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Abstract: The outer membrane is the defining structure of Gram-negative bacteria. We previously
demonstrated that it is critical for the mechanical integrity of the cell envelope and therefore to the
robustness of the bacterial cell as a whole. Here, to determine the key molecules and moieties
within the outer membrane that underlie its contribution to cell envelope mechanics, we measured
cell-envelope stiffness across several sets of mutants with altered outer-membrane sugar content,
protein content, and electric charge. To decouple outer membrane stiffness from total cell
envelope stiffness, we developed a novel microfluidics-based “osmotic force extension” assay. In
tandem, we developed a simple method to increase throughput of microfluidics experiments by
performing them on color-coded pools of mutants. Using Escherichia coli as a model Gram-
negative bacterium, we found that truncating the core oligosaccharide, deleting the -barrel protein
OmpA, or deleting lipoprotein outer membrane-cell wall linkers all had the same modest,
convergent effect on total cell-envelope stiffness but had large, varying effects on the ability of the
cell wall to transfer tension to the outer membrane during large hyperosmotic shocks. Surprisingly,
altering lipid A charge had little effect on the mechanical properties of the envelope. Importantly,
the presence or absence of OmpA determined whether truncating the core oligosaccharide
decreased or increased envelope stiffness (respectively), revealing sign epistasis between these
components. Based on these data we propose a specific structural model in which the chemical
interactions between lipopolysaccharides, [(-barrel proteins, and phospholipids coordinately
determine cell envelope stiffness, and the ability of the outer membrane to functionally share

mechanical loads with the cell wall.
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Statement of Significance: The outer membrane is the defining cellular structure of Gram-
negative bacteria, a group that contains many important pathogens like Escherichia coli, Vibrio
cholerae, and Pseudomonas aeruginosa. One role of the outer membrane is to block the uptake
of small molecules like antibiotics. However, it is becoming increasingly clear that it also
functions as a structural exoskeleton that is critical for the cell’s ability to cope with internal and
external mechanical forces. Here, we carefully dissect the molecular basis for the load-bearing

capacity of the outer membrane by screening a set of mutants with a new cell biophysics assay.
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Introduction

The cell envelope of Gram-negative bacteria (Fig. 1A) is a permeability barrier and exoskeleton
that mediates all interactions between the bacterial cell and its environment, defines cell shape,
and confers robust mechanical properties to the cell. This latter function is vital to bacteria during
osmotic fluctuations!, growth in confined spaces?, and antibiotic exposure®. The envelope is
comprised of three essential layers: the plasma membrane, the peptidoglycan cell wall, and the
outer membrane - an atypical bilayer with a phospholipid inner leaflet and an outer leaflet
composed of complex macromolecules called lipopolysaccharides (Fig 1B). Until recently, the
robust mechanical properties of the cell envelope were exclusively attributed to the covalently
cross-linked cell wall*>. However, we demonstrated that the outer membrane of Escherichia coli
is actually stiffer than its cell wall with respect to tension in the cell envelope!. Furthermore,
several major genetic and chemical perturbations to the outer membrane dramatically reduced its
ability to bear mechanical forces, leading to fragile cells. There are three immediate questions
motivated by this discovery: first, with respect to osmotic variation (during which the outer
membrane is mechanically engaged), what are the constitutive mechanical properties of the outer
membrane (e.g., linear versus non-linear)? Second, are there key molecules or moieties that
determine these properties, or do they emerge from the outer membrane complex as a whole?
Third, is there a specific architecture underlying how outer membrane components are connected

that allows them to bear mechanical loads (e.g. “in series” or “in parallel”)?

The intermolecular ionic bonds between the lipid A domains of lipopolysaccharides (Fig. 1B) are,
collectively, a leading candidate for a mechanical chassis within the outer membrane. Lipid A

consists of a glucosamine disaccharide head group linked to six acyl chains that interface with the
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92  inner leaflet of the outer membrane. The head group is phosphorylated at the 1 and 4 carbons,
93  which allows lipopolysaccharides to bind to one another in the presence of divalent magnesium
94  ions, which mediate intermolecular ionic “salt bridges” between phosphate groups (Fig. 1B).
95  Given that the outer membrane is not fluid (proteins do not diffuse within it®®), it is likely that
96  these ionic bonds create a solid lipopolysaccharide-magnesium gel. Chelation of magnesium away
97  from the outer membrane by ethylenediaminetetraacetic acid (EDTA) results in a porous, weak
98  outer membrane as would be expected if the salt bridges were key load-bearing bonds!. However,
99 it is likely that magnesium chelation completely destabilizes the outer membrane, making it
100  difficult to decouple the mechanical contributions of the salt bridges from those of other
101  interactions that are also eliminated upon EDTA treatment. For example, forces could also be
102  borne by hydrophobic interactions between the acyl moieties of lipid A, which are indirectly
103 disrupted by EDTA.
104
105 Bacteria can enzymatically modify lipid A, including its electrical charge, in response to
106  environmental stimuli. For example, in response to weak acids E. coli adds phosphoethanolamine
107  and 4-aminoarabinose to the lipid A phosphates, which makes it less anionic and results in
108  increased outer membrane permeability’. In principle, such modifications could also provide a
109  way for bacteria to adaptively modulate their mechanical properties if these properties were
110  dependent, for example, on electric charge density. Importantly, by ectopically expressing the
111  specific enzymes that modify lipid A and alter its charge it is possible to controllably study the
112 effect of these modifications!®.

113
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114  Besides lipid A, lipopolysaccharide features two polysaccharide moieties, which could also
115  provide mechanical contributions to the outer membrane. The core oligosaccharide is a 10-residue
116  heteropolymer (Fig. 1B) that is usually conserved within genera or families of Gram-negative
117  bacteria!!. Core oligosaccharide synthesis occurs sequentially by the Rfa monosaccharide
118  transferases, such that the deletion of one of these enzymes results in an oligosaccharide that is
119  truncated at the residue attached by that enzyme (Fig. 1B). Undomesticated wild-type Gram-
120  negative bacteria ligate an additional polysaccharide called the O-antigen to the terminal core-
121 oligosaccharide residue; the composition of the O-antigen is highly variable across bacterial
122 species and strains. Interestingly, the O-antigen can increase mechanical integrity to the cell even
123 ifitis electrically neutral'. Whether the specific length or composition of the core oligosaccharide
124  also affects outer membrane stiffness is unknown, however certain truncation mutants (ArfaC and
125  ArfaG; Fig. 1B) result in increased outer membrane vesiculation'?, which may point to a weakened
126  outer membrane.

127

128  In addition to lipopolysaccharides, the outer membrane is densely loaded with proteins'®. Most of
129  these are B-barrel proteins: B-sheets that are folded into transmembrane cylinders by the Bam

14, 15

130  complex Certain B-barrel proteins are selective molecular pores (“porins”). For example,
131  OmpF and OmpC are highly abundant B-barrel porins in E. coli whose expression is coordinately
132 regulated in response to extracellular osmolarity, while LamB is specifically expressed to mediate
133 uptake of maltose!® 7. Whether these porins are also important for the mechanical integrity of the
134 cell envelope is unknown. However, the structure and folding pattern of the 3-barrel protein EspP

135  is sensitive to tension in the outer membrane, providing insight into how these proteins could bear

136  mechanical forces!®.
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137

138  One protein known to be critical for the mechanical integrity of the cell envelope is the highly
139  abundant B-barrel protein OmpA: the deletion of this protein causes drastic weakening of the outer
140  membrane'. However, as for the case of EDTA it is unknown if this means that OmpA is a specific
141  mechanical element or if its elimination causes global destabilization of the cell envelope. This
142 question in particularly relevant to the case of OmpA since, unlike other B-barrel proteins, it
143 possesses a periplasmic domain that specifically binds to the peptidoglycan cell wall, making it
144 likely that its deletion has pleiotropic effects on the global stiffness of the cell envelope.

145

146  Indeed, OmpA is one of three proteins that connect the outer membrane to the cell wall (Fig. 1A).
147  The other two key linkers, Pal and Lpp, are lipoproteins. Like OmpA, Pal non-covalently binds
148  the cell wall and is critical for mediating constriction of the outer membrane during cell division
149 as part of the Tol-Pal complex!'®2°. In contrast, the lipoprotein Lpp is covalently ligated to the cell

150  wall and acts as a molecular pillar that determines the width of the periplasm?!- 22

. Collectively,
151  OmpA, Pal, and Lpp prevent loss of outer membrane material via vesiculation?>. We previously
152 found that bacterial mutants that lack any of these proteins have a weaker cell envelope and are
153 highly susceptible to lysis upon repeated osmotic shocks!. It is unknown, however, if these
154  phenotypes are due intrinsic load-bearing capacity of the proteins themselves or due to the de-
155  coupling of the outer membrane and cell wall that results from their deletion. Furthermore, it is
156  unknown whether during modest osmotic shocks these molecular staples are important for

157  transferring mechanical forces between the cell wall and outer membrane.

158
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159  Our previous assays for interrogating cell envelope mechanics were useful for highlighting the
160 critical contribution of the outer membrane to total cell-envelope stiffness, but were limited due to
161  issues of specificity, precision, and throughput. One key assay we developed was a microfluidics
162 “plasmolysis-lysis” experiment that measured the ratio between the stiffnesses of the outer
163  membrane, kom, and that of the cell wall, kcw! (Fig. S1). In this assay, cells were subjected to a
164  large (3 M) hyperosmotic shock and subsequently perfused with detergent, which caused cell lysis
165  and dissolved the outer membrane. Although turgor pressure was completely depleted, we found
166  that after the hyperosmotic shock (but before detergent perfusion) the cell wall was still stretched
167  because of its association with the outer membrane, which prevented the wall from relaxing to its
168  rest state by bearing in-plane compressive stress (Fig. S1). By quantifying the contractions of the
169  cell wall upon hyperosmotic shock and lysis and treating the outer membrane and cell wall as
170  parallel linear springs, we estimated the ratio k,,,/k. (Eq. 1, Methods). For E. coli, we found
171  that the outer membrane stiffness was about 1.5 times that of the cell wall, which pointed to the
172 potential importance of the outer membrane as a mechanical element. Furthermore, mutations that
173 reduced this ratio sensitized bacteria to osmotic fluctuations. Collectively, this pipeline provided
174  auseful empirical quantification of cell-envelope mechanical properties. However, it did not alone
175  decouple the stiffness of the outer membrane from that of the cell wall, which is particularly
176  important for assessing pleiotropy.

177

178  An important aspect of the plasmolysis-lysis assay is that for mutants with impaired connections
179  between the outer membrane and cell wall, the large hyperosmotic shock is likely to cause partial
180  detachment of the outer membrane from the cell wall, and therefore during this treatment the outer

181 membrane cannot share envelope tension with the cell wall, regardless of its intrinsic stiffness.
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182  Therefore, the quantity k,,,/k., that this assay reports is more precisely the ratio between the
183  “effective outer membrane stiffness” and the stiffness of the cell wall.

184

185  In another assay, we probed cell-envelope mechanics by measuring cell-envelope deformation in
186  response to a small hyperosmotic shock of a single magnitude (AC=200 mM). This caused a
187  defined reduction in turgor pressure (AP = —RT AC , where R is the ideal gas constant and 7'is the
188  temperature) that partially deflated the cell. We demonstrated that the degree of this deformation
189  was related to the mechanical properties of the cell envelope. However, using a single shock
190  magnitude did not provide the specific scaling relationship between envelope deformation and
191  pressure changes (e.g. linear vs. non-linear). This information is important since the cell wall
192 exhibits non-linear strain-stiffening as measured via atomic force spectroscopy?*; if this behavior
193 was also occurring during osmotic shocks it would obscure the meaning of deformation at a single
194  shock magnitude.

195

196  Finally, all existing methodologies to measure cell-envelope mechanical properties at the single-
197  cell level - including atomic force microscopy?* and cell bending assays® - are inherently low
198  throughput, typically requiring several replicate experiments for each bacterial strain or mutant.
199  This limits our ability to efficiently screen enough mutants to obtain a comprehensive
200  understanding of the relationship between cell envelope composition and cell-envelope
201  mechanical properties.

202

203  Insum, due to technical limitations we lack a precise understanding of the constitutive mechanical

204  properties of the cell envelope, and the molecular components that confer its mechanical integrity.
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205  To address this, we developed a new “osmotic force-extension assay” to quantitatively measure
206  cell-envelope stiffness with more precision than previous assays were capable of (Fig. 2A-D).
207  Using this assay, we found that the cell envelope is a linear elastic material with respect to in-plane
208  compression. In combination with the plasmolysis-lysis assay (Fig. S1), the osmotic-force-
209  extension assay also allowed us to de-couple effective outer membrane stiffness from cell-wall
210  stiffness. To accelerate throughput, we developed a method to color-code bacterial strains using
211  combinations of non-toxic fluorophores, which allowed us to perform our microfluidics assays on
212 pools of mutant bacteria (Fig. 2E). Using these assays, we systematically measured how genetic
213  alterations of three families of molecules and moieties within the outer membrane — core
214 oligosaccharides, B-barrel proteins, and lipid A — affect cell-envelope and outer membrane
215  stiffness. A simple but important result of this analysis was that major perturbations to any of
216  these components had the same quantitative effect on cell envelope stiffness, indicating that this
217  property arises from the collective assembly of envelope components. We also found that while
218  systematic truncation of the core oligosaccharide of E. coli monotonically decreased cell-envelope
219  and outer-membrane stiffness, the same mutations monotonically increased these properties in the
220  absence of OmpA. Based on these results, we propose a model for how the interactions between
221  core oligosaccharides, B-barrel proteins, and phospholipids coordinately determine the mechanical
222 integrity of the outer membrane. Collectively, our analysis provides a more highly-resolved
223  picture of the mechanical infrastructure of the cell envelope than was possible with previous
224 methods, and provides new broadly useful assays for interrogating this infrastructure.

225

226

227
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228  Results

229

230  An osmotic force extension assay precisely measures cell envelope stiffness

231  Our goals were to develop a precise and efficient method for measuring the constitutive mechanical
232 properties of the cell envelope, to decouple the stiffness of the outer membrane from the cell wall,
233 and to apply these methods to a wide range of genetic mutations (and combinations thereof) to
234  dissect the mechanical structure of the cell envelope. To begin, we developed a new “osmotic
235  force extension” assay (Fig. 2A-D) in which we subjected cells to a series of hyperosmotic shocks
236  of increasing magnitude, and measured the resulting contractions of the cell envelope (strain in
237  cell length) caused by each shock (Fig 2B,C). We discovered that the dependence of strain on
238  shock magnitude was precisely linear for shocks up to 400 mM, which allowed us to empirically
239  define cell envelope stiffness, kenv, as the inverse of the slope of this dependence (Fig. 2D). This
240  result validated the treatment of the cell wall and outer membrane as linear springs in the
241  plasmolysis-lysis assay. Therefore, by combining the two assays we could empirically solve for
242  the stiffnesses of the cell wall and outer membrane in terms of experimentally measurable
243 quantities (Methods).

244

245  In concert with this analysis, to accelerate the throughput of our experimental pipeline we invented
246  a method to color-code bacterial strains with combinations of non-toxic fluorophores (Fig. 2E).
247  This allowed us to pool up to 9 color-coded mutants and perform our microscopy/microfluidics
248 assays on the entire pool at once, greatly increasing the throughput of our mechanical
249  characterization. An additional benefit of this method is that we could include the isogenic wild-
250  type background in each pool of mutants, thereby providing an internal control in all experiments.

251
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252 Cell envelope stiffness is correlated with core oligosaccharide length

253  We first measured the effect of truncations of the core oligosaccharide on the mechanical
254  properties of the E. coli outer membrane. Because of the large contribution of the outer membrane
255 to envelope stiffness, we hypothesized that even minor alterations to the core oligosaccharide
256  would meaningfully affect total envelope stiffness. When we applied the methods described above
257  to a set of mutants with deletions of the rfa genes, we found that total envelope stiffness was
258  strongly correlated with core oligosaccharide length across two wild-type backgrounds of E. coli
259  (MG1655 and BW25113; Fig. 3A). Furthermore, this dependence arose directly from weakening
260  of the outer membrane (Fig. 3B), whereas the stiffness of the cell wall did not systematically
261  depend on core oligosaccharide length (Fig. 3C). Complete removal of the “outer core” (by
262  deletion of rfaC) leaving only the essential “inner core,” resulted in a 72% reduction in outer
263  membrane stiffness (Fig. 3B).

264

265  To explore the origin of the forces borne by the core oligosaccharides, we used all-atom molecular
266  dynamics simulations to test the effect of outer core oligosaccharide truncations on the stiffness of
267  the outer membrane in silico. In molecular dynamics simulations, we subjected model membranes
268  to lateral (in-plane) compressive tension characteristic of the tension experienced by the outer
269  membrane during our experiments (Fig. 3D). We found that the dependence of areal compression
270  on lateral pressure was approximately linear for compressions up to 5% (Fig. 3E) and thus we
271  identified the surface elastic modulus, E, as the inverse of the slope of this dependence. By
272 considering our results from molecular dynamics simulations in concert with our experimental
273 values of outer membrane stiffness and the structure of lipopolysaccharide (Fig. 1B), we inferred

274  the types of intermolecular interactions between core oligosaccharides that bear mechanical forces
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275  during surface compression of the outer membrane.  Specifically, we asked whether core
276  oligosaccharides bear forces within ionic salt bridges between phosphate groups (mediated by
277  divalent cations) or via hydrogen bonding between polysaccharides.

278

279  As in our experiments (Fig. 3A), the surface elastic modulus of the outer membranes in silico
280  monotonically decreased as core oligosaccharide was truncated (Fig. 3F). The fully truncated core
281  oligosaccharide resulted in a 43% reduction in simulated membrane stiffness compared to 72%
282  measured experimentally.

283

284  In both experiment and simulation, deleting faG, which removes half of the sugar residues from
285  the core oligosaccharide, resulted in a ®25% decrease in outer membrane stiffness (Fig. 3A,F).
286  Our molecular dynamics simulations demonstrated that this truncation removes approximately half
287  of'the intermolecular hydrogen bonds between core oligosaccharides (Fig. 3F). Since this mutation
288  does not result in the removal of any phosphate groups, this analysis demonstrates that hydrogen
289  bonds are important load-bearing bonds within the outer membrane.

290

291  Further truncations of the core oligosaccharide removed both sugar residues and phosphate groups.
292  In our simulations, we explicitly confirmed the existence of salt bridges at phosphate groups by
293  measuring the spatial distribution of divalent cation concentration across the direction normal to
294  the bilayer — salt bridges appear as sharp peaks in this distribution (Fig . S2A). Experimentally,
295  deleting rfaF and rfaC, which remove one phosphate group each (as well as 3 sugar residues total:
296 2 for rfaF and 1 for rfaC) resulted in large ~25% decreases in relative outer membrane stiffness

297  (Fig. 3A). This value was quantitatively similar to the effect of removing five sugar residues by


https://doi.org/10.1101/2024.09.02.610904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.02.610904; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

298  deleting rfaG, suggesting that while the weaker hydrogen bonds collectively make a meaningful
299  contribution to outer membrane stiffness, the stronger ionic bonds make a larger contribution on a
300  bond-by-bond basis. However, contrary to our experimental data, deleting rfaF and rfaC in silico

301  had a smaller effect on the stiffness of the outer leaflet bilayer.

302  The mechanical contributions of the B-barrel and periplasmic domains of OmpA can be

303  decoupled

304  There are several possible reasons for the partial discrepancy between our experimental and
305 computational results, however a key difference between the actual outer membrane and our
306  simulated outer membrane is that proteins are absent from the latter. In this light, we hypothesized
307  that core oligosaccharide-protein interactions are important determinants of outer membrane
308  stiffness. We tested this explicitly by first measuring the effect of deleting B-barrel proteins on
309  outer membrane stiffness, and then testing the effect of these deletions in combination with
310  truncations of the core oligosaccharide. We reasoned that non-additive effects of these
311 combinations on stiffness would reveal genetic or structural interactions between core
312 oligosaccharides and proteins.

313

314  We focused on OmpA because this also provided the opportunity of investigating the relative
315  contributions of its B-barrel domain and the periplasmic domain (Fig. 1A) to the mechanical
316 integrity of the envelope. When we subjected dompA mutants from three wild-type backgrounds
317  to the osmotic force extension assay, we found that this deletion resulted in a consistent =25%
318  reduction in cell envelope stiffness (Fig. 4A). Interestingly, removing only the periplasmic domain

319  had a quantitatively similar effect on envelope stiffness, suggesting that the periplasmic linker
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320  function rather than the -barrel domain underlies OmpA’s mechanical contribution. However,
321  consistent with our previous study', we found that deletion of OmpA completely abolished the
322 outer membrane’s contribution to envelope stiffness in the plasmolysis-lysis assay. As a result,
323  the effective outer membrane stiffness we measured was close to zero (Fig. 4B). Interestingly,
324  when we expressed only the linker-less -barrel domain of OmpA, this partially restored outer
325 membrane stiffness. While these data are consistent with the periplasmic linker being a key
326  mechanical linchpin within the cell envelope, they also clearly demonstrate that the B-barrel itself
327  plays a mechanical role in certain contexts.

328

329  To further explore the contexts in which -barrel or periplasmic linker were important, we labeled
330  the outer membrane and explicitly measured its deformation during intermediate (400 mM)
331  hyperosmotic shocks, which partially deplete pressure. We found that whereas the outer
332  membrane of wild-type cells remained evenly attached to the cell wall, in a fraction of dompA
333 mutant cells the hyperosmotic shock caused delamination of the outer membrane, leading to a
334  large outer membrane bulge reminiscent of those observed after vancomycin treatment®® (Fig.
335 4C,D). Surprisingly, expressing the PB-barrel domain of OmpA alone suppressed the bulging
336  phenotype. That is, OmpA prevents delamination independent of its periplasmic linker.

337

338  Together, our data paint a complex picture of OmpA’s contribution to outer membrane mechanics.
339  Deletion of the periplasmic linker is enough to modestly reduce envelope stiffness, to greatly
340  reduce (effective) outer membrane stiffness, but presumably not enough to prevent Pal and Lpp
341  from holding the outer membrane and cell wall together. However, additional deletion of the 3-

342  barrel domain is enough to loosen the attachment of the outer membrane to the cell wall and
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343  completely eliminate the effective contribution of the outer membrane to envelope mechanics
344 during large hyperosmotic shocks (3 M) but not enough to weaken its contribution during modest

345  ones (400 mM).

346  Mutations to core oligosaccharides and OmpA exhibit sign epistasis

347  We next examined the genetic interactions between mutations to the core oligosaccharides and to
348  OmpA. Surprisingly, we found that while truncating the core oligosaccharide predictably
349  decreased cell-envelope and outer-membrane stiffness in the presence of OmpA (Fig. 3A), the
350  same truncations increased cell envelope stiffness in the absence of OmpA (Fig. 4E).

351

352 Unfortunately, for all but one of the dompA Arfa double mutants we were unable to perform our
353  plasmolysis-lysis experiment due to cell lysis, and therefore we could not specifically decouple
354  outer membrane stiffness for these strains. For the one double mutant that did survive (dompA
355  ArfaJ, which possessed the smallest perturbation to the core oligosaccharide) we calculated that
356  truncation of the core oligosaccharide greatly increased the contribution of the outer membrane to
357  cell envelope stiffness compared to the single dompA deletion (Fig. 4F). In other words, mutations
358  to ompA and the rfa genes result in what geneticists refer to as sign-epistasis, where the presence
359  or absence of one gene determines the sign of the effect of a second gene on a given phenotype?’.
360  Further research is required to understand the molecular basis for this phenomenon, but we propose
361 a simple putative model based on interactions between core oligosaccharides, B-barrel proteins,
362  and phospholipids (Discussion).

363
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364  Mutants of outer membrane-cell wall linkers phenocopy AompA in envelope stiffness but

365 not outer membrane stiffness

366  We next measured the effect of deletion of Lpp and Pal on cell envelope stiffness. Interestingly,
367  we found that eliminating Lpp reduced total cell-envelope stiffness to precisely the same degree
368 as eliminating OmpA or its periplasmic domain (Fig. 4A, 5A). Similarly, deletion of Lpp caused
369  areduction in outer membrane stiffness similar to that caused by deletion of OmpA’s periplasmic
370  domain but less than the deletion of the entire OmpA protein (Fig. 4C, 5B). We propose that the
371  precise quantitative correspondence between these mutations means that they are effectively
372  leading to a convergent, modest structural collapse of the cell envelope that does not depend on
373  the structure or copy number of the individual proteins. This likely means there is a threshold of
374  outer membrane-cell wall connections that required to prevent this collapse. Deletion of Pal,
375 however, had a stronger effect on cell envelope stiffness and a dramatic effect on effective outer
376  membrane stiffness. In fact, when cells were treated with detergent after having been plasmolyzed
377  (Fig. S1), the cell wall elongated instead of contracting, leading to negative values of outer
378  membrane stiffness (Fig. 5B). The meaning of this is unclear, but one possibility is that in this
379  mutant, the protoplast (plasma membrane and cytoplasm) can exert negative pressure on the cell
380 envelope during plasmolysis, and because the outer membrane-cell wall links are severely
381  undermined, the cell wall contracts below its rest length. In any case, it is clear from these
382  measurements Pal is the most important of the three linkers mechanically.

383
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384  Modifications to lipid A have weak effects on cell envelope stiffness.

385  The above analysis demonstrates that hydrogen bonds between neutral sugar resides bear forces
386  within the outer membrane. However, truncations to the core oligosaccharide require deletion of
387  one of the rfa genes and are not viewed as adaptive except when cells are subjected to strong
388  selective pressure such lytic bacteriophage predation?®. Furthermore, most wild-type bacteria
389  possess an O-antigen (which can also bear forces'), precluding phenotypic adaptation via
390  modulation of core oligosaccharide length. On the other hand, it is well understood that bacteria
391 use a suite of enzymes to adaptively modify lipid A in response to environmental cues’. By
392  combinatorially expressing these enzymes this adaptive ability was previously exploited to
393  synthetically engineer mutant E. coli strains that homogenously express precise variants of lipid A
394  to investigate the dependence of the human immune response on lipid A chemistry!?. For us, these
395  mutants provided an opportunity to investigate the dependence of cell-envelope mechanics on lipid
396 A chemistry and to explore whether, in principle, this chemistry could be used to mechanically
397  adapt to their environment.

398

399  Our control strain (BN1) homogenously expressed hexaacylated, bis-phosphorylated lipid A (Fig.
400  1B), which is the most abundant species of lipid A in wild-type E. coli'®. We hypothesized that
401  reducing the negative charge of the head group would reduce outer membrane stiffness.
402  Surprisingly, when we removed the 1-phosphate group, the stiffnesses of the total cell envelope
403  was unaffected and the effective stiffness the outer membrane increased modestly (Fig. S2).
404  Similarly, adding an acyl chain had little effect on cell envelope or outer membrane mechanical

405  properties mechanics (Fig. S2).
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406  Discussion

407  Here, we developed a new quantitative assay to empirically calculate the stiffness of the bacterial
408  cell envelope. In this assay, cells were subjected to a series of hyperosmotic shocks of increasing
409  magnitude, and the contraction of cell envelope length was measured. A simple but important
410  result from this experiment was that the degree of contraction upon each shock was linearly
411  proportional to shock magnitude, which made it simple to unambiguously define envelope stiffness
412  (Fig. 2D). This result is superficially at odds with previous atomic force microscopy-based

1>*. However, AFM uses

413  measurements reporting non-linear mechanical properties of the cell wal
414  indentation to deform the cell envelope, causing stretching of the envelope rather than contraction.
415  We anticipate that we would see similar non-linear strain-stiffening if we could controllably
416  perform our assay using hypoosmotic shocks instead of hyperosmotic shocks. In fact, we
417  previously noted that hypoosmotic shocks cause negligible swelling of the envelope of cells during
418  steady-state growth. This could reflect extreme strain-stiffening, however it is difficult to control
419  for the effect of stretch-activated ion channels®®, which decrease pressure upon hypoosmotic
420  shocks and would therefore reduce cell envelope swelling. Furthermore, deletion of channels
421  causes cell lysis upon hypoosmotic shock, making the control experiment impossible. We simply
422 conclude that the cell envelope is linearly elastic for pressures up to the steady-state pressure at
423 which cells grow. Interestingly, our initial applications of the osmotic force extension assay to
424  Gram-positive bacteria reveal that it is linear elastic over a wide range of positive and negative
425  pressure variation.

426

427 A second central finding of our study is that the core oligosaccharide moieties of

428  lipopolysaccharides only contribute to cell envelope stiffness if the outer membrane possesses its
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429  full complement of B-barrel proteins. These proteins completely pack the outer membrane and in
430  this light, lipopolysaccharides function as “mortar” that fills the space between -barrels (Fig. 5A).
431  The deletion of OmpA, one of the most abundant -barrel proteins, leaves a void in the outer
432  membrane filled by phospholipids in both the inner and outer leaflets of the outer membrane.
433 Furthermore, in this mutant, lipids and proteins phase separate from the -barrels proteins in the
434 outer membrane 3. The specific spatial pattern of phospholipids and lipopolysaccharides in the
435  lipid phase is unknown, but based on our results we hypothesize that lipopolysaccharides and
436  phospholipids further phase separate due to self-affinity, for example, between core
437  oligosaccharides (Fig. 5B). This would be expected to lead to a fragile outer membrane due to
438  line tension at the boundary of phospholipid-lipopolysaccharide domains. Therefore, truncation
439  of core oligosaccharides in the dompA background reduces self-affinity of lipopolysaccharides,
440 leading to mixing that increases the stiffness of the outer membrane (Fig. 5C). It is not possible
441  to directly image lipopolysaccharides, but this hypothesis will be interesting to test in future
442  studies.

443

444 Our model is consistent with a model that was recently proposed to explain the mechanical
445  phenotype of the AbamD mutant’®. BamD is a regulatory lipoprotein that activates the outer
446  membrane Bam complex?®!, which folds B-barrel proteins into the outer membrane. Deletion of
447  bamD globally reduces B-barrel content in the outer membrane and, like the deletion of ompA,
448  results in outer leaflet phospholipids. It was proposed that this leads to tension in the outer
449  membrane, which renders the cell fragile to osmotic fluctuations. This was supported by the

450  finding that inhibiting constitutive removal of phospholipids from the outer leaflet by the Mla and
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451  PIdA systems increases cell viability during fluctuations. Based on our data, we hypothesize that
452  truncating the core oligosaccharide in the AbamD would also have a protective effect.

453

454  An interesting observation from the sum of our measurements is that full truncation of core
455  oligosaccharides, deletion of OmpA, and deletion of other outer membrane-cell wall linkers all
456  caused the same quantitative reduction in total cell envelope stiffness (20-25%; Fig. 3A,4A,5A).
457  We propose that this convergent phenotype points to a common structural cause for envelope
458  weakening: minor delamination (but not complete detachment) of the outer membrane from the
459  cell wall. In this model stiffness of the outer membrane plays two related roles: 1) it bears in-plane
460  compression and ii) it prevents out-of-plane buckling, which limits its ability to bear in-plane
461  compression geometrically. This is consistent with our observation that expression of the OmpA
462  B-barrel alone, without the periplasmic linker domain, is sufficient to prevent bulging of the outer
463  membrane upon hyperosmotic shock (Fig. 4C,D). It will likely be possible to test this model
464  explicitly by combining the osmotic force extension assay with super-resolution measurements of
465  outer membrane geometry.

466

467  Contrary to total envelope stiffness, various perturbations to outer membrane composition had a
468  wide range of effects on outer membrane stiffness (Fig. 3B, 4B, 5B), when this quantity was
469  decoupled from total envelope stiffness using the plasmolysis-lysis assay. This likely means that
470  these mutations differentially affect the outer membrane’s ability to stay mechanically engaged to
471  the cell wall for large hyperosmotic shocks.

472
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473 Our most surprising result was that modification to lipid A — including those to the head group and
474  the acyl chains - had no effect on outer membrane mechanics. Interestingly, this means that
475  divalent cation-mediated bridging of adjacent lipopolysaccharides molecules has a much greater
476  effect on outer membrane permeability than mechanics.

477

478  Collectively, our analysis suggests that the global mechanical properties of the cell envelope arise
479  from complex interactions between the various components of the envelope, rather than additive
480  contributions from each component.
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499  Methods

500 Bacterial strains and culture conditions

501  Bacterial strains and plasmids used in this study are listed in Table S1. Bacteria were grown in
502  lysogeny broth (LB), Lennox formulation (5 g I'' NaCl) overnight in a rotary shaker at 37°C. For
503  selection, 50 pg/ml kanamycin or 100 pg/ml ampicillin were used. The osmolarity of the growth

504  medium was modulated with sorbitol (Sigma).

505  Construction of chromosomal gene deletion mutants

506  P1 vir phage transduction was used to move selectable deleted genes from the donor BW25113
507  strain to the recipient MG1655 strain®2. Mutations were confirmed by PCR using primers that
508 anneal outside of flanking regions of deleted gene (Table S2). When necessary, excision of the

509 resistance gene was carried out using the helper plasmid pCP20%.

510 Lambda phage recombineering

511  To generate the mutant allele of ompA lacking the periplasmic domain (dompA’P) mutant we used
512 lambda red recombineering. Cells carrying the red recombinase expression plasmid, pKD46, were
513 grown in 30mL LB with ampicillin at 30°C to an OD of 0.4. The culture was then inoculated with
514  L-arabinose to final concentration of 10% and incubated at 30°C for an additional 15 min. To make
515  electrocompetent cells, the culture was initially chilled on ice before undergoing two washes with

516  cold ultrapure deionized water, and a final wash with ice-cold 10% glycerol in water.
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517  Electrocompetent cells were aliquoted into 30uL suspensions and stored at -80°C. Electroporation
518  was conducted by using a Gene Pulser Xcell Electroporator with 0.2cm electrode gap cuvettes. 30
519  uL of competent cells were inoculated with at least 200ng of DNA, and shocked with a 2.5kV
520  voltage. Shocked cells were immediately recovered with ImL SOC media and incubated with
521  shaking at 30°C for two hours. Next, 500uL of transformant culture was spun down, resuspended
522 in 100pL LB, and spread onto agar plates to select for kanamycin-resistant transformants. Plates
523 were left growing overnight at 37°C.

524

525  The kanamycin cassette, which included FRT sites, was first amplified from pKD13 using Primer
526 1 and Primer 2 (Table S1). Primer 1 contains a 50bp homologous region to the 3’ end of the ompA
527  B-barrel domain, in addition to the first 20bp of the 5’ region of the resistance marker. Primer 2
528  contains a 50bp homologous region downstream of the stop codon of ompA, and the last 20bp of
529  the 3’ end of the resistance marker. After confirmation of a 1.4kp amplicon, the remaining PCR
530  product was treated with Dpnl for two hours at 37°C, followed by column purification. The
531  purified, linear DNA was used for electroporation of BW25113 cells carrying the red recombinase
532 expression plasmid, pKD46, following the protocol described above. After primary selection, P1
533  vir phage transduction was used to move the truncated ompA4 gene with kanamycin resistance into
534  the recipient MG1655 background. Chromosomal integration of AompAP::kan was verified
535  through colony PCR using primer pairs TS023/TS024 and AA001/AA002.

536
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537 Imaging in microfluidic devices

538  Cells were imaged on a Nikon Eclipse Ti-E inverted fluorescence microscope with a 100X (NA
539  1.45) oil-immersion objective. For all experiments we used CellASIC B04A microfluidic
540  perfusion plates and medium was exchanged using the CellASIC ONIX microfluidic platform.
541  Images were collected on a sSCMOS camera (Prime BSI). Experiments were performed at 37°C in

542  acontrolled environmental chamber (HaisonTech).

543  Combinatorial color-coding

544  To accelerate our screen for the effect of genetic perturbations on cell envelope stiffness, we
545  typically measured three strains at a time by color-coding them with non-toxic dyes, pooled the
546 three strains, performed experiments on the pool, and then decoded our color-code using custom
547  computational image analysis.

548

549  For color-coding, bacterial plasma membranes and/or cell walls were stained either individually
550  or in two-color combination. Controls were performed to ensure measurements were not affected
551 by dyes, and unless otherwise stated, each experiment was repeated in triplicate whereby in each
552 experiment the color-code was permuted across the three strains. We included a wild-type control
553  in each set of three mutants. To color code, the cell envelope was stained with wheat germ
554  agglutinin—AlexaFluor488 (WGA-AF488, Life Technologies), the fluorescent D-amino acid
555 HADA (Tocris Bioscience), MitoTracker Orange CM-H>TMRos (Invitrogen), MitoView Green
556  (Biotium), MitoView 650 (Biotium), MitoView 720 (Biotium). MitoTracker Orange CM-
557  H;TMRos (250 nM), MitoView Green (200 nM), or MitoView 720 (100 nM) were added to diluted
558  cultures 30 minutes before pooling strains. HADA (250uM) was added to diluted cultures 1 hour

559  before pooling.
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560  Osmotic force extension assay

561  Overnight cultures were diluted 100-fold into 1 ml of fresh LB and incubated for 2 h with shaking
562  at37°C. Plates were loaded with medium pre-warmed to 37 °C. 5Spg /mL Alexa Fluor 647 NHS
563  Ester dye was added to specific media as a tracer dye for medium switching.

564

565  Cells were grown for 5 min in LB in the imaging chamber before being subjected to a series of
566  hyperosmotic shocks using LB with 50mM, 100 mM, 200 mM, and 400 mM sorbitol for 1 minute
567  each. Between sorbitol shocks the media was switched back to LB for 1 minute.

568

569  To calculate the amplitude of length oscillations during osmotic shocks, cells were tracked using

570  custom MATLAB algorithms. First, cell-envelope lengths (/) were automatically detected and the
571  elongation rate (é = %) was calculated for each cell. The effective population-averaged length
572  was calculated by integrating the population-averaged elongation rate over time**. The mechanical

573  strain in cell envelope length caused by each hyperosmotic shock (¢ = lll;lz) was then calculated.
2

574  Linear regression of mechanical strain as a function of shock magnitude was calculated where cell-
575  envelope stiffness was defined as the inverse of the slope of the regression. Uncertainty was
576  estimated using the standard error of the linear regression.

577

578  To control for experiment-to-experiments variability due to heterogeneity in microfluidic chips, e
579  normalized cell-envelope stiffness to the internal wild-type control in each experiment before

580  averaging across experiments.
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581  Plasmolysis-lysis experiments

582  Plasmolysis-lysis experiments were performed as described previously!, with minor
583  modifications. Briefly, overnight cultures were diluted 100-fold into 1mL of fresh LB media and
584  incubated with shaking at 37°C for one hour. 250 uM of HADA was added to the culture and cells
585  were incubated for an additional hour. Cultures were then back diluted 100-fold into 1mL of pre-
586 warmed LB with 250 uM of HADA, which we added directly to the loading well of the
587  microfluidic chip. After loading cells into the imaging chamber they were perfused with LB for 5
588 min, followed by LB + 3M sorbitol for 5 min, then with LB + 3M sorbitol + 20% N-
589  lauroylsarcosine sodium salt (Sigma) for 30 min, and finally with LB for 20 min. We measured
590  the cell wall length upon lysis after this last step to control for the possibility that the detergent had
591  direct effects on cell wall rest length. 1uL of Alexa Fluor 647 NHS Ester dye (1mg/mL) was added
592  to every other perfusion well as a tracer dye to track media switching. A time-lapse image with a
593 10 s frame rate was taken during the initial 5 min period when the cells were perfused with LB.
594  To avoid photobleaching of HADA and phototoxicity, a single image was taken during each of the
595  next two perfusion periods when the cells were plasmolyzed (LB+ 3M sorbitol) and detergent-
596  lysed (LB+ 3M sorbitol+ N-lauroylsarcosine sodium salt), respectively.

597

598  As before, the outer membrane and the cell wall were treated as parallel linear springs and the

599 relative stiffnesses were calculated as:

kom E':l
600 com _ ___FL Eg.1
kew €& + 1) (Eq.-1)

601  where €, is the strain induced in the cell wall upon plasmolysis with 3 M sorbitol and €, is the

602  additional strain induced by the detergent lysis of the cell (Fig. S1). By further substituting the
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total envelope stiffness (kenv=kcwtkom) into Eq. 1 the stiffnesses of the cell wall and outer
membrane were explicitly solved for in terms of experimentally measurable quantities:

k _ Kot

om = &€ + 1)
l
k
kow = s
1

I S
Sp(gl + 1)

Outer membrane bulging experiments
For cell bulging experiments, the outer membrane was labeled with WGA-AF488, which was

added to the loading well to a final concentration of 10 ng ml—1.

Molecular Dynamic Simulations

E. coli (K12) outer membrane models were built with five distinct lipopolysaccharide cores
corresponding to the forms produced by ArfaC, ArfaF, ArfaG, ArfaJ, and WT (Fig. 1B), using
the CHARMM-GUI online server®> with CHARMMS36 force field parameters*® 37 and TIP3P
water. Lipopolysaccharide bilayers were generated to probe only the contribution of this molecule
to the outer membrane. Simulated bilayers contained 53 LPS molecules on both the outer and
inner leaflets. The minimum water height on the top and bottom of the system was set to 40 A.
Systems were minimized and equilibrated using the CHARMM-GUI lipids protocol.*® Production

simulations were performed at 310.15K in NPT.
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623  Production data were collected using GROMACS 2020.4 molecular dynamics (MD) engine3®
624  patched with PLUMED version 2.7.0%°. Lipopolysaccharide bilayers were run for 300 ns using a
625 2 fs timestep at lateral pressure P = 0 for an initial equilibration after which the pressure was
626  changed to either 10, 25, 50, 100 bar, and run for an additional 300 ns.

627
628  References

629 1. Rojas (2018) The outer membrane is an essential load-bearing element in Gram-negative
630 bacteria. Nature. 559(7715).

631

[\S}

. Ménnik (2009) Bacterial growth and motility in sub-micron constrictions. PNAS. 106(35).

(98]

632 . Yao (2012) Distinct single-cell morphological dynamics under beta-lactam antibiotics.
633 Molecular cell. 48(5).

634 4. HoLtje (1998) Growth of the stress-bearing and shape-maintaining murein sacculus of
635 Escherichia coli. Microbiol Mol Biol Rev. 62(1).
636 5. Koch (1988) Biophysics of bacterial walls viewed as stress-bearing fabric. Microbiological

637 reviews. 52(3).

638 6. Herrmann (2015) Bacterial lipopolysaccharides form physically cross-linked, two-dimensional
639 gels in the presence of divalent cations. Soft matter. 11(30).
640 7. Rassam (2015) Supramolecular assemblies underpin turnover of outer membrane proteins in

641 bacteria. Nature. 523(7560).

o0

642 . Ursell (2012) Analysis of surface protein expression reveals the growth pattern of the gram-
643 negative outer membrane.

644 9. Raetz (2007) Lipid A modification systems in gram-negative bacteria. Annu Rev Biochem.
645 76(1).

646  10. Needham (2013) Modulating the innate immune response by combinatorial engineering of
647 endotoxin. PNAS. 110(4).

648  11. Wang (2010) Endotoxins: structure, function and recognition

649  12. Schwechheimer (2014) Modulation of bacterial outer membrane vesicle production by
650 envelope structure and content. BMC microbiology. 14(

651  13. Benn (2021) Phase separation in the outer membrane of Escherichia coli. PNAS. 118(44).


https://doi.org/10.1101/2024.09.02.610904
http://creativecommons.org/licenses/by-nc-nd/4.0/

652
653

654
655

656
657
658

659
660

661
662

663
664
665

666
667
668

669
670

671
672

673
674

675
676

677

678
679

680
681

682
683
684

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.02.610904; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

available under aCC-BY-NC-ND 4.0 International license.

Voulhoux (2003) Role of a highly conserved bacterial protein in outer membrane protein
assembly. Science. 299(5604).

Wu (2005) Identification of a multicomponent complex required for outer membrane
biogenesis in Escherichia coli. Cell. 121(2).

Mizuno (1990) Signal transduction and gene regulation through the phosphorylation of two
regulatory components: the molecular basis for the osmotic regulation of the porin genes.
Molecular microbiology. 4(7).

Szmelcman (1975) Maltose transport in Escherichia coli K-12: involvement of the
bacteriophage lambda receptor. J Bacteriol. 124(1).

Doyle (2022) Cryo-EM structures reveal multiple stages of bacterial outer membrane protein
folding. Cell. 185(7).

Mizuno (1981) A novel peptidoglycan-associated lipoprotein (PAL) found in the outer
membrane of Proteus mirabilis and other Gram-negative bacteria. The Journal of
Biochemistry. 89(4).

Gerding (2007) 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.
Molecular microbiology. 63(4).

Braun (1970) The murein-lipoprotein linkage in the cell wall of Escherichia coli. Eur J of
Biochem. 14(2).

Cohen (2017) Nanoscale-length control of the flagellar driveshaft requires hitting the
tethered outer membrane. Science. 356(6334).

Schwechheimer (2013) Envelope control of outer membrane vesicle production in Gram-
negative bacteria. Biochemistry. 52(18).

Deng (2011) Direct measurement of cell wall stress stiffening and turgor pressure in live
bacterial cells. Phys Rev Lett. 107(15).

Amir (2014) Bending forces plastically deform growing bacterial cell walls. PNAS. 111(16).

Huang (2008) Cell shape and cell-wall organization in Gram-negative bacteria. PNAS.
105(49).

Weinreich (2005) Perspective: sign epistasis and genetic costraint on evolutionary
trajectories. Evolution. 59(6).

Sanchez Carballo (1999) Elucidation of the structure of an alanine-lacking core
tetrasaccharide trisphosphate from the lipopolysaccharide of Pseudomonas aeruginosa
mutant H4. Eur J of Biochem. 261(2).


https://doi.org/10.1101/2024.09.02.610904
http://creativecommons.org/licenses/by-nc-nd/4.0/

685

686
687

688
689

690

691
692

693

694
695

696
697
698

699
700
701

702
703

704
705

706

707

708

709

710

711

712

713

714

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.02.610904; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39

available under aCC-BY-NC-ND 4.0 International license.

Booth (1996) Bacterial ion channels. Handbook of biological physics. 2(

Mikheyeva (2023) Mechanism of outer membrane destabilization by global reduction of
protein content. Nat Comm. 14(1).

Hart (2020) The gain-of-function allele bamA E470K bypasses the essential requirement for
BambD in B-barrel outer membrane protein assembly. PNAS. 117(31).

Sambrook (1989) Molecular cloning: a laboratory manual. Cold Spring Habor Laboratory.

Datsenko (2000) One-step inactivation of chromosomal genes in Escherichia coli K-12 using
PCR products. PNAS. 97(12).

Rojas (2014) Response of Escherichia coli growth rate to osmotic shock. PNAS. 111(21).

Jo (2008) CHARMM-GUI: a web-based graphical user interface for CHARMM. Journal of
computational chemistry. 29(11).

Best (2012) Optimization of the additive CHARMM all-atom protein force field targeting
improved sampling of the backbone ¢, v and side-chain y1 and %2 dihedral angles.
Journal of chemical theory and computation. 8(9).

Yu (2021) CHARMM36 lipid force field with explicit treatment of long-range dispersion:
parametrization and validation for phosphatidylethanolamine, phosphatidylglycerol, and
ether lipids. Journal of chemical theory and computation. 17(3).

Abraham (2015) GROMACS: High performance molecular simulations through multi-level
parallelism from laptops to supercomputers. SoftwareX. 1(

. (2019) Promoting transparency and reproducibility in enhanced molecular simulations.
Nature methods. 16(8).


https://doi.org/10.1101/2024.09.02.610904
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.02.610904; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

715  Figures

716
A . .
Lipopolysaccharide
(]
i)
Outer =
Membrane G
S§
©g
Cell Wall >
@)
Plasma
Membrane
<
Cytoplasm %
2
717 - I:abile

718  Figure 1. The Gram-negative cell envelope is complex. A) Schematic of the Gram-negative cell
719  envelope. PD: periplasmic domain of OmpA. P: turgor pressure. B) Chemical structure of
720  lipopolysaccharide with structure-modifying enzymes. Moieties outlined in red are enzymatically
721  labile. Gn: glucosamine, P: phosphate, H: heptose, G: glucose, K: keto-deoxyoctulosonate.
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731

732 Figure 2. An osmotic force extension assay measures total cell-envelope stiffness. A) (top)
733 Diagram of a Gram-negative bacterial cell inflated with turgor pressure, P. OM: outer membrane,
734 CW: cell wall, PM: plasma membrane, Cin: cytosolic osmolarity, Cou: osmolarity of the growth
735  medium. (bottom) Turgor pressure is proportional to the difference between the cytosolic and
736  growth medium osmolarities, where Rr is the gas constant and 7 is the temperature. B) Osmolarity
737  of growth medium versus time during an osmotic-force extension experiment. C) Cell-envelope
738  length during an osmotic-force extension experiment. D) Mechanical strain in cell length versus
739  shock magnitude. The dotted line is the best fit using linear regression. Cell envelope stiffness,
740  keny, 1s calculated as the inverse of the slope of the regression. E) A pool of color-coded E. coli
741  cells.
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743

744  Figure 3. Cell envelope and outer membrane stiffness are proportional to lipopolysaccharide
745  length. A) Cell envelope stiffness versus core oligosaccharide length, normalized by wild-type
746  cell-envelope stiffness; n = 50, 196, 108, 230, 238 for ArfaC, ArfaF, ArfaG, ArfaJ and BW25113
747  wild-type cells, respectively. Error bars indicate +/- 1 s.d. across 2-3 experiments per mutant. C)
748  Outer membrane stiffness versus core oligosaccharide length, normalized to wild-type outer
749  membrane stiffness; n = 21, 43, 41, 78, 220 for ArfaC, ArfaF, ArfaG, ArfaJ and BW25113 wild-
750  type cells, respectively. Most of the core rfa mutants in the MG1655 background lysed when we
751  performed the plasmolysis-lysis assay on them and therefore we could not decouple outer
752 membrane and cell wall stiffness. (D-F) are results from MD simulations. D) Illustration of
753  simulated wild-type lipopolysaccharide bilayer (left) and Arfac lipopolysaccharide bilayer (right).
754  E) Areal strain versus lateral pressure for the wild-type simulated lipopolysaccharide bilayer. F)

755  (orange circles, left axis) Surface (2-D) elastic modulus versus core oligosaccharide length for


https://doi.org/10.1101/2024.09.02.610904
http://creativecommons.org/licenses/by-nc-nd/4.0/

756

757

758

759

760

761

762

763

764

765

766

767
768

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.02.610904; this version posted September 3, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

simulated lipopolysaccharide bilayers. Error bars indicate +/- 1 s.d. across three 20 ns time-
windows after the system had reached its maximum contraction. (blue bars, right axis) Mean

number of intermolecular hydrogen bonds at a given time versus core oligosaccharide length.
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Figure 4. Mutations to ompA and rfa genes exhibit sign epistasis. A) Cell envelope stiffness for dompA

mutants from three wild-type backgrounds, and for the deletion of the periplasmic domain (dompA™™) of

OmpA in the MG1655 background. B) Outer membrane stiffness for the dompA and AompA”P mutants.

C) A dompA cell before and after 400 mM hyperosmotic shock. D) Percentage of cells that

developed outer membrane bulges after 400 mM hyperosmotic shocks. E) Cell envelope stiffness

versus core oligosaccharide length for mutants in a dompA background, normalized by wild-type

cell-envelope stiffness. F) Outer membrane stiffness for dompA4 and AompA ArfaJ mutants.
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Figure S1. Plasmolysis-lysis assay used to measure the ratio between the stiffness of the cell wall
and the outer membrane. Model of a fully turgid cell at a steady-state length (/;). The cell is de-

pressurized by a large 3M hypo-osmotic shock resulting in a plasmolysed cell whose length contracts

(12). The strain resulting from this shock is calculated by: &, = 111—12. The cell is then treated with 20%

2
detergent which dissolves the outer membrane allowing the cell wall to relax to its rest state (/3). The

12;13_ By treating the outer membrane and cell
3

strain resulting from this shock is calculated by: & =

wall as parallel linear springs, relative stiffness is calculated by: ];C"—m = %
cw p\cl
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Figure S2. Calcium distribution reflects the phosphate distribution in simulated
lipopolysaccharide bilayers. A) Simulated wild-type lipopolysaccharide bilayer. B) Calcium

distribution across the thickness of the bilayer.
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Figure S3. Modifications to lipid A have weak effects on cell envelope stiffness. A) Cell envelope
stiffness of modified lipid A strains, normalized by wild-type (BN1) cell-envelope stiffness; n = 48,
54, 64, for BNIpE (removal of 1-phosphate), BN1pP (addition of acyl chain), and BN1 wild-type
cells. B). Outer membrane stiffness of normalized by wild-type (BN1) cell-envelope stiffness; n =

45, 51, 87, for BN1pE, BN1pP, and BN1 wild-type cells.
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Table S1. Strains used in this study.

Strain Genotype Relevant features Source/Reference
F_
lambda- E. coli Genetic Stock center
DF0O65 | rph-1 MG1655, wild type (Yale)
DF153 DF065, ArfaC::kan | MG1655, rfaC deletion, KanR
DF154 DF065, ArfaF::kan | MG1655, rfaF deletion, KanR
DFO065, MG1655, rfaG deletion,
DF155 | ArfaG::kan KanR
DF156 DF065, ArfaJ::kan | MG1655, rfal deletion, KanR
A(araD-araB)567
Alacz4787(::rrnB-
3)
A-
rph-1
A(rhaD-rhaB)568 E. coli Genetic Stock center
DFO05 | hsdR514 BW25113, wild type (Yale)
BW25113, rfaC deletion, E. coli Genetic Stock center
DF032 | DFOO5, ArfaC::kan | KanR (Yale)
BW25113, rfaF deletion, E. coli Genetic Stock center
DF152 | DFOO5, ArfaF::kan | KanR (Yale)
DFOO05, BW25113, rfaG deletion, E. coli Genetic Stock center
DF041 | ArfaG::kan KanR (Yale)
BW25113, rfal deletion, E. coli Genetic Stock center
DF036 | DFOO5, Arfal::kan | KanR (Yale)
DFO065, MG1655, ompA deletion,
DFO53 | AompA::kan KanR
DF104 | DFO65, Alpp::kan | MG1655, Ipp deletion, KanR
DF103 DF065, Apal::kan | MG1655, pal deletion, KanR
DF065, ompA 1- MG1655, ompA 1-192
DF106 | 192 ::kan deletion, KanR
DFOO05, BW25113, ompA deletion, E. coli Genetic Stock center
DF049 | AompA::kan KanR (Yale)



https://doi.org/10.1101/2024.09.02.610904
http://creativecommons.org/licenses/by-nc-nd/4.0/

(Which was ot cerfied by pee eview) s the duthorfunder. who has arantae bioRxiv & licbnee 1o sl LRATEHTE: SEEEFeGRITTEE rade
DF102 | DFOO5, Alpp::ka 2PN PES T GAR BB HIGeAH R license: (Yale)
E. coli Genetic Stock center
DF101 | DFOQ5, Apal::kan | BW25113, pal deletion, KanR (Yale)
DF005, ompA 1- BW25113, ompA 1-192
DF110 | 192 ::kan deletion, KanR
F_
araD139
A(argF-lac)U169 Silhavy et al. 1984
rpsL150
relAl
thi
fib5301
deoC1
ptsF25
DF090 | rbsR MC4100, wild type
DF090, MC4100, ompA deletion,
DF043 | AompA::kan KanR
W3110, AeptA,
DFO06 | AlpxT, ApagP BN1 Needham et al. 2013
BN1, pQLinkN-
DFO08 | IpxE BN1pE, AmpR Needham et al. 2013
BN1, pQLinkN-
DF109 | pagl BN1plL, AmpR Needham et al. 2013
BN1, pQLinkN-
DFO07 | pagP BN1pP, AmpR Needham et al. 2013
DFO65, AompA
<>frt MG1655, ompA and rfaC
DF157 ArfaC::kan double deletion, KanR
DFO65, AompA
<>frt MG1655, ompA and rfaF
DF158 ArfaF::kan double deletion, KanR
DFO65, AompA
<>frt MG1655, ompA and rfaG
DF159 ArfaG::kan double deletion, KanR
DFO65, AompA
<>frt MG1655, ompA and rfaJ
DF160 Arfal::kan double deletion, KanR
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Table S2. Primers used inathisostudsr.aCC-BY-NC-ND 4.0 International license.

Primer | Descripti
Name Sequence type on
P1 - Kan
TS023 ATTCCGGGGATCCGTCGACC | FP FW
P2 - Kan
TS024 TGTAGGCTGGAGCTGCTTCG | RP RV
k1 -
middle
of kan
TS025 CAGTCATAGCCGAATAGCCT | RP cassette
k2 -
middle
of kan
TS026 CGGTGCCCTGAATGAACTGC | FP cassette
TS027 ATTGGTTTTTGCCCGGGT | FP rfaC FW
TS028 AGTAGCACGAAATGGCGAATTATCTAC | RP rfaC RV
TS029 AATATGTTCGTCAAATCCTGCC | FP rfaF FW
TS030 GTCATAGTTCTCTGCTTGTAGCGC | RP rfaF RV
TS031 ACAGCGCGTCAGATATTTAAG | FP rfaG FW
TS032 TATCAACGCCAACATCACTCAGG | RP rfaG RV
TS033 CAGGTTTCTGCACGAGCTA | FP rfaJ FW
TS034 CTCAAAAAGGCGTTCGTAATAATCACC | RP rfaJ RV
ompA 1-
AA001 CGACCTGGACATCTACACTC | FP 192 FW
ompA 1-
AA002 GTATAGGAACTTCAGAGCGC | RP 192 RV
homolog
y to
ompA 1-
192 with
stop
codon,
and
homolog
y to the
TAAAGGTATCAAAGACGTTGTAACTCAGCCGCAGGCTTAAATTCCGG Kan
AA003 | GGATCCGTCGAC FP cassette
homolog
y to the
GAAGCAGCTCCAGCCTACACGTCAGTTATTCCTTACCCAGCAATGCC Kan
AA004 | TGCAGATCCTGC RP cassette
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