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ABSTRACT The importance of the polymorphic-phase behavior of lipid A structural variations in determining their endotoxic
activities has been recognized previously, but any potential role for lipid A polymorphism in controlling outer membrane struc-
ture and function has been largely ignored until now. In a recent article in mBio [7(5):e01532-16, https://doi.org/10.1128/
mBio.01532-16], Katherine E. Bonnington and Meta J. Kuehn of Duke University’s Department of Biochemistry make a compel-
ling case for considering how the molecular shapes of the various lipid A structural subtypes found in the outer membrane
contribute to the process of outer membrane vesicle (OMV) formation.

In their recent report, Bonnington and Kuehn (1) build on prior
work from the laboratory of Christian Raetz (2), their late col-

league from the same department, who elucidated the Raetz path-
way for lipid A biosynthesis (3). Focusing on Salmonella enterica
serovar Typhimurium grown under conditions that either induce
or repress the PhoPQ and PmrAB signaling pathways, Bonning-
ton and Kuehn observed the same lipid A modifications reported
earlier by Gibbons et al. in the Raetz lab (2), namely, lipid A species
bearing phosphoethanolamine (pEtN) and L-4-aminoarabinose
(L-Ara4N) moieties attached to the phosphate substituents and
the S-2-hydroxylation (S-2-OH) of myristate and incorporation
of palmitate (C16) in the acyl chain domain (Fig. 1A). By adopting
this previously established model system, Bonnington and Kuehn
spared themselves from having to repeat the biochemistry that
had already been done for them. The authors’ unique contribu-
tion lies in their efforts to quantify the distribution of the various
lipid A molecular subtypes located within the outer membrane
and the outer membrane vesicle (OMV) fractions. The inherent
complexity of the S. Typhimurium system makes it challenging
work, but the best efforts of these investigators have now estab-
lished that lipid A species bearing the pEtN and L-Ara4N moieties
tend to be maintained in the outer membranes but that the lipid A
species bearing C16 are more likely to be found in the OMV frac-
tion. If the modified lipid A species had no influence on OMV
formation, then a random distribution in the two fractions was
anticipated. The most obvious explanation for why this nonran-
dom distribution of lipid A is observed comes from the established
model for polymorphic regulation of membrane lipid composi-
tion (4, 5), which has accounted for membrane glycerophospho-
lipid composition (6) but has yet to be adapted for considering
lipid A and its modified forms present in bacterial outer mem-
branes.

The pioneering lipid structural studies of Luzzati and col-
leagues (7) established that biological membranes include a
mixture of both bilayer-forming or lamellar (L)-phase lipids and
nonbilayer lipids, most commonly inverted type II hexagonal
(HII)-phase lipids. The polymorphic concept states that there is a
direct relationship between the cross-sectional molecular shape of
any particular lipid species and the macroscopic structure of its
corresponding lipid aggregate. Most simply, lipids with a cylindri-
cal shape tend to adopt lamellar structures, whereas lipids with a
conical shape (with the lipid head group on the small end of the

cone) tend to adopt hexagonal structures (Fig. 1B). Brandenburg
and coworkers have shown that lipid A molecules that adopt cy-
lindrical shapes tend to be inactive as endotoxins but that those
that are the most endotoxic tend to be more conical and tilted in
shape (8, 9). The crystal structures of the TLR4 –MD-2 complexes
with various lipid A analogues reveal the molecular bases for how
lipid A structure influences the innate immune response (10, 11),
but lipid A evolved to function in the outer membranes of Gram-
negative bacteria long before the evolution of multicellular eu-
karyotes. Ernst Rietschel reminded his audience of this point in his
opening address to the 14th Biennial Meeting of the International
Endotoxin and Innate Immunity Society in Hamburg, Germany,
on 22 September 2016. What, then, are the various lipid A struc-
tures doing for the outer membranes of Gram-negative bacteria?

All biological membranes undergo essential processes where
the lipid bilayer must be transiently disrupted; the formation of
OMVs provides a case in point because a phase transition is ex-
pected to occur as vesicles bud from the outer membrane. To be
certain how lipid A modifications influence the phase behavior of
outer membranes, molecular structures of lipid A, with and with-
out its various modifications, need to be solved in order to calcu-
late physical constants, like the critical packing parameter used to
predict L and HII behavior (4, 12). Critical packing parameters are
known for most of the glycerophospholipids, but until recently,
only the structures of the unmodified hexa-acylated lipid A and its
precursor from enterobacteria, lipid IVA, had been cocrystallized
in certain membrane protein structures. A recent porin structure
from the group of Jeremy Lakey has now revealed a hepta-acylated
lipid A partial structure with C16 esterified to the proximal gluco-
samine unit (13). As expected, the hepta-acylated lipid A has a
larger cross-sectional molecular shape than its hexa-acylated
counterpart, and it takes on a perceptible increase in conical
shape. In accordance with the predictions of Brandenburg and
coworkers (8, 9), we expect palmitoylated lipid A to stimulate an
increase in the inflammatory response. Indeed, when C16 is ester-
ified to the distal glucosamine unit in Pseudomonas aeruginosa
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lipid A, an increase in the inflammatory response is observed, and
this is thought to result from a superior ability of this modified
lipid A to bind within the MD-2 receptor of the TLR4 –MD-2
complex (14). However, C16 in enterobacterial lipid A is posi-
tioned where it will be draped over the exterior of its MD-2 recep-
tor and block the subsequent dimerization of TLR4, thus reducing
the inflammatory response in this particular case (11). An appar-
ent exception to the rule of lipid A polymorphism for explaining
signal transduction is thereby understood in molecular terms.

Can lipid A polymorphism also provide a means for explaining
bacterial membrane architecture? Structures of lipid A with mod-
ified phosphate groups are not yet known, but they will likely
increase the volume of the head group and adjust their L or HII

propensity in accordance with their degree of acylation. Even
without critical packing parameters calculated for the various
lipid A modifications, we can still make educated guesses as to how
they might behave.

A case in point concerns the role of divalent cations in control-

FIG 1 Structure of lipid A and the polymorphic regulation outer membrane lipid composition. (A) Lipid A in S. Typhimurium is an acylated and phosphor-
ylated disaccharide of glucosamine linked by a �-1=,6-glycosidic bond. Unmodified lipid A exhibits four primary R-3-hydroxymyristate chains, where the two
distal chains are esterified with secondary acyloxyacyl groups. S-2-OH can be incorporated into a myristate chain, and a palmitate chain (C16) can be incorporated
as a regulated modification. Modification of the lipid A phosphate groups with phosphoethanolamine (pEtN) and L-4-aminoarabinose (L-Ara4N) can also be
observed. (B) Cylindrical and conical lipid A molecular shapes can be assumed by various lipid A subtypes, and these are predicted to adopt either lamellar (L)-
or inverted type II hexagonal (HII)-phase structures, respectively. A balanced mixture of these two types of lipid A structures helps to determine the aggregate
bilayer architecture of the outer membrane. Cubic phases (not shown) are also possible. Magenta circles represent glucosamine units, small red circles represent
phosphate moieties, the blue diamond represents L-Ara4N, the green oval represents pEtN, and black wavy lines represent acyl chains.
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ling outer membrane stability. This is an important point to con-
sider in the study of Bonnington and Kuehn because they were
adjusting Mg2� between micromolar and millimolar concentra-
tions to switch the PhoPQ system on and off, respectively. It is well
known that cardiolipin and phosphatidic acid undergo an L-to-
HII transition upon addition of divalent cations (12). The nega-
tively charged polar head groups of these anionic glycerophospho-
lipids have their surface areas reduced by roughly one-half when
their charges are neutralized upon divalent cation binding. The
finding that Escherichia coli mutants deficient in the synthesis of
their major HII lipid phosphatidylethanolamine respond with a
large compensatory increase in anionic glycerophospholipids but
become absolutely dependent on millimolar divalent cation con-
centrations in the growth medium remains one of the best case
studies in support of the polymorphic regulation of membrane
phospholipid composition (15, 16). E. coli also increases the in-
corporation of C16 into its lipid A after EDTA treatment of grow-
ing cells (17), and this might logically be interpreted as an expan-
sion of the volume of the lipid A acyl chain domain in order to
compensate for a corresponding increase in the volume of the
lipid A polar phosphate moieties once they have been stripped of
their neutralizing divalent cations. Similar explanations can likely
be extended to S. Typhimurium, where multiple molecular sub-
types of lipid A coexist in the same membrane under conditions of
PhoPQ activation.

One lipid A modification not observed by Bonnington and
Kuehn (1) results from the activity of the latent lipid A 3-O deacy-
lase PagL. Mario Feldman’s group has recently reported that de-
regulated expression of PagL stimulates the formation of OMVs
enriched in 3-O-deacylated lipid A (18). 3-O-Deacylation should
reduce the volume of the lipid A acyl chain domain, but it also
introduces a hydroxyl group, which can donate a hydrogen bond
to strengthen lateral lipid interactions, as is thought to be the case
following S-2-hydroxylation of myristate (19). Importantly, these
two reports now independently confirm the potential role for
polymorphic regulation of outer membrane lipid A composition
in the formation of OMVs. We can all appreciate that bacteria
induce lipid A modifications to modulate the host’s innate im-
mune response to infections, but a likely consequence is that the
integrity of their outer membranes is also affected (20), and one
compensatory mechanism clearly involves the release of OMVs.

ACKNOWLEDGMENTS

I am grateful to Francesco Peri (University of Milan-Bicocca) for provid-
ing an initial schematic drawing of what eventually became Fig. 1B. I
apologize to the many authors whose work could not be cited due to the
brevity of this commentary.

Work in my laboratory is funded by Canadian Institutes of Health
Research operating grant MOP-125979.

FUNDING INFORMATION
This work, including the efforts of Russell E. Bishop, was funded by Gou-
vernement du Canada | Canadian Institutes of Health Research (CIHR)
(MOP-125979).

REFERENCES
1. Bonnington KE, Kuehn MJ. 2016. Outer membrane vesicle production

facilitates LPS remodeling and outer membrane maintenance in Salmo-

nella during environmental transitions. mBio 7(5):e01532-16. http://
dx.doi.org/10.1128/mBio.01532-16.

2. Gibbons HS, Kalb SR, Cotter RJ, Raetz CR. 2005. Role of Mg2� and pH
in the modification of Salmonella lipid A after endocytosis by macrophage
tumour cells. Mol Microbiol 55:425–540. http://dx.doi.org/10.1111/
j.1365-2958.2004.04409.x.

3. Raetz CR, Reynolds CM, Trent MS, Bishop RE. 2007. Lipid A modifi-
cation systems in gram-negative bacteria. Annu Rev Biochem 76:295–329.
http://dx.doi.org/10.1146/annurev.biochem.76.010307.145803.

4. Israelachvili JN, Mitchell DJ, Ninham BW. 1977. Theory of self-assembly
of lipid bilayers and vesicles. Biochim Biophys Acta 470:185–201. http://
dx.doi.org/10.1016/0005-2736(77)90099-2.

5. Cullis PR, de Kruijff B. 1979. Lipid polymorphism and the functional role
of lipids in biological membranes. Biochim Biophys Acta 559:399 – 420.
http://dx.doi.org/10.1016/0304-4157(79)90012-1.

6. De Kruijff B. 1987. Polymorphic regulation of membrane lipid composi-
tion. Nature 329:587–588. http://dx.doi.org/10.1038/329587a0.

7. Luzzati V, Gulik-Krzywicki T, Tardieu A. 1968. Polymorphism of leci-
thins. Nature 218:1031–1034. http://dx.doi.org/10.1038/2181031a0.

8. Brandenburg K, Andrä J, Müller M, Koch MH, Garidel P. 2003. Phys-
icochemical properties of bacterial glycopolymers in relation to bioactiv-
ity. Carbohydr Res 338:2477–2489. http://dx.doi.org/10.1016/
j.carres.2003.08.008.

9. Garidel P, Kaconis Y, Heinbockel L, Wulf M, Gerber S, Munk A, Vill V,
Brandenburg K. 2015. Self-organization, thermotropic and lyotropic
properties of glycolipids related to their biological implications. Open
Biochem J 9:49 –72. http://dx.doi.org/10.2174/1874091X01509010049.

10. Kim HM, Park BS, Kim JI, Kim SE, Lee J, Oh SC, Enkhbayar P,
Matsushima N, Lee H, Yoo OJ, Lee JO. 2007. Crystal structure of the
TLR4-MD-2 complex with bound endotoxin antagonist Eritoran. Cell
130:906 –917. http://dx.doi.org/10.1016/j.cell.2007.08.002.

11. Park BS, Song DH, Kim HM, Choi BS, Lee H, Lee JO. 2009. The
structural basis of lipopolysaccharide recognition by the TLR4-MD-2
complex. Nature 458:1191–1195. http://dx.doi.org/10.1038/nature07830.

12. Rilfors L, Lindblom G, Wieslander Å, Christiansson A. 1984. Lipid
bilayer stability in biological membranes, p 205–245. In Kates M, Manson
LA (ed), Membrane fluidity. Plenum Press, New York, NY.

13. Arunmanee W, Pathania M, Solovyova AS, Le Brun AP, Ridley H, Baslé
A, van den Berg B, Lakey JH. 2016. Gram-negative trimeric porins have
specific LPS binding sites that are essential for porin biogenesis. Proc Natl
Acad Sci U S A 113:E5034 –E5043. http://dx.doi.org/10.1073/
pnas.1602382113.

14. Thaipisuttikul I, Hittle LE, Chandra R, Zangari D, Dixon CL, Garrett
TA, Rasko DA, Dasgupta N, Moskowitz SM, Malmström L, Goodlett
DR, Miller SI, Bishop RE, Ernst RK. 2014. A divergent Pseudomonas
aeruginosa palmitoyltransferase essential for cystic fibrosis-specific lipid
A. Mol Microbiol 91:158 –174. http://dx.doi.org/10.1111/mmi.12451.

15. Rietveld AG, Killian JA, Dowhan W, de Kruijff B. 1993. Polymorphic
regulation of membrane phospholipid composition in Escherichia coli. J
Biol Chem 268:12427–12433.

16. Rietveld AG, Chupin VV, Koorengevel MC, Wienk HL, Dowhan W, de
Kruijff B. 1994. Regulation of lipid polymorphism is essential for the
viability of phosphatidylethanolamine-deficient Escherichia coli cells. J
Biol Chem 269:28670 –28675.

17. Jia W, El Zoeiby A, Petruzziello TN, Jayabalasingham B, Seyedirashti S,
Bishop RE. 2004. Lipid trafficking controls endotoxin acylation in outer
membranes of Escherichia coli. J Biol Chem 279:44966 – 44975. http://
dx.doi.org/10.1074/jbc.M404963200.

18. Elhenawy W, Bording-Jorgensen M, Valguarnera E, Haurat MF, Wine
E, Feldman MF. 2016. LPS remodeling triggers formation of outer mem-
brane vesicles in Salmonella. mBio 7:e00940-16. http://dx.doi.org/
10.1128/mBio.00940-16.

19. Nikaido H. 2003. Molecular basis of bacterial outer membrane permea-
bility revisited. Microbiol Mol Biol Rev 67:593– 656. http://dx.doi.org/
10.1128/MMBR.67.4.593-656.2003.

20. Murata T, Tseng W, Guina T, Miller SI, Nikaido H. 2007. PhoPQ-
mediated regulation produces a more robust permeability barrier in the
outer membrane of Salmonella enterica serovar Typhimurium. J Bacteriol
189:7213–7222. http://dx.doi.org/10.1128/JB.00973-07.

The views expressed in this Commentary do not necessarily reflect the views of this journal or of ASM.

Commentary

November/December 2016 Volume 7 Issue 6 e01903-16 ® mbio.asm.org 3

http://dx.doi.org/10.1128/mBio.01532-16
http://dx.doi.org/10.1128/mBio.01532-16
http://dx.doi.org/10.1111/j.1365-2958.2004.04409.x
http://dx.doi.org/10.1111/j.1365-2958.2004.04409.x
http://dx.doi.org/10.1146/annurev.biochem.76.010307.145803
http://dx.doi.org/10.1016/0005-2736(77)90099-2
http://dx.doi.org/10.1016/0005-2736(77)90099-2
http://dx.doi.org/10.1016/0304-4157(79)90012-1
http://dx.doi.org/10.1038/329587a0
http://dx.doi.org/10.1038/2181031a0
http://dx.doi.org/10.1016/j.carres.2003.08.008
http://dx.doi.org/10.1016/j.carres.2003.08.008
http://dx.doi.org/10.2174/1874091X01509010049
http://dx.doi.org/10.1016/j.cell.2007.08.002
http://dx.doi.org/10.1038/nature07830
http://dx.doi.org/10.1073/pnas.1602382113
http://dx.doi.org/10.1073/pnas.1602382113
http://dx.doi.org/10.1111/mmi.12451
http://dx.doi.org/10.1074/jbc.M404963200
http://dx.doi.org/10.1074/jbc.M404963200
http://dx.doi.org/10.1128/mBio.00940-16
http://dx.doi.org/10.1128/mBio.00940-16
http://dx.doi.org/10.1128/MMBR.67.4.593-656.2003
http://dx.doi.org/10.1128/MMBR.67.4.593-656.2003
http://dx.doi.org/10.1128/JB.00973-07
mbio.asm.org

	ACKNOWLEDGMENTS
	REFERENCES

