

Additional studies will be needed to test these possibilities, as well as to shed light on the 

related issues of what attracts the Tol–Pal proteins to the division site, and keeps them there 

during constriction? It is notable that both TolQ and TolA accumulate at the site 

independently of each other and of the other Tol–Pal partners. Localization of all five 

proteins depends on active FtsN; however, and it is conceivable that TolQ and TolA are 

each directly recruited by FtsN. Alternatively, the Tol–Pal proteins may not contact any of 

the core SR proteins directly, but recognize septal murein or some other product of the 

constricting SR.

The results of this study may also have interesting implications for the mechanisms by 

which the colicins and phages that use the Tol proteins infect cells. For example, the high 

local density of Tol proteins at division sites may render these also the preferred sites of 

toxin/phage entry. Whether this is so, and whether such localized entry has any mechanistic 

implications for the infection processes remains to be seen.

Experimental procedures

E. coli plasmids, phages and strains

The most relevant plasmids, phages and strains used in this study are listed in Table 1, and 

depicted in Fig. 1.

Plasmids pMLB1113 (de Boer et al., 1989), pDR120 (Hale and de Boer, 1999), pKD13 and 

pKD46 (Datsenko and Wanner, 2000), pmRFP1 (Campbell et al., 2002), pJE80 (Johnson et 

al., 2002), pCH151 (Bernhardt and de Boer, 2003), pTB6 (Bernhardt and de Boer, 2004) 

and pmCherry (Shaner et al., 2004), and phages λCH151 and λTB6 (Bernhardt and de Boer, 

2004) were described previously.

To create pNP2 [Plac∷tolQ-gfpmut2], we performed a PCR with primers 5′-

CCTGTCTAGAAATGAAGCCTCGTGCGCTTCC-3′ and 5′-

CCTGCTCGAGCCCCTTGTTGCTCTCGCTA-3′. The product was digested with XbaI and 

XhoI (sites underlined), and the 744 bp fragment was used to replace the 1025 bp XbaI-

XhoI fragment of pCH151 [Plac∷zipA-gfpmut2].

For pNP3 [Plac∷gfpmut2-t-tolR], tolR was amplified with primers 5′-

GTACGGATCCATGGCCAGAGCGCGTGG-3′ and 5′-

CGATGTCGACTTAGATAGGCTGCGTCATTAAACCAAC-3′. The product was treated 
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with BamHI and SalI (sites underlined), and the 434 bp fragment was used to replace the 

1163 bp BamHI-SalI fragment of pDR120 [Plac∷gfpmut2-t-ftsZ].

For pNP4 [Plac∷gfpmut2-t-tolA], tolA was amplified with primers 5′-

CCTGGGATCCGTGTCAAAGGCAACCGAACAAAAC-3′ and 5′-

CGACGTCGACTTACGGTTTGAAGTCCAATGGCGCG-3′. The product was treated with 

BamHI and SalI (sites underlined), and the 1272 bp fragment was used to replace the 1163 

bp BamHI-SalI fragment of pDR120 [Plac∷gfpmut2-t-ftsZ].

To obtain pNP7 [Plac∷
SStorA-gfpmut2-t-tolB], we performed a PCR with primers 5′-

TCGAGAATTCGAAGTCCGCATT GTGATCGACAGC-3′ and 5′-

GTCGAAGCTTTTATCACAGATACGGCGACCAGG-3′. The product was cut with EcoRI 

and HindIII (sites underlined), and the 1239 bp fragment was used to replace the 30 bp 

EcoRI-HindIII fragment of pTB6 [Plac∷
SStorA-gfpmut2-t].

Phage λNP7 was obtained by crossing λNT5 with pNP7 as described (de Boer et al., 1989). 

This lysogenic phage encodes a fusion in which the signal sequence of pre-TolB (residues 

1–21) is replaced by a signal peptide (SSTorA) that is specific for the Tat system, fused to 

GFP and the T7.tag peptide.

Plasmid pMG36 [Plac∷pal-rfp] was obtained after several steps. Using pmRFP1 as template, 

mrfp1 was amplified with primers 5′-CCTGCTCGAGATGGCCTCCTCCGAGGACG-3′ 

and 5′-CGCGCGAAGCTTTTAGGCGCCGGTGGAGTGG-3′. The product was digested 

with XhoI and HindIII (sites underlined), and the 684 bp fragment was used to replace the 

753 bp XhoI-HindIII fragment of pCH151, yielding pTB64 [Plac∷zipA-mrfp1]. pal was 

amplified using primers 5′-TCCCTCTAGACCCTGCCTGGTCGCCGTATCTGTG-3′ and 

5′-AATGCTCGAGGTAAACCAGTACCGCACGACGGTTTTTGG-3′. The product was 

treated with XbaI and XhoI (sites underlined), and the 584 bp fragment was used to replace 

the 1025 bp XbaI-XhoI fragment of pTB64, resulting in pMG10 [Plac∷pal-mrfp1]. Next, 

pCherry was used as template to amplify mCherry rfp with primers 5′-

CCGGGATCCCCCCGCTGAATTCATGGTGAGCAAGGGCGAGG-3′ and 5′-

CCCAAGCTTGTCGACTTACTTGTACAGCTCGTCC-3′. The product was cut with 

BamHI and HindIII (sites underlined), and the 736 bp fragment was used to replace the 748 

bp BamHI-HindIII fragment of pCH151, yielding pMG30 [Plac∷zipA-rfp]. Finally, the 684 

bp XhoI-HindIII fragment of pMG10 was replaced with the 741 bp XhoI-HindIII fragment 

of pMG30, resulting in pMG36.

Plasmid pMLB1113ΔH was obtained by digestion of the vector plasmid pMLB1113 with 

HindIII, incubation with Klenow enzyme and dNTP's, and recircularization.

Construction of the FtsN-depletion strain CH34/pMG20 will be detailed elsewhere. Strains 

MG4 and MG5 were constructed by λ Red recombineering (Datsenko and Wanner, 2000; 

Yu et al., 2000). Plasmid pKD13 was used as a template for amplification of a (frt aph frt) 

cassette flanked by suitable tolQ and/or pal sequences. Primer sets (chromosomal sequences 

are underlined) used were 5′-

CGTGCGCTTCCCAAGTCTATTGTCGCGGAGTTTAAGCAGTAATTCCGGGGATCC

GTCGACC-3′ and 5′-
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CTGCTCATGCAATTCTCTTAGTAAACCAGTACCGCACGACGGTGTAGGCTGGAG

CTGCTTCG-3′ for tolQ-pal <> aph (MG4), and 5′-

AGGTCAAATTCCCTGCCTGGTCGCCGTATCTGTGATAATAATTCCGGGGATCCGT

CGACC-3′ and 5′-

CTGCTCATGCAATTCTCTTAGTAAACCAGTACCGCACGACGGTGTAGGCTGGAG

CTGCTTCG-3′ for pal <> aph (MG5).

The linear tolQ-pal and pal knockout fragments were recombined with the chromosome of 

strain TB28 carrying plasmid pKD46. Recombinants were cured of the plasmid by growth at 

37°C (Datsenko and Wanner, 2000).

Growth conditions, microscopy and image analyses

Unless mentioned otherwise, cells were grown at 30°C in standard (Sambrook et al., 1989) 

LB medium (containing 1% NaCl), or M9 minimal medium (containing MgSO4 at a non-

limiting concentration of 2 mM) supplemented with 0.2% casamino acids and 0.2% of either 

glucose or maltose. When appropriate, medium was supplemented with 50 μg ml−1 

ampicillin (Amp), 20 μg ml−1 kanamycin (Kan) and/or 25 μg ml−1 chloramphenicol (Cam). 

In addition, medium was sometimes supplemented with glucose, arabinose, IPTG and/or 

SDS, as indicated.

For cell imaging experiments, cultures were grown to density overnight in M9 medium 

supplemented with 0.2% maltose and 0.01% arabinose (CH34/pMG20 derivatives), or in LB 

supplemented with 0.1% or 0.2% glucose (all other strains). Cultures were diluted 1:50 or 

1:100 in the indicated medium, and grown to an OD600 between 0.63 and 0.71. Cells were 

applied to microscope slides coated with a thin layer of solidified agarose (1% in water), 

covered with a coverslip, and imaged immediately. Fluorescence and differential 

interference contrast (DIC) microscopy were performed essentially as described (Johnson et 

al., 2002), except that Pal–RFP was visualized using a rhodamine filter set (565 nm dichroic 

mirror, 513–558 nm excitation filter and a 590 nm long pass barrier filter).

Cell axes, the presence and positions of constrictions, fluorescent rings, and/or membrane 

blebs were measured using Object-Image (Vischer et al., 1994). Only fluorescent blebs with 

a diameter of 335 nm (five pixels) or larger were scored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Map of chromosomal tol-pal cluster, mutations and constructs. The E. coli tol-pal gene 

cluster is arranged in two operons (ybgC-tolA and tolB-ybgF) the transcription of which 

proceeds from left to right (Vianney et al., 1996). Indicated are the site of EZTn<kan-2> 

insertion in strain FB20229 [tolA], the deletions in strains MG4 [tolQ-pal] and MG5 [pal], 

and the inserts present in the plasmids or phage encoding GFP or RFP fusions. Numbers 

refer to base pairs counting from the start codon of tolQ. GFP refers to GFPmut2 (Cormack 

et al., 1996), and RFP to the cherry variant of monomeric RFP (Shaner et al., 2004). The 

immature form of the TTGFP–TolB fusion encoded by λNP7 lacks the native signal peptide 

of TolB but contains the N-terminal signal sequence of TorA such that it is routed to the 

periplasm via the Tat system. The other four fusions contain complete native polypeptide 

appended to GFP (TolQ, R, A) or RFP (Pal), as indicated.
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Fig. 2. 
Functionality of GFP–TolA and Pal–RFP. Panels A–D show suppression of cell chaining in 

tolA cells by GFP–TolA, and in pal cells by Pal–RFP. Strains FB20229/pMLB1113ΔH (A), 

FB20229/pNP4 (B), MG5/pMLB1113ΔH (C) and MG5/pMG36 (D) were grown in LB (0% 

NaCl) medium supplemented with 5 μM (A–C) or 100 μM (D) IPTG. Plasmid 

pMLB1113ΔH is an appropriate vector control for both pNP4 and pMG36. Panels A and C 

show DIC images, and panels B and D show both DIC and corresponding fluorescence 

images. The insert in A shows part of a tolA chain at higher magnification. Bar equals 2.5 

(insert in A) or 5 μm. Panel E shows suppression of hypersensitivity to SDS by GFP–TolA 

in tolA cells, and by Pal–RFP in pal cells. Overnight cultures of wt and mutant strains 

carrying pNP4 [Plac∷gfp-tolA] or pMG36 [Plac∷pal-rfp] were diluted to optical densities 

(600 nm) of 2 × 10−3, 2 × 10−4 and 2 × 10−5 (left to right), and 5 μl aliquots were spotted on 

LB agar containing SDS and/or IPTG as indicated. Plates were incubated at 30°C for 24 h 

and then at 20°C for 72 h. Strains used were TB28 [wt], MG4 [tolQ-pal], MG5 [pal] and 

FB20229 [tolA].
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Fig. 3. 
Increased periplasmic volume at the constriction site of tol-pal mutants, and release of OM 

vesicles. Periplasmic, Tat-targeted, GFP (TTGFP) in wt (A), tolA (B), pal (C) and tolQ-pal 

(D) cells. Note: (i) the squatness of mutant versus wt cells, (ii) the pronounced accumulation 

of TTGFP around constriction sites (some are indicated by arrowheads) in mutant cells 

versus the even peripheral distribution of TTGFP in wt cells, and (iii) the presence of 

fluorescence-filled blebs at the poles of mutant cells, and numerous free vesicles in the 

culture media. Arrows point to some of the cell-associated and free vesicles. The inset in D 

shows a prominent bleb associated with the constriction site. Strains used were TB28 (A), 

FB20229 (B), MG5 (C) and MG4 (D), each harbouring pTB6 [Plac∷
TTgfp]. Cells were 

grown at 30°C in M9-glucose medium supplemented with 5 μM IPTG. Bar equals 2 μm. 
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DIC images in this and following figures are shown immediately to the right, or below, the 

corresponding fluorescence images.
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Fig. 4. 
Localization of TolQ–GFP to the division site in wt and mutant cells. TolQ–GFP in wt (A), 

tolA (B), pal (C) and tolQ-pal (D) cells. Strains used were TB28 (A), FB20229 (B), MG5 

(C) and MG4 (D), each harbouring pNP2 [Plac∷tolQ-gfp]. Cells were grown at 30°C in M9-

glucose medium supplemented with 25 μM IPTG. Bar equals 2 μm.
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Fig. 5. 
Localization of GFP–TolR in wt and mutant cells. GFP–TolR in wt (A), tolA (B), pal (C) 

and tolQ-pal (D) cells. Note the failure of the fusion to accumulate at constriction sites in 

cells that lack the other four Tol–Pal proteins (D). Strains used were TB28 (A), FB20229 

(B), MG5 (C) and MG4 (D), each harbouring pNP3 [Plac∷gfp-tolR]. Cells were grown at 

30°C in M9-glucose medium supplemented with 5 μM IPTG. Bar equals 2 μm.
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Fig. 6. 
Localization of GFP–TolA to the division site in wt and mutant cells. GFP–TolA in wt (A), 

tolA (B), pal (C) and tolQ-pal (D) cells. Note the normal morphology of cells in B. Strains 

used were TB28 (A), FB20229 (B), MG5 (C) and MG4 (D), each harbouring pNP4 

[Plac∷gfp-tolA]. Cells were grown at 30°C in M9-glucose medium supplemented with 5 μM 

IPTG. Bar equals 2 μm.
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Fig. 7. 
Localization of Pal–RFP in wt and mutant cells. Pal–RFP in wt (A), tolA (B), pal (C) and 

tolQ-pal (D) cells. Note the normal morphology of cells in C, and vesicle formation in D. 

The inset in D shows the formation of a large vesicle at the constriction site of a cell, and the 

absence of Pal–RFP in the lumen of the vesicle. Strains used were TB28 (A), FB20229 (B), 

MG5 (C) and MG4 (D), each harbouring pMG36 [Plac∷pal-rfp]. Cells were grown at 30°C 

in M9-glucose medium supplemented with 50 μM IPTG. Bar equals 2 μm.
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Fig. 8. 
Localization of TTGFP–TolB to division sites. Panel A shows the accumulation of TTGFP–

TolB at sites of constriction in wt cells. Cells from a single field were rearranged to 

highlight the localization pattern of the fusion during the division cycle. Panel B shows the 

localization of unfused TTGFP as a control. Note the absence of accumulation at constriction 

sites of TTGFP. Strain TB28 lysogenic for λNP7 [Plac∷
TTgfp-tolB] (A) or λTB6 

[Plac∷
TTgfp] (B) was grown at 30°C in M9-glucose medium supplemented with 50 μM 

IPTG. Bar equals 2 μm.
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Fig. 9. 
Recruitment of Tol–Pal to division sites requires FtsN. Panels A and B show the dispersal of 

GFP–TolA in SfiA(SulA)-induced filaments of strain TB28/pJE80/pNP4 [wt/PBAD∷sfiA/

Plac∷gfp-tolA]. Cells were grown in LB supplemented with 25 μM IPTG and either 0.1% 

glucose (A), or 0.005% arabinose (B). Panels C–G illustrate the localization of GFP–TolA 

(C and D), TolQ–GFP (E and F) and ZipA–GFP (G) in FtsN+ cells (C and E) and FtsN-

depleted filaments (D, F and G). Note the sharp rings in C, E and G versus the peripherally 

dispersed signals in D and F. Fusions to TolR, TolB and Pal similarly failed to localize to 

rings in FtsN− filaments (not shown). Strain CH34/pMG20 [ΔftsN/PBAD∷TTbfp-EDftsN] 
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carrying pNP4 [Plac∷gfp-tolA] (C and D), pNP2 [Plac∷tolQ-gfp] (E and F), or lysogenic for 

λCH151 [Plac∷zipA-gfp] (G), was grown in M9-maltose (0.2%) supplemented with 5 (C and 

D), 25 (G), or 50 (E and F) μM IPTG, and with either 0.1% arabinose (C and E) or 0.1% 

glucose (D, F and G). Bar equals 2 μm.
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Fig. 10. 
Model of Tol–Pal action in OM invagination during cell constriction. Panels represent a 

longitudinal section through the SR apparatus at the site of constriction. Indicated are the 

core machinery (core SR), representing all essential division proteins in the SR (dark-blue 

oval), the periplasmic murein hydrolases responsible for splitting septal murein in separate 

PG layers (green triangle), and general OM (lipo)proteins, such as Lpp and OmpA, with 

affinity for PG (yellow ovals). Superimposed are the IM-associated TolQ (purple ovals), 

TolR (green ovals) and TolA (straight or kinked light-blue ovals) proteins, the periplasmic 

TolB protein (blue squares), and the Pal OM lipoprotein (red ovals). The results of this study 

indicate that Pal–PG and Pal–TolA interactions must be readily reversible in vivo. Panels A–

C represent a TolA–Pal engagement–disengagement cycle near the start of OM 

invagination, and D–F represent a cycle when constriction has progressed further. Ion 

potential over the IM is converted by TolQ and R to allow TolA to engage Pal (Cascales et 

al., 2000; 2001; Germon et al., 2001). It is proposed that TolA acts as a grabbing device that 

in its energized form extends through meshes of newly split murein to reach for free Pal in 

the OM (B and E). Upon catching a Pal partner, TolA snaps back, drawing Pal inwards, and 

then disengages, allowing Pal to engage the PG layer (C and F). TolA repeats this action as 

the TolQRA subcomplexes in the IM move along with the constricting core machinery (D–

F). The Pal–PG interaction is also transient, and TolB may play a role in dislodging Pal to be 

reused in a subsequent TolA–Pal interaction event. The resulting waves of Tol–Pal mediated 
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OM–PG and OM–IM connections at/near the core SR allow other OM (lipo)proteins to 

secure the OM to the PG in a more permanent manner. See the text for additional discussion.
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Table 1

E. coli strains, plasmids and phages used in this study.

Strain, plasmid or phage Relevant genotypea Source or reference

MG1655 rph1 ilvG rfb-50 Guyer et al. (1981)

TB28 MG1655 lacIZYA <>frt Bernhardt and de Boer (2003)

FB20229 MG1655 tolA∷EZTN<KAN-2> ASAP (Glasner et al. 2003)

MG4 TB28 tolQ-pal<>aph This study

MG5 TB28 pal<>aph This study

CH34b TB28 ftsN<>aph Laboratory collection

pKD46 bla repA101(ts) araC PBAD∷γ β exo Datsenko and Wanner (2000)

pNP2 bla lacIq Plac∷tolQ-gfp This study

pNP3 bla lacIq Plac∷gfp-t-tolR This study

pNP4 bla lacIq Plac∷gfp-t-tolA This study

pNP7 bla lacIq Plac∷
sstorA-gfp-t-tolB This study

pMG20 cat araCPBAD∷sstorA-bfp-ftsN(71–105) Laboratory collection

pMG36 bla lacIq Plac∷pal-crfp This study

pTB6 bla lacIq Plac∷
sstorA-gfp-t Bernhardt and de Boer (2004)

pJE80 cat araC PBAD∷sfiA Johnson et al. (2002)

λNP7 bla lacIq Plac∷
sstorA-gfp-t-tolB This study

λCH151 imm21bla lacIq Plac∷zipA-gfp Bernhardt and de Boer (2004)

λTB6 imm21bla lacIq Plac∷
sstorA-gfp-t Bernhardt and de Boer (2004)

a
The symbol <> denotes DNA replacement; frt, a scar sequence remaining after eviction of the aph cassette by FLP recombinase; and t, the T7.tag 

sequence.

b
Requires a source of ftsN for survival.
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