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ABSTRACT The current work by Jain et al. (S. Jain, A. M. Chang, M. Singh, J. S.
McLean, et al., J Bacteriol 201:e00683-18, 2019, https://doi.org/10.1128/JB.00683-18)
reports the cloning of the lipid A deacylase gene of Porphyromonas gingivalis and the
phenotypic characterization of the enzyme. Attempts to clone the gene and thus
provide proof of the existence of this enzyme had gone on for 2 decades. The enzyme
is central to the bacterium’s ability to modify and tailor the structure of its lipid A,
changing a lipid A that is a moderate Toll-like receptor 4 (TLR4) agonist to an antagonist
or silencer and thereby potentially changing the course of infection.
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acterial lipopolysaccharide (LPS) has been among the most well-studied bacterial
virulence factors during the past decades and continues to be the favorite bacterial
antigen/modulator employed in multitudes of studies of host responses. The existence
of LPS was ﬁrst described a century ago, and it was ﬁrst isolated about 60 years ago. It
has taken half a century to understand its structure, biosynthesis, pathogenesis, and
role in bacterial cell morphology, membrane organization, and survival, as well as its
very diverse and far-ranging effects on hosts and host systems. For example, septic
infection with a Gram-negative bacterium can cause death in a matter of 2 to 3 h in a
susceptible host (1). To add insult to injury, antibiotics which result in death of the
infecting bacteria may only make matters worse, as LPS toxicity is not dependent on a
live bacterium and lysis of a bacterium may actually enhance its effects by promoting
the formation of blebs containing LPS that more quickly enter host cells. It is also
resistant to autoclaving.
The structure of this complex amphipathic macromolecule is unique to Gramnegative bacteria and is very well conserved among bacterial genera and species. There
are three chemical/structural components of LPS: the lipid A, the core oligosaccharide,
and the O antigen. The lipid A structure is the toxic moiety, is anchored in the bacterial
outer membrane, and is the relatively invariant component. The remainder of the
macromolecule, the core and O antigen, extends distally from the bacterial cell surface.
The O antigen is made up of repeating units of sugars, sometimes becoming so long
that the molecular weight is much greater than those of most proteins. In contrast to
the lipid A portion, this part of the LPS molecule is highly variant and is the basis of
many serotyping schemes for bacteria. For example, there are more than 1,000 different
serotypes of Salmonella enterica serovar Typhimurium singularly based on the O
antigen. In addition, there are a few bacterial species, such as Neisseria spp., that make
little or no O-antigen polysaccharide.
During the 1970s and 1980s, much of the biosynthesis and genetics of LPS was
deciphered by M. J. Osborn and others using S. Typhimurium as the model organism
(2–4). It was known that LPS exists only in the outer leaﬂet of the Gram-negative outer
membrane but is synthesized inside the cell in the cytoplasm and inner membrane. This
provided a conundrum as to how such a large and amphipathic macromolecule is
synthesized inside the cell but exists exclusively on the cell surface, traversing two
membranes. After many years of work by multiple labs, the long list of genes encoding
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the LPS biosynthetic enzymes and the location and method of putting the pieces of the
molecule together were identiﬁed. This biosynthetic pathway of LPS, and especially
lipid A, is conserved among Gram-negative bacteria. However, it is now recognized that
some bacterial species modify the initially synthesized lipid A. For reviews, see references 5 and 6.
Coincident with the goal of biochemists and bacteriologists to deﬁne the LPS
structure, biochemistry, and biosynthesis, immunologists were captivated by its biological properties and how it interacted with and affected host cells and systems.
Deﬁning the mechanisms of interplay between LPS and the host was deemed so
important to medicine that the discoverers of the mechanism of host recognition of an
LPS molecule were awarded a Nobel Prize for their work (7). The mechanism of toxicity
of lipid A is not direct but is through the induction of arms/molecules of innate
immunity. Speciﬁcally, lipid A is recognized by Toll-like receptor 4 (TLR4), which is
present on the surfaces of macrophages, monocytes, neutrophils, and dendritic cells.
With the assistance of other cytoplasmic (adapter) proteins, a signal which turns on
components of the inﬂammatory system is generated and ampliﬁed. A very strong
signal results in pathological effects, which can include death (see above), whereas a
more moderate signal induces nonspeciﬁc resistance to pathogenic intracellular bacteria.
More recently, it has been recognized that intracellular LPS, via lipid A, also activates
inﬂammatory caspases (8, 9). There is thus no doubt that lipid A functions as an
important and critical immunomodulator. For a more complete review of the biological
properties of LPS/lipid A, see reference 6.
Porphyromonas gingivalis, the keystone pathogen of human chronic periodontal
disease (10), produces multiple lipid A structures, depending on growth conditions.
Interestingly, different labs had reported different structures of P. gingivalis lipid A,
which all turned out to be correct. These multiple structures allowed the Darveau
laboratory to combine both ﬁne structural and host response studies with the goal of
determining which moieties of lipid A are responsible for its biological activity, specifically regarding innate immunity and inﬂammation. Using a novel technique combining
both positive- and negative-mode matrix-assisted laser desorption ionization–time of
ﬂight mass spectrometry (MALDI-TOF MS), 4 different lipid A moieties were established,
differing in phosphorylation and/or acylation status (11, 12). P. gingivalis lipid A is
initially synthesized as a structure that contains 2 phosphate moieties at the 1 and 4=
positions of the diglucosamine backbone and is penta-acylated. Consequently, these
“tailoring” modiﬁcations are made to the lipid A molecule postsynthesis.
The existence of these tailored lipid A molecules then made it possible to establish
that minor differences among the lipid A structures greatly affect the interactions of LPS
with the host, speciﬁcally TLR4, and therefore host response outcomes. The Darveau
group hypothesized that P. gingivalis must have 3 lipid A-modifying enzymes, since
these four lipid A structures differed by the presence or absence of 2 different
phosphate groups and/or the presence or absence of one acyl group. Using this
approach, they determined that the diphosphorylated, penta-acylated lipid A that is
initially synthesized is a weak agonist, whereas the monophosphorylated, tetra-acylated
lipid A is a TLR4 antagonist (13). They hypothesized that P. gingivalis must have lipid A
phosphatase enzymes that remove the phosphate groups from the initially synthesized
lipid A structure. When the sequence of the P. gingivalis genome and suitable DNA
sequence comparison software became available, they identiﬁed and cloned 2 such
enzymes by their homology to the C-1- and C-4=-phosphatases, LpxE and LpxF, in
Francisella novicida (14, 15). This was the ﬁrst report that a loss of a phosphate group
was responsible for a loss of lipid A toxicity.
Following the construction of deletion mutations in each of these genes, the
mutants were used to conﬁrm that P. gingivalis uses a novel strategy of immune
evasion by being able to modify its lipid A, thus converting the normally agonistic effect
of TLR4 activation to one that is antagonistic and thereby preventing TLR4 activation.
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Such a change in host response would be predicted to drastically modify the course of
inﬂammatory disease.
This was not the complete story, however. As mentioned above, P. gingivalis lipid A
is modiﬁed by not only phosphatase but also deacylase activity. In contrast to the
phosphatases, no amount of homology analyses of the two known deacylase enzymes
PagL and LpxR (13, 14) produced any information suggesting that P. gingivalis contained a lipid A deacylase gene. Twenty years after the initial suggestion of the
requirement for a lipid A deacylase gene in P. gingivalis, and a decade after the cloning
of the lipid A phosphatases, the identiﬁcation of the deacylase gene is reported by Jain
et al. (16).
This breakthrough was accomplished by the creation of a novel assay using a
transposon mutant library combined with a functional assay to identify mutants
capable of increased TLR4 stimulation. Once the screening was completed and slowgrowing mutants were eliminated, one mutant, J5-c5, exhibited the desired phenotype.
Structural analysis of the lipid A from the mutant conﬁrmed that its lipid A contained
no tetra-acylated moieties, and functional analysis determined that it stimulated TLR4dependent signaling, including a proinﬂammatory response. The mutation mapped to
PGN_1123, which encodes a novel deacylase present in all P. gingivalis strains sequenced to date and in some closely related species. For example, an ortholog is
present in Bacteroides fragilis but not in Bacteroides thetaiotaomicron. Analysis of mRNA
from the wild-type strain revealed PGN_1123 to be the third gene in a 3-gene operon.
The group then constructed a new deletion mutant that was conﬁrmed to retain the
J5-c5 phenotype and lipid A structure, i.e., penta-acylated and nonphosphorylated.
Complementation of the PGN_1123 mutant resulted in the complemented strain
producing tetra-acylated lipid A, thereby proving that PGN_1123 indeed encodes the
lipid A deacylase. To add further proof that PGN_1123 encodes the lipid A deacylase,
the gene was cloned in trans into B. thetaiotaomicron, a related species that does not
synthesize a tetra-acylated lipid A, resulting in the synthesis of tetra-acylated moieties
by this host species. This is the ultimate proof that PGN_1123 encodes a lipid A
deacylase.
This work is signiﬁcant from multiple perspectives. First, the identiﬁcation of
PGN_1123 as a lipid A deacylase gene establishes a third distinct class of bacterial lipid
A deacylase enzymes and suggests that there may be other, as-yet-undiscovered
classes in other Gram-negative species. In addition, remodeling the outer membrane by
changing the acylation pattern of lipid A has previously been shown to affect membrane curvature. This in turn greatly inﬂuences the formation of outer membrane
vesicles (OMVs), so it is not surprising that deacylation promotes the formation of these
vesicles (17). P. gingivalis produces copious amounts of OMVs, which have multiple
roles in pathogenesis, including heme acquisition, coaggregation of oral bacterial
species, and invasion of host cells. Further, P. gingivalis OMVs contain an enriched
amount of deacylated lipid A (18, 19).
In addition to its interactions with TLR4, recent studies have demonstrated that P.
gingivalis penta-acylated lipid A is also an agonist of inﬂammasome activation, a
pathway that kills intracellular bacteria (20). Others have shown that deacylated lipid
A fails to induce activation of inﬂammasomes (8, 9). It thus seems likely that the
deacylation state of P. gingivalis lipid A also contributes to the viability of P. gingivalis
that has invaded host cells. This ability of P. gingivalis to invade, survive in, and
reprogram host cells has been proposed as a mechanism of maintaining a state of
chronic infection, a hallmark of P. gingivalis (21, 22).
The lipid A acylation state has been shown to greatly modify virulence by moderating the host response in other pathogens, such as S. Typhimurium and Pseudomonas
aeruginosa (23, 24). Deacylation occurs in these species only under speciﬁc environmental conditions. For S. Typhimurium, the conditions are those that would be found
in phagolysosomes, and for P. aeruginosa, the condition is growth in the lungs of cystic
ﬁbrosis patients.
There is signiﬁcant evidence to indicate that the expression of PGN_1123 is also
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induced in vivo during (periodontal) disease. As stated above, PGN_1123 is the third
gene of a 3-gene operon. This operon in P. gingivalis W83 has been linked to expression
in vivo in that the second gene, homologous to PGN_1124, was identiﬁed using in
vivo-induced antigen technology (IVIAT) selection and shown to be expressed in P.
gingivalis in the human oral cavity but not under conditions of laboratory growth (25).
Furthermore, the expression of PGN_1124 was found to be signiﬁcantly higher in
diseased pockets than in healthy sites in patients, suggesting that expression of the
operon is determined by speciﬁc environmental signals that are present during active
disease but not in the healthy gingiva (25).
Now that the long-sought-after lipid A deacylase gene of P. gingivalis has been
discovered, one of the remaining signiﬁcant questions is what conditions regulate its
expression. Its regulation appears to be more complex than just regulation of the
operon, as data from reverse transcription-PCR (RT-PCR) analysis of mRNA, as reported
in the present work, reveal that not each of the 3 genes is expressed at the same level.
mRNA for the second and third genes of the operon was more abundant than mRNA
for only the ﬁrst 2 genes. Thus, other factors and signals not yet known may be involved
in this regulation. It is likely that these factors contribute to the in vivo expression of
PGN_1123 in response to host defense molecules. Increased expression of PGN_1123
corresponding to an increased inﬂammatory assault by the host would promote
bacterial cell survival. Furthermore, if PGN_1123 is involved in the silencing of the TLR4
cascade, PGN_1123 would be protective of the various other Gram-negative bacteria in
the periodontal microbiota as well.
In conclusion, P. gingivalis synthesizes four different lipid A structures in response to
environmental cues. The present work reports the cloning, identiﬁcation, and function
of the deacylase gene and enzyme, therefore completing the cloning of the entire
repertoire of genes encoding lipid A-modifying enzymes in this organism. Combinations of the 3 modifying enzymes produce lipid A species that determine the interactions with and effects on TLR4 signaling. These effects, depending on lipid A modiﬁcation, can be agonistic, inert, or antagonistic. Strong evidence suggests that the
deacylase is induced in vivo during disease, resulting in TLR4 antagonism or silencing,
likely increased production of OMVs, and an increase in virulence. The antagonism is
hypothesized to promote survival and persistence of not only P. gingivalis but likely
other bystander/bioﬁlm species as well. P. gingivalis is another pathogen that proves
that the lipid A biosynthetic pathway in Gram-negative bacteria is severely constrained
but not absolutely conserved.
ACKNOWLEDGMENTS
I thank M. J. Osborn, who passed away during the writing of this commentary, for
introducing me to the fascinating subject of LPS genetics and biosynthesis.
The work in the Progulske-Fox laboratory is supported by National Institute of Heart,
Lung, and Blood grant R01HL126956.

REFERENCES
1. Galanos C, Freudenberg MA. 1993. Mechanisms of endotoxin shock and
endotoxin hypersensitivity. Immunobiology 187:346 –356. https://doi
.org/10.1016/S0171-2985(11)80349-9.
2. Osborn MJ, Rick PD, Rasmussen NS. 1980. Mechanism of assembly of the
outer membrane of Salmonella typhimurium. Translocation and integration of an incomplete mutant lipid A into the outer membrane. J Biol
Chem 255:4246 – 4251.
3. Marino PA, Phan KA, Osborn MJ. 1985. Energy dependence of lipopolysaccharide translocation in Salmonella typhimurium. J Biol Chem 260:
14965–14970.
4. Walenga RW, Osborn MJ. 1980. Biosynthesis of lipid A. In vivo formation
of an intermediate containing 3-deoxy-D-mannoctulosonate in a mutant
of Salmonella typhimurium. J Biol Chem 255:4252– 4256.
5. Wang X, Quinn PJ. 2010. Lipopolysaccharide: biosynthetic pathway and
structure modiﬁcation. Prog Lipid Res 49:97–107. https://doi.org/10
.1016/j.plipres.2009.06.002.
June 2019 Volume 201 Issue 11 e00146-19

6. Xiao X, Sankaranarayanan K, Khosla C. 2017. Biosynthesis and structureactivity relationships of the lipid a family of glycolipids. Curr Opin Chem
Biol 40:127–137. https://doi.org/10.1016/j.cbpa.2017.07.008.
7. Beutler B, Poltorak A. 2000. The search for LPS: 1993-1998. J Endotoxin
Res 6:269 –293.
8. Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, Hu L, Shao F. 2014. Inﬂammatory
caspases are innate immune receptors for intracellular LPS. Nature 514:
187–192. https://doi.org/10.1038/nature13683.
9. Hagar JA, Powell DA, Aachoui Y, Ernst RK, Miao EA. 2013. Cytoplasmic
LPS activates caspase-11: implications in TLR4-independent endotoxic
shock. Science 341:1250 –1253. https://doi.org/10.1126/science.1240988.
10. Hajishengallis G, Darveau RP, Curtis MA. 2012. The keystone-pathogen
hypothesis. Nat Rev Microbiol 10:717–725. https://doi.org/10.1038/
nrmicro2873.
11. Coats SR, Jones JW, Do CT, Braham PH, Bainbridge BW, To TT, Goodlett
DR, Ernst RK, Darveau RP. 2009. Human Toll-like receptor 4 responses to
jb.asm.org 4

Commentary

12.

13.

14.

16.

17.

18.

June 2019 Volume 201 Issue 11 e00146-19

19.

20.

21.

22.

23.

24.

25.

inﬂuence: Porphyromonas gingivalis outer membrane vesicles. Mol Oral
Microbiol 31:365–378. https://doi.org/10.1111/omi.12134.
Gabarrini G, Heida R, van Ieperen N, Curtis MA, van Winkelhoff AJ, van
Dijl JM. 2018. Dropping anchor: attachment of peptidylarginine deiminase via A-LPS to secreted outer membrane vesicles of Porphyromonas
gingivalis. Sci Rep 8:8949. https://doi.org/10.1038/s41598-018-27223-5.
Slocum C, Coats SR, Hua N, Kramer C, Papadopoulos G, Weinberg EO,
Gudino CV, Hamilton JA, Darveau RP, Genco CA. 2014. Distinct lipid a
moieties contribute to pathogen-induced site-speciﬁc vascular inﬂammation. PLoS Pathog 10:e1004215. https://doi.org/10.1371/journal.ppat
.1004215.
Progulske-Fox A, Kozarov E, Dorn B, Dunn W, Jr, Burks J, Wu Y. 1999.
Porphyromonas gingivalis virulence factors and invasion of cells of the
cardiovascular system. J Periodontal Res 34:393–399. https://doi.org/10
.1111/j.1600-0765.1999.tb02272.x.
Reyes L, Herrera D, Kozarov E, Rolda S, Progulske-Fox A. 2013. Periodontal bacterial invasion and infection: contribution to atherosclerotic
pathology. J Periodontol 84:S30 –S50. https://doi.org/10.1902/jop.2013
.1340012.
Ernst RK, Adams KN, Moskowitz SM, Kraig GM, Kawasaki K, Stead CM, Trent
MS, Miller SI. 2006. The Pseudomonas aeruginosa lipid A deacylase: selection for expression and loss within the cystic ﬁbrosis airway. J Bacteriol
188:191–201. https://doi.org/10.1128/JB.188.1.191-201.2006.
Kawasaki K, Ernst RK, Miller SI. 2004. 3-O-deacylation of lipid A by
PagL, a PhoP/PhoQ-regulated deacylase of Salmonella typhimurium,
modulates signaling through Toll-like receptor 4. J Biol Chem 279:
20044 –20048. https://doi.org/10.1074/jbc.M401275200.
Walters S, Rodrigues P, Belanger M, Whitlock J, Progulske-Fox A. 2009.
Analysis of a band 7/MEC-2 family gene of Porphyromonas gingivalis. J
Dent Res 88:34 –38. https://doi.org/10.1177/0022034508328381.

jb.asm.org 5

Downloaded from http://jb.asm.org/ on June 27, 2019 by guest

15.

P. gingivalis are regulated by lipid A 1- and 4=-phosphatase activities.
Cell Microbiol 11:1587–1599. https://doi.org/10.1111/j.1462-5822.2009
.01349.x.
Jain S, Darveau RP. 2010. Contribution of Porphyromonas gingivalis
lipopolysaccharide to periodontitis. Periodontol 2000 54:53–70. https://
doi.org/10.1111/j.1600-0757.2009.00333.x.
Reife RA, Coats SR, Al-Qutub M, Dixon DM, Braham PA, Billharz RJ,
Howald WN, Darveau RP. 2006. Porphyromonas gingivalis lipopolysaccharide lipid A heterogeneity: differential activities of tetra- and pentaacylated lipid A structures on E-selectin expression and TLR4 recognition. Cell Microbiol 8:857– 868. https://doi.org/10.1111/j.1462-5822.2005
.00672.x.
Wang X, Karbarz MJ, McGrath SC, Cotter RJ, Raetz CR. 2004. MsbA
transporter-dependent lipid A 1-dephosphorylation on the periplasmic
surface of the inner membrane: topography of francisella novicida LpxE
expressed in Escherichia coli. J Biol Chem 279:49470 – 49478. https://doi
.org/10.1074/jbc.M409078200.
Wang X, McGrath SC, Cotter RJ, Raetz CR. 2006. Expression cloning and
periplasmic orientation of the Francisella novicida lipid A 4=phosphatase LpxF. J Biol Chem 281:9321–9330. https://doi.org/10.1074/
jbc.M600435200.
Jain S, Chang AM, Singh M, McLean JS, Coats SR, Kramer RW, Darveau RP.
2019. Identiﬁcation of PGN_1123 as the gene encoding lipid A deacylase, an enzyme required for Toll-like receptor 4 evasion, in Porphyromonas gingivalis. J Bacteriol 201:e00683-18. https://doi.org/10.1128/JB
.00683-18.
Schromm AB, Brandenburg K, Loppnow H, Moran AP, Koch MH, Rietschel ET, Seydel U. 2000. Biological activities of lipopolysaccharides are
determined by the shape of their lipid A portion. Eur J Biochem 267:
2008 –2013.
Gui MJ, Dashper SG, Slakeski N, Chen YY, Reynolds EC. 2016. Spheres of

Journal of Bacteriology

