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Abstract

The outer membrane (OM) is essential for viability in Gram-negative bacteria. It also
serves as a formidable permeability barrier against external insults, such as antibiotics and bile
salts, thus allowing cells to survive in harsh environments. Biogenesis of the OM requires the
coordinated transport and assembly of proteins and lipids, including lipopolysaccharides (LPS)
and phospholipids (PLs), into the membrane. While pathways for LPS and OM protein assembly
are well-studied, how PLs are transported to and from the OM is not clear. Mechanisms that
ensure OM stability and homeostasis are also unknown. The trans-envelope Tol-Pal complex,
whose physiological role has remained elusive, is important for OM stability, and for proper OM
invagination during cell division. Here, we establish the function of the Tol-Pal complex in PL
transport and OM lipid homeostasis in Escherichia coli. Cells lacking the complex exhibit
defects in lipid asymmetry and accumulate excess phospholipids (PLs) in the OM. This
imbalance in OM lipids is due to defective retrograde PL transport in the absence of a functional
Tol-Pal complex. Thus, cells ensure the assembly of a stable OM by maintaining an excess flux
of PLs to the OM only to return the surplus to the inner membrane via transport mediated by the
Tol-Pal complex. Our findings also provide insights into the mechanism by which the Tol-Pal

complex promotes OM invagination during cell division.

Keywords
outer membrane stability; membrane homeostasis; lipid trafficking; membrane lipid asymmetry;

membrane contact sites; ToOIQRA
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Significance statement

Biological membranes define cellular boundaries, allow compartmentalization, and
represent a prerequisite for life; yet, our understanding of membrane biogenesis and stability
remain rudimentary. In Gram-negative bacteria, the outer membrane prevents entry of toxic
substances, conferring intrinsic resistance against many antibiotics. How the outer membrane is
assembled, and stably maintained, are not well understood. In this study, we established the role
of a trans-envelope protein complex in outer membrane lipid homeostasis, and demonstrated that
this complex is functionally important for phospholipid transport. Our work provides
fundamental understanding of lipid trafficking within the Gram-negative double-membrane
envelope in the context of membrane assembly and homeostasis. Furthermore, it highlights the
importance of exploiting lipid transport processes as targets for the development of future

antibiotics.


https://doi.org/10.1101/109884

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

bioRxiv preprint doi: https://doi.org/10.1101/109884; this version posted March 1, 2017. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction

Lipid bilayers define cellular compartments, and thus life itself, yet our understanding of
the assembly and maintenance of these structures are limited. In Gram-negative bacteria, the
outer membrane (OM) is essential for growth, and allows the formation of an oxidizing
periplasmic compartment beyond the cytoplasmic or inner membrane (IM) (1). The OM is
asymmetric, with lipopolysaccharides (LPS) and phospholipids (PLs) found in the outer and
inner leaflets, respectively. This unique lipid asymmetry is required for the OM to function as an
effective and selective permeability barrier against toxic substances, rendering Gram-negative
bacteria intrinsically resistant to many antibiotics, and allowing survival under adverse
conditions. The assembly pathways of various OM components, including LPS (2), B-barrel OM
proteins (OMPs) (3), and lipoproteins (4), have been well-characterized; however, processes by
which PLs are assembled into the OM have not been discovered. Even though they are the most
basic building blocks of any lipid bilayer, essentially nothing is known about how PLs are
transported between the IM and the OM. Unlike other OM components, PL movement between
the two membranes is bidirectional (5-7). While anterograde (IM-to-OM) transport is essential
for OM biogenesis, the role for retrograde (OM-to-IM) PL transport is unclear. How assembly of
the various OM components are coordinated to ensure homeostasis and stability of the OM is
also unknown.

The Tol-Pal complex is a trans-envelope system highly conserved in Gram-negative
bacteria (8, 9). It comprises five proteins organized in two sub-complexes, TolQRA in the IM
and TolB-Pal at the OM. In Escherichia coli, these sub-complexes interact in a proton motive
force (pmf)-dependent fashion, with TolQR transducing energy to control conformational

changes in TolA and allowing it to reach across the periplasm to contact Pal (10, 11), an OM


https://doi.org/10.1101/109884

bioRxiv preprint doi: https://doi.org/10.1101/109884; this version posted March 1, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

84  lipoprotein that binds peptidoglycan (12). TolA also interacts with periplasmic TolB (13), whose

85  function within the complex is not clear. The TolQRA sub-complex is analogous to the ExbBD-

86  TonB system (8, 14, 15), where energy-dependent conformational changes in TonB are exploited

87  for the transport of metal-siderophores across the OM (16). Unlike the ExbBD-TonB system,

88  however, the physiological role of the Tol-Pal complex has not been elucidated, despite being

89  discovered over four decades ago (17, 18). The Tol-Pal complex has been shown to be important

90 for OM invagination during cell division (19), but mutations in the tol-pal genes also result in a

91 variety of phenotypes, such as hypersensitivity to detergents and antibiotics, leakage of

92  periplasmic proteins, and prolific shedding of OM vesicles, all indicative of an unstable OM (8).

93 In addition, removing the tol-pal genes causes envelope stress and up-regulation of the o* and

94  Recs phosphorelay responses (20, 21). It has thus been suggested that the Tol-Pal complex may in

95 fact be important for OM stability and biogenesis. Interestingly, the tol-pal genes are often found

96 in the same operon as ybgC (9), which encodes an acyl thioesterase shown to interact with PL

97  biosynthetic enzymes in E. coli (22). This association suggests that the Tol-Pal complex may

98 play arole in PL metabolism and/or transport.

99 Here, we report that the Tol-Pal complex is important for retrograde PL transport and OM
100  lipid homeostasis in E. coli. We show that cells lacking the Tol-Pal complex exhibit defects in
101  OM lipid asymmetry, as judged by the presence of outer leaflet PLs. We further demonstrate that
102  tol-pal mutants accumulate excess PLs (relative to LPS) in the OM, indicating lipid imbalance in
103  the membrane. Finally, using OM PL turnover as readout, we establish that the Tol-Pal complex
104 s functionally important for efficient transport of PLs from the OM back to the IM. Our work
105  solves a longstanding question on the physiological role of the Tol-Pal complex, and provides
106  novel mechanistic insights into lipid homeostasis in the OM.

107
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108  Results

109

110  Cells lacking the Tol-Pal complex exhibit defects in OM lipid asymmetry

111 To elucidate the function of the Tol-Pal complex, we set out to characterize the molecular
112 nature of OM defects observed in tol-pal mutants in E. coli. Defects in the assembly of OM
113 components typically lead to perturbations in OM lipid asymmetry (23, 24). This is characterized
114 by the accumulation of PLs in the outer leaflet of the OM, which serve as substrates for PagP-
115  mediated acylation of LPS (lipid A) (25). To determine if tol-pal mutants exhibit defects in OM
116  lipid asymmetry, we analyzed lipid A acylation in strains lacking any member of the Tol-Pal
117  complex. We demonstrated that each of the mutants accumulate more hepta-acylated lipid A in
118 the OM compared to wild-type (WT) cells (Fig. 1). This OM defect, and the resulting
119  SDS/EDTA sensitivity in these tol-pal mutants, are all corrected in the complemented strains
120  (Fig. 1 and Fig. S1). We also examined other strains with known OM permeability defects. We
121  detected increased lipid A acylation in strains with either impaired OMP (bamB, bamD, AsurA)
122 or LPS (IptD4213) biogenesis, as would be expected, but not in strains lacking covalent tethering
123 between the cell wall and the OM (Alpp) (Fig. 1). Even though the Alpp mutant is known to
124  exhibit pleiotropic phenotypes (26, 27), it does not have perturbations in OM lipid asymmetry. In
125  contrast to OMP or LPS assembly mutants, tol-pal strains produce WT levels of major OMPs
126  and LPS in the OM (Fig. S2). These results indicate that tol-pal mutations lead to accumulation
127  of PLs in the outer leaflet of the OM independent of OMP and LPS biogenesis pathways.

128

129  Cells lacking the Tol-Pal complex have disrupted OM lipid homeostasis

130 We hypothesized that the loss of OM lipid asymmetry in tol-pal mutants is due to defects

131  in PL transport across the cell envelope. To test this, we examined the steady-state distribution of
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132 PLs (specifically labelled with [3H]—glycerol) between the IM and the OM in WT and tol-pal
133 strains. We established that tol-pal mutants have ~1.4-1.6-fold more PLs in their OMs (relative
134  to the IMs) than the WT strain (Fig. 2A and Fig. S4). To ascertain if this altered distribution of
135  PLs between the two membranes was due to the accumulation of more PLs in the OMs of tol-pal
136  mutants, we quantified the ratios of PLs to LPS (both lipids now labelled with ['*C]-acetate)
137  following OM isolation and differential extraction. tol-pal mutants contain ~1.5-2.5-fold more
138  PLs (relative to LPS) in their OMs, when compared to the WT strain (Fig. 2B and Fig. S5). Since
139  tol-pal mutants produce WT LPS levels (Fig. S2B), we conclude that strains lacking the Tol-Pal
140  complex accumulate excess PLs in their OMs, a phenotype that can be corrected via genetic
141  complementation (Fig. 2). Consistent with this idea, tol-pal mutants, unlike WT (28), are able to
142 survive the toxic effects of LPS overproduction (Fig. S6), possibly due to a more optimal balance
143 of PLs to LPS in their OMs. Importantly, having excess PLs makes the OM unstable, and can
144  account for the permeability and vesiculation phenotypes observed in tol-pal mutants (8, 27).
145  Furthermore, cells lacking the Tol-Pal complex are on average shorter and wider than WT cells
146  (when grown under conditions with no apparent division defects) (19); this reflects an increase in
147  surface area of the rod-shaped cells, perhaps a result of increase in OM lipid content. As
148  expected, we did not observe disruption of lipid homeostasis in the Alpp mutant (Fig. 2).
149  However, we observed higher PL content in the OMs of strains defective in OMP assembly. We
150 reasoned that this increase may help to stabilize the OM by filling the voids created by the
151  decrease in properly-assembled OMPs. Since strains lacking the Tol-Pal complex have proper
152 OMP assembly (Fig. S2A), the phenotype of excess PL build-up in the OM must be due to a
153  different problem. Our results suggest that tol-pal mutations directly affect PL transport
154  processes, and therefore OM lipid homeostasis.

155
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156  Cells lacking the Tol-Pal complex are defective in retrograde PL transport

157 Unlike for other OM components, PL transport between the IM and the OM is
158  bidirectional (5-7). Therefore, a simple explanation for the accumulation of excess PLs in the
159  OMs of cells lacking the Tol-Pal complex is that there are defects in retrograde PL transport. To
160  evaluate this possibility, we used the turnover of OM PLs (specifically anionic lipids, including
161  phosphatidylserine (PS), phosphatidylglycerol (PG), and cardiolipin (CL)) as readout for the
162  transport of PLs back to the IM (Fig. 3A). As an intermediate during the biosynthesis of the
163  major lipid phosphatidylethanolamine (PE), PS is converted to PE by the PS decarboxylase
164  (PSD) at the IM, and typically exists only at trace levels (29). PG and CL have relatively short
165 lifetimes (30, 31). While the pathways for CL turnover are not known, PG can be converted to
166  PE via PS (32). Since all known enzymes involved in possible pathways of converting PG to PS,
167 and then to PE, are localized in the IM (29), the turnover of OM anionic lipids require, and
168  therefore report on, retrograde PL transport. Such an assay has previously been employed to
169  demonstrate retrograde transport for PS (7).

170 Using a strain expressing a temperature-sensitive (Ts) allele (psd2) of the gene encoding
171 PSD (33), we pulse-labelled PLs with [**P]-phosphate at the restrictive temperature (42°C), and
172 monitored the turnover of individual PL species in the OM during a chase period at the
173  permissive temperature (30°C). At 42°C, the psd2 strain accumulates substantial amounts of PS
174  in both the IM and the OM (Fig. 3B, 0-min time point), as previously reported (33). With the
175  restoration of PSD activity at 30°C, we observed initial increase but eventual conversion of PS to
176  PE in both membranes (Fig. 3B, after 45-min time point), indicating that OM PS is transported
177  back to the IM, converted to PE, and subsequently re-equilibrated to the OM (7). We also
178  detected higher PG/CL content in the psd2 strain at 42°C, and saw rapid conversion of these

179  lipids to PE in both membranes at 30°C (Fig. 3B), at rates comparable to what was previously
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180  reported (for PG) (32). The fact that PS levels increase initially but decrease after 45 min into the
181  chase is consistent with the idea that PS is an intermediate along the turnover pathway for PG
182  (32), as well as for CL. To confirm this observation, we also performed the chase at 42°C in the
183  presence of a known PSD inhibitor (34) (these conditions completely shut down PSD activity),
184  and found quantitative conversion of PG/CL to PS in both membranes (Fig. S7). We further
185  showed that PG/CL-to-PE conversion is abolished in the presence of the pmf uncoupler carbonyl
186  cyanide m-chlorophenyl hydrazone (CCCP)( Fig. 3C), demonstrating that cellular energy sources
187  are required for this process (32), and that conversion occurs in the IM. The observation of
188  PG/CL turnover in the IM is thus expected. The fact that we also observed the conversion of OM
189  PG/CL to PE points towards an intact retrograde PL transport pathway for these lipids in the
190  otherwise WT cells. Notably, turnover of OM PG/CL appears to be slightly faster than that of IM
191  PG/CL (Fig. 3B), suggesting that retrograde transport of these lipids may be coupled to the
192  turnover process.

193 We performed the same pulse-chase experiments with psd2 cells lacking TolA. We
194  detected PG/CL-to-PE conversion in the IM at rates comparable to WT (Fig. 3D, F; ~67% and
195  ~71% PG/CL turnover at 2 h-chase in AtolA and WT IMs, respectively (Fig. 4A)), demonstrating
196 that there are functional PG/CL turnover pathways in the AtolA mutant. In contrast, we observed
197  substantial reduction of the turnover of OM PG/CL in these cells (Fig. 3D, F; ~53% PG/CL
198  turnover at 2 h-chase in the AtolA OM, compared to ~79% for WT (Fig. 4A)), even though PS
199  conversion to PE appears intact. These results indicate an apparent defect in the movement of PG
200 and CL (but not PS) from the OM back to the IM, which is restored when complemented with
201  functional tolAwt (Fig. 3E, F and Fig. 4A). AtolR mutant cells exhibit the same defect, and can
202  similarly be rescued by complementation with functional tolRyr (Fig. 4A). In contrast, no rescue

203  was observed when AtoIR was complemented using a toIR allele with impaired ability to utilize
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204  the pmf (t0lRp2sr) (14) (Fig. 4A and Fig. S1); this indicates that Tol-Pal function is required for
205  efficient PG/CL transport. We also examined PG/CL turnover in psd2 cells lacking BamB,
206  which accumulate excess PLs in the OM due to defects in OMP assembly (Fig. 2). Neither IM
207 nor OM PG/CL turnover is affected (Fig. 4A), highlighting the different basis for OM PL
208  accumulation in this strain compared to the tol-pal mutants. Our assay does not report on the
209  retrograde transport of major lipid PE, which is relatively stable (30). However, since tol-pal
210 mutants accumulate ~1.5-fold more PLs in the OM (Fig. 2) without gross changes in PL
211 composition (compared to WT) (Fig. S9), PE transport must also have been affected. We
212 conclude that the Tol-Pal complex is required for the retrograde transport of bulk PLs in E. coli.
213

214  Overexpressing a putative PL transport system partially rescues defects in retrograde PL
215  transport observed in tol-pal mutants

216 Removing the Tol-Pal complex does not completely abolish retrograde PG/CL transport,
217  indicating that there are other systems involved in this process. The OmpC-Mla system is
218  important for the maintenance of OM lipid asymmetry, and is proposed to do so via retrograde
219  PL transport (35, 36). To determine if this system plays a major role in retrograde PL transport in
220  cells lacking the Tol-Pal complex, we examined OM PG/CL turnover in AtolA cells also lacking
221 MlaC, the putative periplasmic lipid chaperone of the system. We first showed that cells lacking
222 MlaC alone do not exhibit defects in OM PG/CL turnover (Fig. 4A). Evidently, removing MlaC
223  also does not exacerbate the defects in retrograde PL transport in cells lacking the Tol-Pal
224  complex, given that overall turnover rates of IM and OM PG/CL are similarly reduced in the
225 double mutant. These results indicate that the OmpC-Mla system does not contribute
226  significantly to retrograde transport of bulk lipids when expressed at physiological levels, as has

227  been previously suggested (35). We also tested whether overexpressing the OmpC-Mla system

10
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228  can restore retrograde PL transport in tol-pal mutants. Interestingly, overexpression of MlaC and
229  the IM MIaFEDB complex (37), but not MlaA, partially rescues OM PG/CL turnover in the
230  AtolA mutant (Fig. 4B). However, this has no consequential effect on alleviating permeability
231  defects observed in the AtolA strain (Fig. S10), presumably because the OmpC-Mla system may
232 have higher specificity for PG (37). Since PE is the predominant PL species in the OM (Fig. S9)
233 (29), overexpressing the OmpC-Mla system may not effectively reduce the overall build-up of
234 PLs caused by the loss of Tol-Pal function. Further to validating the putative PL transport
235  function of the OmpC-Mla system, our observation here lends strong support to the notion that
236 the Tol-Pal complex is indeed a major system for retrograde PL transport.

237

238 Discussion

239

240 Our work reveals that the Tol-Pal complex plays an important role in maintaining OM
241 lipid homeostasis via retrograde PL transport. Removing the system causes accumulation of
242 excess PLs (over LPS) in the OM (Fig. 2). While pathways for anterograde PL transport remain
243 to be discovered, this result indicates that PL flux to the OM may be intrinsically higher than that
244  of LPS. Evidently, the ability to transport high levels of PLs to the OM allows cells to
245  compensate for the loss of OMPs due to defects in assembly (Fig. 2). Our data suggest that cells
246  maintain an excess flux of PLs to the OM in order to offset changes in the unidirectional
247  assembly pathways for other OM components, and then return the PL surplus to the IM via the
248  Tol-Pal complex (and other redundant systems). Having bidirectional PL transport therefore
249  provides a mechanism to regulate and ensure the formation of a stable OM.

250 It is not clear how the Tol-Pal complex may mediate retrograde PL transport. It is

251  possible that this machine directly binds and transports lipids, although there are no obvious lipid

11
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252 binding motifs or cavities found in available structures of the periplasmic components (38, 39).
253  The Tol-Pal complex is related to the ExbBD-TonB (14, 40), Agl-Glt (41), and Mot (14, 42)
254  systems, each of which uses pmf-energized conformational changes to generate force for the
255  uptake of metal-siderophores, for gliding motility, or to power flagella rotation, respectively. In
256  addition, both the Tol-Pal and ExbBD-TonB complexes are hijacked by toxins (such as colicins)
257  and bacteriophages to penetrate the OM (43). It is therefore also possible that the Tol-Pal
258 complex acts simply as a force generator to transport other PL-binding proteins across the
259  periplasm, or perhaps bring the OM close enough to the IM for PL transfer to occur via
260 hemifusion events. For the latter scenario, one can envision energized TolA pulling the OM
261  inwards via its interaction with Pal, which is anchored to the inner leaflet of the OM (12). While
262 it remains controversial, the formation of such “zones of adhesion”, or membrane contact sites,
263 has previously been proposed (44), and in fact, was suggested to be a mechanism for retrograde
264  transport of native and foreign lipids (6).

265 That the Tol-Pal complex is involved in retrograde PL transport also has significant
266  implications for Gram-negative bacterial cell division. As part of the divisome, this system is
267 important for proper OM invagination during septum constriction (19, 45, 46). How OM
268  invagination occurs is unclear. Apart from physically tethering the IM and the OM, we propose
269  that removal of PLs from the inner leaflet of the OM by the Tol-Pal complex serves to locally
270  reduce the surface area of the inner leaflet relative to the outer leaflet (47). According to the
271  bilayer-couple model (48), this may then induce the requisite negative curvature in the OM at the
272 constriction site, thus promoting formation of the new cell poles.

273 Given the importance of the Tol-Pal complex in OM stability and bacterial cell division,
274 it would be an attractive target for small molecule inhibition. This is especially so in some

275  organisms, including the opportunistic human pathogen Pseudomonas aeruginosa, where the

12
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276  complex is essential for growth (49, 50). The lack of understanding of the true role of the Tol-Pal
277  complex, however, has impeded progress. We believe that our work in elucidating the
278  physiological function of this complex will accelerate efforts in this direction, and contribute
279  towards the development of new antibiotics in our ongoing fight against recalcitrant Gram-
280  negative infections.

281

282 Materials and Methods

283

284  Detailed methods can be found in SI.

285
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457  Figure Legends

458

459  Fig. 1. Cells lacking the Tol-Pal complex accumulate PLs in the outer leaflet of the OM as
460  judged by lipid A acylation. Thin layer chromatographic (TLC) analysis of [**P]-labelled lipid A
461  extracted from WT, Atol-pal, and various mutant strains (See text). Where indicated, WT and tol-
462  pal mutants contain an empty pET23/42 plasmid (p) (23) or one expressing the corresponding
463  tol-pal gene(s) at low levels (e.g. ptol-pal). As a positive control for lipid A acylation, WT cells
464  were treated with EDTA (to chelate Mg*" and destabilize the LPS layer) prior to extraction.
465  Equal amounts of radioactivity were spotted for each sample. Lipid spots annotated # represent
466  1-pyrophosphoryl-lipid A. Average percentages of lipid A acylation and standard deviations
467  were quantified from triplicate experiments and plotted below. Student’s t-tests: * p < 0.005 as
468  compared to WT.

469

470  Fig. 2. Cells lacking the Tol-Pal complex accumulate excess PLs (relative to LPS) in the OM.
471 (A) Steady-state distribution of [*H]-glycerol labelled PLs between the IM and the OM of WT,
472 Atol-pal, and various mutant strains (upper panel). Distribution of [*H]-labelled PLs in the OMs
473  of respective mutants expressed as fold changes relative to the WT OM (lower panel). The IMs
474 and OMs from both WT and tol-pal mutants were separated with equal efficiencies during
475  sucrose density gradient fractionation (Fig. S3). (B) Steady-state PL:LPS ratios in the OMs of
476 WT, Atol-pal, and various mutant strains (upper panel). Lipids were labelled with ['*C]-acetate
477  and differentially extracted from OMs (Fig. S5). OM PL:LPS ratios of respective mutants
478  expressed as fold changes relative to that in the WT OM (lower panel). Error bars represent
479  standard deviations calculated from triplicate experiments. Student’s t-tests: * p < 0.05; ** p <

480  0.005; NS, not significant (as compared to WT).
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481

482  Fig. 3. Cells lacking the Tol-Pal complex are defective in OM PG/CL turnover. (A) A schematic
483  diagram depicting movement and turnover of PE, PG and CL (major), and PS (trace) in the cell
484  envelope. (B-E) TLC time-course analyses of [32P]—pulse—labelled PLs extracted from the IMs
485  and OMs of (B) WT, (C) WT (with CCCP added), (D) AtolA, and (E) tolA-complemented strains
486  also harboring the psd2 mutation. The average percentage levels of PE, PG/CL, and PS in the IM
487 and OM at each time point, together with standard deviations, were quantified from triplicate
488  experiments and shown on the right. (F) The percentage levels of PG/CL in the IMs and OMs
489  from (B-E) normalized to the corresponding levels at the start of the chase (0 min).

490

491  Fig. 4. Tol-Pal function is required for efficient retrograde PG/CL transport, as judged by OM
492  PG/CL turnover rates. Single time-point (2-h chase) quantification of the turnover rate of [**P]-
493  labelled PG/CL in the IMs and OMs of (A) WT, tol-pal and various mutant strains, and (B) AtolA
494  overexpressing OmpC-Mla components, all in the psd2 background (see text) (Fig. S8).
495  Percentage PG/CL turnover at 2-h is expressed as [(%PG/CL)start — (%PG/CL)21 /[ (%P G/CL)gtart] -
496  Average percentage lipid levels and standard deviations were quantified from triplicate
497  experiments. Student’s t-tests: * p < 0.0005 as compared to WT; ** p < 0.0005 as compared to
498