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Abstract

Strategies utilizing Toll-like receptor 4 (TLR4) agonists for treatment of cancer, infectious 

diseases, and other targets report promising results. Potent TLR4 antagonists are also gaining 

attention as therapeutic leads. Though some principles for TLR4 modulation by lipid A have been 

described, a thorough understanding of the structure-activity relationship (SAR) is lacking. Only 

through a complete definition of lipid A-TLR4 SAR is it possible to predict TLR4 signaling 

effects of discrete lipid A structures, rendering them more pharmacologically relevant. A limited 

‘toolbox’ of lipid A-modifying enzymes has been defined and is largely composed of enzymes 

from mesophile human and zoonotic pathogens. Expansion of this ‘toolbox’ will result from 

extending the search into lipid A biosynthesis and modification by bacteria living at the extremes. 

Here, we review the fundamentals of lipid A structure, advances in lipid A uses in TLR4 

modulation, and the search for novel lipid A-modifying systems in extremophile bacteria.
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Introduction

Lipid A (also referred to as endotoxin) is the amphipathic lipid base structure of 

lipopolysaccharide (LPS). LPS is a unique bacterial lipid comprising the outer leaflet of the 

asymmetric outer membrane of most Gram-negative bacteria. LPS is composed of three 

distinct regions: O-antigen, core, and lipid A – descending from the outer bacterial surface to 

the membrane.[1,2] These structurally and functionally distinct regions have important roles 

in such diverse aspects as growth, virulence, stress adaptation, innate and adaptive immune 

avoidance, maintenance of membrane permeability, and resistance to antibiotics. O-antigen, 

the exterior polysaccharide of LPS, is a highly divergent structure and is one of the antigenic 

molecules forming the basis for bacterial serotyping. Diversity of O-antigen structure and 

length can vary widely, even within a single bacterial species. Structure, composition, 

regulation, antigenicity, and the functional consequences of compositional variation of O-

antigen have been extensively reviewed.[3–5] Core oligosaccharide (‘core’ for the purposes 

of this review) links lipid A to O-antigen polysaccharide and is more structurally conserved 

in contrast. Two 3-deoxy-D-manno-octulosonic acid (KDO) sugars are attached to the non-

reducing glucosamine of the lipid A backbone, typically followed by extension with heptose 

sugars. Though core is considerably less diverse than O-antigen, structural modifications are 

observed including phosphorylation and phosphoethanolamine addition.[6,7] Modifications 

to core have important consequences for virulence and resistance to cationic antimicrobial 

peptides (CAMPs) and represent an active field of study.[8,9] Relative to O-antigen and core 

the most conserved moiety of LPS is lipid A; however, substantial diversity in lipid A 

structure exists across the Gram-negative, LPS-bearing bacteria often with unique 

stimulatory properties based on the structurally-dependent interaction of lipid A with innate 

immune receptors. Potential therapeutic uses for lipid A are continually emerging as our 

understanding of the fundamental mechanisms of diseases and their links to both canonical 

and non-canonical innate immune components are gleaned. Discovery and characterization 

of novel lipid A structures in order to harness unique lipid A modifying systems is the goal 

of this review, specifically focusing on the structure-activity relationship (SAR) of lipid A 

and Toll-like receptor 4 (TLR4) to improve the effects of lipid A-based therapies through 

structural optimization.

Lipid A Innate Recognition and Signaling via TLR4

The endotoxic activity of LPS is derived from the interaction of lipid A and the cognate 

TLR4 receptor complex.[10–14] Agonism of TLR4 by extracellular, pro-inflammatory lipid 

A structures results in a strong nuclear factor kappa-B (NF-κB)-driven response (Figure 1A) 

via the MyD88-dependent pathway typified by release of inflammatory cytokines (IL-6, 

TNF-α, and IL-1β).[15–17] TLR4 signaling triggered from the endosomal compartment can 

signal through NF-κB via RIP1[18], but endosomal TLR4 signaling is typically associated 

with the IRF-3 axis via TRIF/TRAM resulting in IFN-β production.[19] Several studies have 

demonstrated differential activation of the NF-κB and IRF-3 axes as a result of lipid A 

structural modification.[19–21] In addition, mitogen-activated protein kinases (MAPKs) 

such as p38 and JNK are both directly activated (quickly through the MyD88 pathway, and 

slowly through the TRIF/TRAM pathway) and indirectly activated after cytokine and 

chemokine induction (through Ras GTPases). [22,23] Constitutive activation of these 
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kinases is a hallmark of some cancer types, making modulation of their activities an 

attractive goal in oncological drug discovery. To date, few universal rules have been 

established delineating the contribution of discrete lipid A structural components to the 

resulting agonist/antagonist activity. In order to effectively exploit the therapeutic uses of 

lipid A, we must first improve the structure-activity relationship (SAR) definition (Figure 

1B) and expand the current lipid A modifying enzyme ‘toolbox.’

Lipid A stimulates the TLR4 receptor as a myeloid differentiation factor-2 (MD-2)-bound 

heterodimer complex in which two MD-2-lipid A complexes bind two TLR4 extracellular 

domains resulting in ligation of two TLR4 receptors (in the presence of CD14).[24,25] 

Species diversity among TLR4s is substantial and the TLR4 SAR interpretations and 

inferences here are limited to human (hu)TLR4. Reviews of TLR4 structure[26,27] and 

species diversity[28,29] are offered here. Our understanding of the basis for MD-2/TLR4 

interaction with bound lipid A is expanding and the role of MD-2 in differential activity is 

coming into focus through analysis of binding with various lipid As.[30] Human MD-2 is a 

small (160 amino acid residues including the 16 amino acid secretion signal), secreted 

protein with two β sheets comprising an immunoglobulin fold.[31] The deep interior cavity 

is lined with hydrophobic residues conducive to acyl binding.[31,32] The F126 (referring to 

Phe126 residue) loop of MD-2 has been implicated in differential activity of the bound 

complex.[32–34] The structural change induced at the F126 loop of MD-2 following binding 

by pro-inflammatory hexa-acylated lipid A (example E. coli lipid A, Figure 1B) is a crucial 

component of TLR4 ligation.[35] In contrast, antagonistic tetra-acylated structures, such as 

the fundamentally minimal lipid A unit lipid IVA or Eritoran (example Eritoran[32], Figure 

1B) bind MD-2 without displacement of the F126 loop resulting in a bound, but not ligated 

huTLR4 complex (evidenced by attenuated downstream NF-κB activity).[34] Regulated 

lipid A structures within a single species comprise a range of stimulatory potential illustrated 

by the diverse and conditional structures from Pseudomonas aeruginosa (Pa). Hexa-acylated 

Pa lipid A, associated with infections from patients with Cystic Fibrosis (CF), is a stronger 

agonist of MD-2-TLR4 than the bronchiectasis-associated penta-acylated Pa lipid A (Figure 

1B).[36] Non-stimulatory lipid As, such as the penta-acylated structure derived from 

Rhodobacter sphaeroides (Rs, lipid A referred to as Rs LA) can also bind MD-2, forming a 

successful MD-2-lipid A complex capable of binding to huTLR4. However, in murine and 

human systems Rs LA is inhibitory due to flipped loading of the MD-2-RsLA complex.[34] 

Crystallographic structural studies of bound lipid A-MD-2-TLR4 complexes are few[25,32], 

but have been well-reviewed and the interpretations are supported by follow-up studies.[37] 

The time-consuming and fickle nature of ligand-bound crystallization precludes correlative 

studies of the full range of lipid A structures, but functional studies can be readily performed 

to evaluate the SAR using downstream reporters such as cytokine production. Accurately 

defining the SAR between discrete lipid A structures and MD-2/TLR4 is crucial to 

successful uses of engineered lipid A-based therapeutics.

Biosynthesis of Lipid A

Lipid A produced by E. coli is the canonical pro-inflammatory lipid A structure shown in 

Figure 2A. E. coli lipid A is a hexa-acylated, bis-phosphorylated structure containing 3-

hydroxylated 14-carbon primary acyl chains with one each of 14-carbon and 12-carbon 
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secondary (acyl-oxo-acyl) chains.[38] In this configuration, E. coli lipid A results in a highly 

endotoxic structure with strong TLR4 agonism.[15,24,39] The fundamentals of lipid A 

synthesis, defined in E. coli, are well-established through the career-long work of Christian 

Raetz[40] and colleagues and is briefly described.[1,38,41]

Lipid A synthesis begins with LpxA-mediated acylation of UDP-GlcNAc at the 3-position 

resulting in UDP-GlcNAc with an ester linked 14-carbon acyl chain (in E. coli). LpxC 

removes an acetate molecule from the 2-position leaving an exposed amino group and 

resulting in UDP-3-acyl-GlcN. Deacetylation of UDP-GlcNAc is an energetically 

unfavorable reaction and represents the thermodynamic commitment step toward lipid A 

biosynthesis, making LpxC a potential target for antibacterial strategies.[2,42] The 

aminotransferase LpxD further acylates UDP-3-acyl-GlcN at the 2-position, in E. coli with a 

14-carbon acyl chain, resulting in UDP-2,3-diacyl-GlcN. The next enzyme in the series, 

LpxH relieves UMP from UDP-2,3-diacyl-GlcN resulting in lipid X, a 1-phosphorylated 

2,3-diacyl-GlcN. To form the characteristic diglucosamine lipid A backbone, one lipid X 

molecule and one UDP-2,3-diacyl-GlcN are condensed by LpxB forming the β,1’-6 

glycosidic bond. LpxK phosphorylates the 4’ position of the tetra-acylated 1-phosphorylated 

diglucosamine product of LpxB, thus completing biosynthesis of the base molecule lipid 

IVA. Lipid IVA is a tetra-acylated, 1,4’-bis-phosphorylated minimal lipid A unit and is a 

notable antagonist of huTLR4.

The remaining enzymes of lipid A synthesis, still in the inner membrane, prepare the final 

structure for export to the outer membrane. The process begins with KdtA-mediated 

attachment of two KDO sugars to the 6’ position of lipid IVA resulting in KDO2-lipid IVA. 

In Ec KDO2-lipid IVA is further processed by secondary acylations by the pair of 

acyltransferases, LpxL (adding a secondary 12-carbon acyl chain to the 3’ 3-

hydroxymyristate) and LpxM (adding a secondary 14-carbon acyl chain to the 2’ 3-

hydroxymyristate). The resulting product is complete E. coli KDO2-lipid A, a potent human 

and murine TLR4 agonist. The addition of core sugars follows and the entire, nascent E. coli 
lipooligosaccharide (LOS) is flipped to the periplasmic surface of the inner membrane via 

the ABC transporter, MsbA. In the periplasm O-antigen oligosaccharides are polymerized to 

complete the mature E. coli LPS molecule. Reviews of core attachment, LOS flipping, O-

antigen polymerization, and final LPS flipping to the outer leaflet of the outer membrane are 

noted here as these topics are outside the scope of this review.[2–5]

The characteristic enzymes of the Raetz pathway of lipid A biosynthesis, defined in E. coli, 
often have variable or extended permissivity for alternative substrates in different LPS-

bearing species. For example, LpxD in E. coli is permissive for both 3-OH C16 and 3-OH 

C14 with a substantial preference for the latter; alternative LpxD enzymes are discussed in 

detail vide infra. [43,44] Additionally, the substrate pool for lipid A biosynthetic enzymes 

often controls the final structure. LpxA from Leptospira interrogans (Li LpxA) is selective 

for the 3-aminated precursor UDP-GlcNAc3N; as such, Li LpxA cannot acylate UDP-

GlcNAc and results in a four primary N-linked acyl chains in the mature Li lipid A.[45] 

While UDP-GlcNAc is abundant it is not used for lipid A synthesis by Li. UDP-GlcNAc3N 

is generated in Li as a result of two enzyme-directed modifications of UDP-GlcNAc by the 

enzymes GnnA and GnnB.[45] Complete primary amine-linked lipid A structures confer 
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unique properties. The same use of UDP-GlcNAc3N in Campylobacter jejuni not only 

increased antimicrobial resistance but also reduced huTLR4 activation.[46] The use of 

alternative backbone sugars for lipid A synthesis may prove a useful tool for lipid A 

structural customization aimed to influence the lipid A/TLR4 SAR.

Lipid A Structural Modifications and Consequences

Natural structural modification of lipid A is achieved both through constitutive and regulated 

processes in response to alterations in growth condition (ex: temperature, nutrient, 

osmolarity), evasion of detection in vivo (ex: conversion of structures from agonist to 

antagonist), resistance to cationic antimicrobials (ex: modulation of surface exposed negative 

charge), and membrane-disrupting antimicrobials (ex: deacylases of the outer membrane), to 

list only a few. Through manipulation of the current lipid A modifying systems and 

biosynthetic enzymes, the basic fundamentals of the relationship between lipid A structure 

and TLR4 downstream activity has been established. In 2013, Needham and Trent published 

a thorough and still current review of lipid A modifying enzymes and the regulatory systems 

thereof.[47] Many of the lipid A modifying systems discussed herein are related directly to 

bacterial transmission (carriage and transmission via arthropod vectors) and/or bacterial 

pathogenesis (especially immunomodulation).[9,28] Pa isolates from patients with cystic 

fibrosis produce a highly proinflammatory lipid A structure, as compared to bronchiectasis 

patient isolates.[48,49] Yersinia pestis (Yp) modulates lipid A structure as a complex, 

regulated component of flea-to-mammalian host transmission using lipid A modifications.

[50–52] A selection of lipid A modifications and the respective functional consequence 

follows to illustrate the purposeful use of lipid A modification in defining the SAR of lipid 

A/TLR4 to design appropriate lipid A-based therapeutics via exogenous or ectopic enzyme 

expression.

Early modifications of lipid A structure that alter TLR4 complex binding

To maintain membrane fluidity and accommodate growth in lower temperatures, Francisella 
novicida (Fn) incorporates shorter primary and secondary acyl chains during lipid A 

synthesis.[53,54] As above, the enzyme LpxD adds the amide-linked primary acyl chains to 

the 2 and 2’ sites of the diglucosamine backbone.[44,55] Reduced growth temperature was 

shown to result in lipid A acyl-shortening in the model species Fn, with longer chain fatty 

acids added at mammalian body temperature.[44,56] Two LpxD functional homologs, 

LpxD1 and LpxD2 were identified in Francisella with N-acyltransferase activity, though 

with different length hydrocarbon ruler specificites, optimal temperature ranges, and sharing 

only modest sequence identity (34%).[44] LpxD2 functions at lower temperature adding a 

16-carbon acyl chain, whereas LpxD1 adds 18-carbon chains to the 2 and 2’ backbone sites 

at higher temperatures. Lipid A extracted from Fn wildtype (WT), ΔlpxD1, or ΔlpxD2 
strains (Figure 2B) are astimulatory in human macrophages.[44,57] In Fn lipid A derived 

from these strains the 3’-position is empty, the result of the theorized Fn LpxR deacylase 

enzyme that has been reported in Salmonella[58] and Helicobacter[59] though a homolog 

has not been reported in any Francisella family member.[60] The empty 3’ position is one of 

the structural characteristics along with the longer primary acyl chains (C18) implicated in 

the astimulatory properties noted above. Several members of the Francisella family of 
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mesophiles are culturable from niches ranging from cold, fresh water lakes in Scandinavia to 

arthropod vectors at ambient outdoor temperature in the mid-southern US and warm-

blooded mammalian reservoirs; LpxD2 contributes to viability across this substantial 

temperature range.[61]

Late modifications of lipid A structure that alter TLR4 complex binding

Alteration in the overall number of fatty acids affects TLR4 stimulation.[62] Secondary or 

late acylation on lipid A structures are known to alter the ability of lipid A to bind to MD-2 

and stimulate a strong innate immune response.[63] Late additions to lipid A at the inner 

membrane are made to the acyl chains at the 2’ and 3’ positions to form β-substituted acyl-

oxo-acyl groups by the acyltransferases HtrB (LpxL) and MsbB (LpxM), respectively. In 

addition to position specificity, each enzyme has a substrate preference, laurate (C12:0) or 

myristate (C14:0) for LpxL or LpxM, respectively with LpxL acylation proceeding LpxM.

[64,65]

Another widely recognized example of lipid A modification associated with a low 

temperature growth condition is the addition of a monounsaturated acyl chain by Yp. Yp is 

transmitted through the bite of infected fleas that have fed on a warm-blooded infected 

rodent.[52,66] This warm-cool-warm cycle of growth and transmission requires a responsive 

system to maintain membrane function. Yp lipid A at mammalian temperature is a tetra-

acylated structure containing only primary 3-hydroxymyristates. Grown at the temperature 

of a flea (21–25°C) two secondary acyltransferases are active, Yp LpxP and Yp MsbB 

(LpxM homolog). Yp LpxP attaches a cis-9-palmitoleic acid (C16:1) to the hydroxyl group 

of the 2’-3-hydroxymyristate of Yp lipid A at flea temperatures.[67] Similarly, Yp MsbB 

attaches a lauroyl group to the 3’-3-hydroxymyristate at low temperature. While the activity 

of both contribute to maintenance of membrane fluidity, the presence of unsaturations in 

membranes correlates strongly with maintenance of membrane fluidity at lower 

temperatures.[68–70] In contrast to the Fn example above, Yp lipid A grown and extracted 

from low and high temperature are differentially active in TLR4 stimulations.[51,52] The 

hexa-acylated structure resulting from low temperature growth (21–25°C) is a TLR4 agonist, 

whereas the warm temperature (37°C) tetra-acylated structure is a TLR4 antagonist.[52,57] 

Overall acyl density, positioning, degree of unsaturation, and length all play a role in low 

temperature growth as described above and these substantial modifications have important 

consequences for TLR4 activity.

Subsequent to transport to the outer membrane by the Lpt system, lipid A can be further 

modified in the outer membrane by acyltransferases (PagP) or deacylases (PagL or LpxR). 

PagP is a palmitoyltransferase that transfers a palmitate (C16:0) to the hydroxyl group of the 

3-hydroxymyristate chain at position 2 (as examples Salmonella and E. coli) or the 3’ 

position (Pa) resulting in a hepta- or hexa-acylated structure, respectively.[71,72] PagL[73] 

and LpxR[58] are 2 (as examples Salmonella and Pa) and 3’ (Hp, Salmonella, and Yersinia) 

position deacylases, respectively. PagP and PagL are regulated by the two component 

regulatory system, PhoP/PhoQ, whereas LpxR is a Ca2+-dependent enzyme in Salmonella 
and temperature regulated in Yersinia. Together, alterations in lipid A biosynthesis can lead 

to changes in membrane permeability that result in increased sensitivity of bacterial cells to 
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environmental changes, susceptibility to alpha-helical antimicrobial peptides, a greatly 

reduced ability to stimulate NF-κB-mediated cytokines, and reduced virulence due to 

underacylated or less-toxic lipid A in mouse infection models.[74–77] These results indicate 

that targeting the “later” modifications could be a successful strategy for novel antimicrobial 

therapies.

In addition to acyl chain modifications, hydroxylation of the acyl-oxo-acyl fatty acids is 

observed at the 2-hydroxy position of the secondary acyl chains through the enzymatic 

activity of LpxO, an oxygen-dependent, aspartyl/asparaginyl β-hydroxylase homologue in a 

PhoP/PhoQ-dependent manner.[78] The 3-hydroxyl is commonly a site for secondary acyl 

additions; however, the addition of glycine and diglycine to the available hydroxyl group of 

the secondary 3’-3-hydroxylauroyl group was reported in Vibrio cholera (Vc) O1 El Tor.[79] 

Typically, these additions to the free hydroxyl are associated with membrane integrity and 

changes in antibiotic susceptibility patterns and in the case of glycine modification of lipid A 

little change was observed in TLR4 stimulation assays compared to unmodified Vc lipid A.

[79] There are also important lipid A-TLR4 SAR implications from the study of branched 

acyl chain lipid A structures in the oral pathogen P. gingivalis (Pg) and the enteric 

commensal Bacterioides thetaiotaomicron (Bt). Pg lipid A structure is unique compared to 

that of the enteric pathogens and stimulates far lower pro-inflammatory cytokine production 

than E. coli lipid A.[80–82] Pg lipid A is a heterogeneous mixture of structures with several 

commonalities including methyl branches found on the primary N-acyl chain (methyl-C16), 

1-phosphorylation, and a straight chain typically present at the 3-position, though 3-O-

deacylated Pg lipid A is described.[83] Bt lipid A is characterized by the presence of a 4’-

phosphorylation and a long branched 2’-N-acyl chain, yet Pg and Bt lipid As elicited 

opposite effects in TLR4 stimulation studies.[84] These results implicated the importance of 

phosphorylation position in potency of TLR4 stimulation, but the contribution of branched 

chains (and positioning) to lipid A-TLR4 SAR are still poorly defined.

Contribution of lipid A termini and modifications thereof to TLR4 complex activity

In studying the position of a mono-phosphorylation in Pg versus Bt and the outcomes in 

TLR4 stimulations, the Darveau group made a striking observation. Engineered E. coli 
mutants bearing either a 1- or 4’-monophosphorylation exhibited markedly different TLR4 

activities with the 4’-monophosphorylated structure eliciting a lower NF-κB-driven response 

(E. coli wildtype structure given in Figure 2A for reference).[84] The same logic follows 

from the 4’-monophosphorylated structure of MPLA stimulating TLR4 at weak agonist 

levels compared to the parent 1- and 4’-phosphorylated Salmonella enterica LA molecule 

(commonly, diphosphoryl lipid A - DPLA) stimulating a robust agonist response. Mono- and 

bis- (or di-) phosphorylation status alone can drive differential activation, but these structural 

changes are often accompanied by other modifications and must be considered in the larger 

context for MD-2 binding and TLR4 ligation.

Finally, modifications to the terminal phosphate moieties, involved in modulating the 

bacterial surface charge and permeability have not been shown to play a role in recognition 

by the host innate immune system. However, such terminal phosphate modifications 

(including additions of the amino containing moieties, such as galactosamine, 
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aminoarabinose, and phosphoethanolamine) can impart profoundly consequential 

antimicrobial resistance properties.[8,85] Addition of phosphoethanolamine and/or 

galactosamine to the lipid A terminal phosphate of Acinetobacter baumannii (Ab) renders 

the bacterium resistant to polymixin, an antibiotic of last resort for multiply drug resistant 

species.[86] The recent emergence of a phosphoethanolamine transferase gene (mcr-1) on a 

mobile element is a harbinger of extensive failure of the last effective antibiotics against 

MDR infections.[87] Though, with respect to MD2/TLR4 stimulation no alteration of the 

SAR has been noted. Specifically, modifications of lipid A by amino-containing sugars are 

predicted to reside outside the binding pocket of MD2 and therefore should not play a 

significant role in altering TLR4 activation.

Effective Strategies for Lipid A-Based Treatment Approaches Depend on 

Structure

Ribi et al. established the use of lipid A-based treatments for cancer immunotherapy in 

1975.[88] In the intervening forty-one years, the suggested uses for both agonistic and 

detoxified lipid A as immune modulators have exploded.[89–91] Notably, the first new 

adjuvant approved by the FDA in decades is a lipid A derivative. Monophosphoryl lipid A 

(MPLA, commonly MPL) is chemically derived from a deep rough (Re)-LPS strain of 

Salmonella enterica (serovar Minnesota R595).[92] While MPLA has markedly reduced 

toxicity compared to Salmonella lipid A, it retains modest TLR4 stimulating properties.[93] 

Two of the major lipid A species in MPLA include 1-dephosphorylated lipid A and 1-

dephosphorylated, 3-O-deacylated lipid A. MPLA is a success story in terms of productive 

uses for lipid A; however, chemical processing of lipid A (MPLA) or production of a similar 

molecule by synthetic processes (glucopyranosyl lipid A, GLA[94]) limits the structural 

possibilities, thus attenuating the potential for highly engineered or structurally customized 

lipid A. In contrast, several groups have demonstrated the use of structurally modified lipid 

A to modulate the TLR4 response, purposefully engineered through the expression or 

disruption of endogenous and exogenous lipid A modifying enzymes.[20,21,95] The 

formulary uses for MPLA-based (and similar – GLA and other synthetic TLR4 agonists) 

based protein-in-adjuvant vaccines are growing and mark a new era of the vaccine age. The 

approval of MPLA as an adjuvant served two important roles: one, new and efficacious 

vaccines and formulations are now available to help save lives and prevent disease including 

prophylactic cancer vaccines; two, establishing a path to human use for related, low toxicity 

lipid A-based TLR4 agonist and antagonist molecules. With these advances in mind novel 

sources of enzymes and regulatory systems must be discovered, characterized and 

understood to harness the potential uses for lipid A.

Similarly, novel prophylactic and therapeutic uses for MPLA and other lipid A structures are 

on the rise, outside of the vaccine context.[96,97] In 2013, Michaud and colleagues reported 

reduced Alzheimer’s-related pathology, including prevention of amyloid beta plaque 

accumulation in genetically disposed mice chronically dosed with MPLA.[98] Several 

attempts have been made to establish MPL or similar synthetic TLR4 agonists, such as 

Eritoran, as prophylactic treatments for sepsis with promising results, but limited success.

[99–102] An interesting finding linking amyloidogenic blood clotting to LPS-precipitated 
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fibrin net formation suggesting a role for low doses of circulating lipid A in 

hypercoagulation was reported in 2016.[103] The therapeutic and prophylactic uses of 

synthetic TLR4 antagonists deviating from the basic lipid A mimetic template are not 

discussed here, but have been tested for prevention of aortic aneurysms[104], neuropathic 

pain[105], and other TLR4-linked pathologies.[106] Together, these studies highlight the 

role of TLR4 in a wide variety of disease states and emphasize the need for improvements in 

TLR4 design with rational basis in SAR outcome. To achieve this goal we must have a 

diverse enzyme ‘toolbox’ for customization of therapeutic lipid As.

Finding Novel Sources of Lipid A Modifying Enzymes

The lipid A modifying enzymes described to date are generally from mesophile species that 

grow best between 20° and 45°C. In order to accommodate growth in exotic, non-uniform 

conditions, unique mechanisms for maintaining membrane fluidity, resistance to detrimental 

solutes, and evasion of detection within their niche are required. Modification of lipid A 

structure is one such accommodation mechanism. The underlying molecular mechanisms for 

unique lipid A structures are of interest to cultivate new enzymatic resources for intentional 

lipid A modification aimed at customizing lipid A-based therapeutics. The following section 

is a review of the growing archive of novel lipid A structures from bacterial sources, 

description of molecular mechanism of unique structures (where possible), improved mass 

spectrometric approaches for structural elucidation of lipid A, and a rational approach 

(Figure 3) to identifying and cloning useful enzymes from sources sharing potentially low 

homology to known enzymes of the same function. By harnessing new lipid A modifying 

enzymes alongside the complete description of the lipid A-MD-2/TLR4 SAR, it will be 

possible to effectively design and test lipid A-based therapeutics to treat cancer, chronic 

inflammatory diseases of aging, acute endotoxemia, and other pathologies propagated by 

lipid A.

Novel Lipid A Bacterial Sources from Extreme Environments

Marine

Marine bacteria can be found in myriad environments disparate from terrestrial ones. They 

are ubiquitous, inhabiting open and coastal waters at all depths, as well as in the sediment of 

the ocean floor and near hydrothermal vents. They can be planktonic, symbiotic, or 

pathogenic to other marine life. The observation of microbial life in these “extreme” 

environments has resulted in the generation of interesting hypotheses regarding differences 

in their intracellular machinery versus their terrestrial cousins. These, in turn, have led to the 

discovery of novel lipid A structures synthesized and utilized by marine bacteria as physical 

adaptations to their local environments. A literature review of endotoxin structures produced 

by Gram-negative marine bacteria was published by Leone et al.[107] and focused on 

diverse marine organisms, including several Gammaproteobacteria genera, Flavobacteria, 
Cellulophaga, Arenibacter, and Chryseobacteria. Currently, there is a resurgence in the 

discovery of lipid A structural variants from marine bacterial sources owing to their 

generally low inflammatory potentials and consequent toxicities.
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One particularly interesting source for new bacterial species, and consequently new lipid A 

structures and modifying enzymes, are the marine sponges of the phylum Porifera. Sponges 

contain diverse and abundant microbiomes comprising, in part, prey organisms, pathogens, 

and symbionts. Sponges have also been shown to possess a TLR-mediated innate immune 

response and can respond to LPS from E. coli.[108] Interestingly, most of the structures 

discovered, when tested against human innate immune cells, have exhibited mild or no 

inflammatory potential. These observations could be due to four factors: i) the degree of 

acylation on marine bacterial lipid As trends toward hypo-acylation (primarily penta-

acylated) when compared to E. coli, ii) three-dimensional conformational changes caused by 

unsaturated fatty acyl chain incorporation, iii) hypo-phosphorylation relative to E. coli lipid 

A, and iv) fatty acyl chains incorporated into marine bacterial lipid As tend to be shorter in 

carbon chain length than their highly inflammatory counterparts. Many of the marine 

bacteria with reported lipid A structures in the literature can be divided into several groups, 

including cyanobacteria, psychrophiles and thermophiles, and halophiles.[109] These 

classifications have extensive overlap because they do not fall on the same continuum.

Lone species

Three bacteria, for which lipid A structures have been reported, that do not fall into any of 

the following categories are Vibrio fischeri[110], Bdellovibrio bacteriovorus[111], and 

Gemmata obscuriglobus.[112] Representative lipid A structures for V. fischeri and B. 
bacteriovorus are shown in Figure 4. In both cases, the structures represented are for the base 

peak in the single stage scan mass spectrum. V. fischeri is a symbiont of the Hawaiian 

bobtail squid, Euprymna scolopes, and lends its bioluminescence to the squid’s light organ.

[110] Several interesting discoveries have been made with regard to its lipid A structure, as 

shown in Figure 4A. First, a β-hydroxyl-C14:1 fatty acyl chain appears to be incorporated 

through amide linkage at the 2’ position. This is, so far, a unique finding in Gram-negative 

bacteria whose biosynthesis pathway is largely conserved. Other unique substitutions have 

been observed at the C-3 secondary position, namely phosphoglycerol, lysophosphatidic 

acyl groups, and phosphatidic acyl groups.[110] The mechanism by which these 

modifications are made to V. fischeri lipid A is unknown, and no modifying enzymes have 

been identified thus far.

B. bacteriovorus is a bacterium that survives by predation on other Gram-negative bacteria. 

It is known to have an “attack” phase, wherein it invades the periplasm of its prey, 

presumably by means of its inherent motility. Once inside the prey bacterium, it grows, 

replicates, and ultimately lyses its victim.[111] It has been inferred that Bdellovibrio species 

are at least partially responsible for bacterial count reduction in the environment and within 

mammalian gut microbiomes.[113,114] B. bacteriovorus was the first Gram-negative 

bacterium identified that synthesizes a neutral lipid A (depicted in Figure 4B) for 

incorporation into its membrane. Unlike most other Gram-negative bacteria, which produce 

negatively charged lipid A with phosphate moieties at the 1 and 4’ position, B. bacteriovorus 
adds α-D-mannopyranose residues at those same positions.[111] So far, this is a unique 

finding in prokaryotes. These neutral modifications are believed to drive the ~1000-fold 

decrease in inflammatory response from exposed human mononuclear cells as compared to 

Ec lipid A. Additionally, B. bacteriovorus decorates its lipid A with at least two unsaturated 
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fatty acyl chains and branched fatty acids, producing a large proportion of hexa-acylated 

structures. The degree of unsaturation and neutral sugar modifications are thought to 

contribute to a more fluid outer membrane than that found in other mesophilic bacteria.

G. obscuriglobus belongs to the phylum Planctomycetes. Planctomycetes are unique 

prokaryotes that contain both genotypic and phenotypic characteristics of eukaryotic cells. 

G. obscuriglobus is the first organism of its phylum to have a putative lipid A structure 

reported[112], as can be seen in Figure 5A. Most notably, the lipid A structure is mono-

phosphorylated at C-1, with a GalA residue modification at the C-4’ position. This lipid A 

also contains relatively long chain fatty acyl groups, amide linkages at C-3 and C-3’, and an 

ester linkage at C-2’. These are all unusual modifications with potentially unique enzymes 

responsible for their existence. It should, however, be noted that more descriptive structural 

work is required to confirm the structure proposed in this study.

Cyanobacteria

Cyanobacteria are ubiquitous, heterotrophic, photosynthetic Gram-negative organisms. 

Many species are found in marine environments and they are the most abundant 

phytoplankton phylum on earth. Endotoxin structures from cyanobacteria were reviewed in 

2015[115], and the authors refer the reader to that publication for more information about 

specific components and physiology. However, very few complete structures have been 

elucidated. Interestingly, the LPS structure reported for Synechococcus strains contains 

mostly glucose as the saccharide component of core, with no heptose or KDO sugars 

detected. Additionally, no phosphate modifications were detected. This is supported by the 

absence of a 4’ kinase.[116] The authors propose that all of these observations are 

indications of earlier inception of LPS synthesis than in enteric bacteria.[116] It is certain 

that cyanobacteria have been identified in earlier strata than their enteric cousins. These 

findings are in stark contrast to the aforementioned G. obscuriglobus, and a comparison is 

presented in Figure 5. Marine cyanobacterial LPS structures (or structural components) have 

been identified in Synechococcus[116], Microcystis[117], Anacystis[118], 

Agmenellum[119], Shizothrix[120], Anabaena[121], Spirulina[122], and Oscillatoria[123] 

species. All of the species reported to date make unique endotoxins, and presumably have 

unique endotoxin synthesis and modifying enzymes. Some of these structures include long 

fatty acyl chains with varying degrees of unsaturation and all lacking phosphate 

modifications as in Synechococcus. Most of the structures reported have not been directly 

supported in the literature, thus far, with genomic, transcriptomic, or proteomic data.

Psychrophiles and Thermophiles

Lipid A structures have been reported for five cold water-adapted (psychrophilic) bacteria 

and one hot water-adapted (thermophilic) bacterium[124] including two strains of the 

Antarctic isolate psychrophile Pseudoalteromonas haloplanktis.[125,126] In both strains, 

mass spectra of lipid A extracts produced base peaks due to a bis-phosphorylated, penta-

acylated structure containing saturated, C12:0 acyl chains, including three β-hydroxyl 

substituted chains. However, the location of the only secondary acyl chain differed by 

occurring as part of an acyloxyamide in the TAB 23[126] strain and as an acyloxyacyl in the 

TAC 125[125] strain. One interesting observation in P. haloplanktis is that its overall acyl 
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chain incorporation, when taking into account all structures available, tends to be highly 

heterogeneous. This can be inferred from the many ions at differing m/z values observed in 

its MALDI-TOF mass spectrum as well as the differences in structures between strains of 

the same species. However, this is not due to an abnormal number of acyltransferase 

domains in the genome, which indicates that its acyltransferases are more promiscuous than 

most and/or they have multiple proteoforms not coded for in the genome. One advantage of 

using promiscuous acyltransferases in a lipid A-by-design biosynthesis (in an organism that 

makes many different fatty acids) would be an increased number of compounds synthesized 

per unit time.

Lipid As from the obligate psychrophile Psychromonas marina and the psychrotolerant 

Psychrobacter cryohalolentis were characterized in 2014.[127] In both of these species and 

the aforementioned P. haloplanktis, only unusual acyl chain incorporations were observed 

due to the analytical experimental design. In P. marina, a very unusual C14:2 fatty acid 

methyl ester was observed in the gas chromatograph/mass spectrometer (GC/MS) analysis 

of hydrolyzed fatty acyl chains. It is unclear whether this is an adaptation to low 

temperatures. In P. cryohalolentis lipid A extracts, as in P. haloplanktis, a high acyl 

variability was observed including shorter chain fatty acyls and odd chain fatty acyls. The 

diversity of acyl forms may allow this bacterium to adapt to a wide range of temperatures, 

while the short chain lengths and odd chains may allow it to maintain a fluid membrane at 

low temperatures. In fact, lipid A acyl structure was shown to be temperature dependent in P. 
cryohalolentis.[128] The P. cryohalolentis genome does not contain an unusual number of 

Lpx-type acyltransferases, so it is likely that the heterogeneity and unusual fatty acyl chains 

incorporated in its lipid A are a result of enzyme promiscuity. The highest abundance lipid A 

form observed in P. cryohalolentis is a bis-phosphorylated, hexa-acylated form with C10:0 

and C12:0 fatty acyl chains, including β-hydroxyl substituted chains.

In the thermophile Thermomonas hydrothermalis galacturonic acid (GalA) residues were 

reported as modifications to the backbone phosphates.[124] These GalA residues probably 

contribute to the observed low immunostimulatory activity in human MD2/TLR4 models, as 

compared to E. coli. The acylation profile, inferred from mass spectra of lipid A extracts and 

fatty acid methyl ester analysis, resulted in a putative hexa-acylated structure including only 

undecylic acid (C11:0) residues. The C11:0 chains were covalently bound through both ester 

and amide linkages on the commonly observed diglucosamine lipid A backbone, and some 

were β-hydroxyl substituted. These shorter fatty acyl substitutions provide another 

possibility for differential inflammatory response, as compared to E. coli. Additionally, one 

of the postulated mechanisms by which T. hydrothermalis is able to survive temperatures up 

to 50°C is a highly negatively charged LOS structure that enables it to form ionic bonds with 

divalent cations common on the membrane surface. The additional charge at physiological 

pH is due to the two GalA residues attached to the lipid A moiety as well as an additional 

phosphate residue and acidic sugar moiety in the core region.

Halophiles

Lipid A structures for four halophilic bacteria have been published for Pseudoalteromonas 
issachenkonii[129], Halomonas magadiensis[130], Salinivibrio sharmensis[131], and 
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Halomonas pantelleriensis.[132] All of these species synthesize lipid As that are, on 

average, hypo-acylated and/or comprise shorter fatty acyl chains when compared with lipid 

A from E. coli. However, it should be noted that, for both Halomonas species, an acid 

hydrolysis step was used to liberate lipid A from full length LPS. So, it is impossible to 

know whether the net hypo-acylation is an artifact of ester hydrolysis or a true depiction of 

lipid A distribution in the cell membrane. The lipid As (after acid hydrolysis of LPS) from 

both Halomonas species also produced a weaker inflammatory response, measured by TLR4 

induced cytokine production, when compared to LPS from E. coli. All of the halophilic 

bacteria studied to date produce bis-phosphorylated lipid A.

Exotic Lipid A Modifying Enzymes

Non-terrestrial Gram-negative bacteria have genes that code for the enzymes described in 

the canonical lipid A synthesis pathway.[1] However, none of these enzymes were found 

with sufficient description in the literature for non-terrestrial organisms whose lipid A 

structures have been elucidated to date. P. haloplanktis has been fully sequenced.[133] 

However genes coding for lipid A synthesis or modification were not specifically reported. 

The fact that odd-chain fatty acids and/or short-chain fatty acids, with varying degrees of 

unsaturation, and unusual decorations at the O-1 and O-4’ positions are incorporated into 

some lipid As from non-terrestrial bacteria is cause for further exploration of their parent 

organisms’ genomes, transcriptomes, and proteomes. It is a relatively safe assumption that 

new homologs of the lipid A synthesis genes will be discovered (Figure 3) that will be useful 

in the lipid A-by-design toolbox.

Structural Characterization

Historically, lipid A has been structurally assigned after liberation from full length LPS 

using a combined analytical approach. At first, lipid A structures were postulated from 

mass-to-charge ratio (m/z) obtained from matrix-assisted laser desorption/ionization-time of 

flight (MALDI-TOF) mass spectra, and fatty acyl components were liberated from the GlcN 

backbone and separately analyzed by a GC/MS or gas chromatograph-flame ionization 

detector (GC/FID) to strengthen structural inferences. The analytical methodologies utilized 

have gradually become more sophisticated due to both advancements in instrumentation and 

greater adoption of state-of-the-art techniques. The most widely used method begins with 

the extraction of LPS followed by a separate hydrolysis step to liberate lipid A and 

electrospray ionization tandem mass spectrometry (ESI-MS/MS) to obtain product ion 

spectra. Often, ion trap instruments have been used for these experiments because of their 

tandem-in-time configuration. This allows the analyst to perform multiple, sequential 

tandem events (MSn) using the same original pool of ions. Ultimately, this achieves a 

relatively simple to interpret, data rich set of tandem mass spectra that can then be used to 

infer primary chemical structure of the original precursor ion isolated. Several different 

dissociation methods, including collision-induced dissociation (CID)[134], ultraviolet 

photodissociation (UVPD)[135], higher-energy collisional dissociation (HCD), and 

combinations thereof, have been used in an attempt to disambiguate tandem mass spectra 

and increase probability of correct assignment.

Scott et al. Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, efforts have been directed toward top-down analysis of full length rough-type LPS 

(rLPS, or LOS).[136] Advantages to these methods include reduced sample preparation 

time, increased species and strain specificity, greater clarity with regard to which chemical 

structures (rather than components of structures) actually exist in the membrane, and a 

greater overall understanding of how a bacterium survives in a given environment. 

Regarding the latter, one example is that many marine bacteria have greater net negative 

charge associated with their membranes. It is thought that this charge stabilizes the 

membrane in harsh environments by allowing more ionic interactions between divalent 

cations and anionic modifications to the membrane glycolipid. In general, both quantity and 

quality of data are increased by the analysis of intact biological molecules when it is feasible 

to do so.

To date, lipid As have been presumed too difficult to separate by liquid chromatography 

coupled to mass spectrometry (LC/MS), so most published research in this area has been 

conducted either by MALDI-TOF or direct infusion ESI-MS/MS. These are not ideal 

approaches to structural assignment because lipid A extracts are always complex mixtures. 

Therefore, tandem mass spectra acquired are never produced by a single precursor ion. 

Recently, more thorough attempts have been made at chromatographic separation of both 

lipid A[137] and rLPS[136] with great success. Every extract analyzed thus far has been 

quite heterogeneous. This is an important finding because proper structure-activity 

relationships cannot be established through the administration of mixtures. It should also 

change a common perception in the field that a single characterized lipid A structure from a 

bacterium is sufficient for drawing structure-driven biological conclusions. It is, in fact, 

impossible to know which molecules elicit which biological response without administering 

them one at a time. However, it is often possible and sometimes proper to derive species-
driven biological conclusions about activity using the widely adopted mixture administration 

workflow. As is the case for all biological sciences research, along with advances in 

analytical technology and methods have come great advances in general understanding about 

biological processes on the molecular level.

Conclusions/Perspectives

The emerging uses for TLR4-binding therapeutics are growing rapidly as both the role of 

TLR4- mediated inflammation in pathogenesis and customized control of downstream 

signaling events become more apparent. Through customization of lipid A structure, TLR4-

modulating therapies can be engineered to alter disease course. Here we have covered lipid 

A biosynthesis and modifying enzymes and unique potential sources for their discovery 

outside the human and zoonotic pathogens previously curated for lipid A-based drugs. By 

expanding the structural diversity of lipid A therapeutic candidates the potential applications 

increase.

Lipid A structural elucidation is accessible through current methods as discussed herein. 

However, isolation of pure product for structural characterization and drug discovery is 

paramount. For instance, characterizing the SAR of lipid A with the MD-2/TLR4 complex 

demands individual structure. Much of our understanding of the biological activity caused 

by lipid A administration is based on stimulations with mixed lipid A products (biological 
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extracts). While this may achieve acceptable results for regulatory acceptance criteria, 

rational drug design efforts would be greatly improved through establishment of 

fundamental rules about structure-function. In addition, we propose that administering a 

single active ingredient would reduce off-target effects. Batch-to-batch reproducibility would 

be easier to achieve in the scale-up manufacturing process as well. With the continual 

advancements in separation science and analytical capability these goals should be 

increasingly achievable.
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Highlights

• Biosynthesis of lipid A is reviewed in the context of structure modification

• Contributions of lipid A moieties to TLR4 activity are reviewed for 

immunomodulatory potential

• Novel and inferred modification enzymes are reviewed in the context of drug 

discovery and design

• Advancements in separation and structural characterization of endotoxin is 

reviewed
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Figure 1. Signaling pathways from TLR4 to early-/late-phase inflammation and the lipid A-
MD-2-TLR4 (NF-κB-mediated) structure activity relationship (SAR) range
(A) Surface and endosomal TLR4 signaling results in both divergent and convergent 

inflammatory processes. Convergent: surface TLR4 signaling via the MyD88 axis leads to 

early NF-κB activation and endosomal TLR4 signaling via TRIF/TRAM leads to late NF-

κB activation, both resulting in proinflammatory cytokine production. Divergent: surface 

TLR4 activation of multiple MAP kinase cascades (involving p38 and JNK) results in the 

activation of CREB and AP1 transcription factors whereas endosomal TLR4 results in an 

IRF-3-mediated Type I interferon response via TRAF3. Selectively biasing these 
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downstream signaling components is the goal of SAR refinement, resulting in a customized 

response. (B) Inflammatory activity of the lipid A-MD-2-TLR4 complex is dependent on 

lipid A structure. E. coli (Ec) hexa-acylated lipid A is a potent agonist of TLR4. 

Pseudomonas aeruginosa (Pa) hexa-, hepta-, and penta-acylated lipid A are associated with 

different human diseases and elicit diverse strong to weak TLR4 agonist responses. Two 

tetra-acylated molecules from Yersinia pestis (Yp) grown at 37°C (also lipid IVA) and 

Eritoran both result in TLR4 antagonism.
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Figure 2. Representative lipid A structures from E. coli (A) and F. novicida (B)
E coli lipid A is a hexa-acylated, bis-phosphorylated structure associated with highly 

proinflammatory properties. Carbon numbers are given for reference points in the text. F. 
novicida lipid A is a tetra-acylated, monophosphorylated structure with nonstimulatory 

activity through the MD-2/TLR4 complex. The blue acyl chains are C18 added by LpxD1 at 

warm temperatures. At cooler growth temperatures LpxD2 activity is higher resulting in one 

or both (2, 2’) N-linked positions being modified with a C16 addition.[41]
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Figure 3. Pathway to systematic identification of novel lipid A biosynthetic and/or modifying 
enzymes
Species from exotic source libraries (marine, thermal vents, etc.) must first be isolated and 

cultured for LPS and lipid A extraction. By comparing the known lipid A structures and 

their respective biosynthetic pathways to novel structures identified from exotic sources 

predictions can be made about new, unique, or alternative enzymatic functions. Where novel 

enzymes are predicted, homology searches of the available genome(s) can be performed 

using similar enzymes of known function and sequence. Some species may require genome 

sequencing and assembly prior to bioinformatic mining. Homology searches resulting in 
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meaningful predictions can be cloned and exogenously expressed in a model organism and 

further evaluated at the lipid A structural modification level. Homology searches not 

yielding meaningful predictions may lead to gene identifications using a more laborious 

positional cloning approach for the most interesting potential modifying enzymes. Careful 

consideration of atypical growth conditions, unique inducing conditions, and unforeseen 

technical hurdles will be necessary.
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Figure 4. Representative lipid A structures from V. fischeri (A) and B. bacteriovorus (B)
V. fischeri produces mono-phosphorylated lipid A with unusual modifications, including 

secondary phosphoglycerol, lysophosphatidic acyl groups, and phosphatidic acyl groups. 

The amide-linked, β-hydroxyl-substituted C14:1 fatty acyl group at the C-2’ position is, so 

far, unique among Gram-negative bacteria.[110] B. bacteriovorus produces a unique, neutral 

lipid A with α-D-mannopyranose residue substitutions at positions C-1 and C-4’. It also 

incorporates unsaturated and branched chain fatty acyl groups in the lipophilic domain.[111] 

(Red and blue colors were used for contrast only and do not denote any physicochemical 

properties. Bond positioning of terminal attachments are arbitrary.)
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Figure 5. Representative lipid A structures from G. obscuriglobus (A) and Synechococcus sp. 
CC9311 (B)
G. obscuriglobus produces mono-phosphorylated lipid A with unusual modifications, 

including an acidic GalA substitution at the C-4’ position and amide-linked fatty acyl chains 

at the C-3 and C-3’ positions. The ester-linked, β-hydroxyl-substituted myristate group at 

the C-2’ position is a unique finding among Gram-negative bacteria.[112] Synechococcus 
sp. CC9311 produces a rudimentary, tetra-acylated lipid A with no phosphate substitutions. 

It also incorporates at least one unsaturated fatty acyl group in the lipophilic domain and an 

acidic GalA substitution at the C-4’ position, as in G. obscuriglobus.[116] (Red and blue 

colors were used for contrast only and do not denote any physicochemical properties. Bond 

positioning of terminal attachments are arbitrary.)
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