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ABSTRACT

Lipopolysaccharide (LPS) is a major component of the outer membrane (OM) in
Gram-negative bacteria. Due to its location in the outer leaflet of the OM LPS acts as the
first line of defense for the bacterial cell. Overall, LPS provides structural stability while
also facilitating several interactions between the cell and its environment. These roles
include maintaining membrane permeability, providing antibiotic resistance, and
modulating immune responses all of which contribute to overall bacterial survival and
pathogenesis. LPS is composed of three main structural regions consisting of lipid A, the
core oligosaccharide, and the O-antigen. The lipid A region of LPS is the most conserved
portion of LPS that bacteria regularly modify as a response to environmental factors.
Modifications altering to the acylation state or overall charge of LPS, through additions of
charged groups like phosphoethanolamine (PEtN) and 4-amino-4-deoxy-L-arabinose
(Ara4N), alter membrane permeability or increase resistance to cationic antimicrobial
peptides (AMPs) respectively. In addition, LPS recognition by the innate immune response
is facilitated by the lipid A region whereby bacterial modifications modulate LPS
immunogenicity. LPS is recognized by the Toll-like receptor 4/myeloid differentiation
factor-2 (TLR4/MD2) complex where the acylation state and presence of the 1 and 4’-

phosphate groups on lipid A are key for immunogenicity.
This dissertation investigates the structure-activity relationship between lipid A
and immune recognition, detoxification, and bacterial antibiotic resistance. Specifically,

the substrate specificity of intestinal alkaline phosphatase against LPS is determined using



iv

chemically defined LPS chemotypes and demonstrates no appreciable activity against the
key 1- and 4’- lipid A phosphate groups unless acyl chains adjacent to the phosphate
groups are first removed. PEtN modifications on lipid A are demonstrated to enhance
TLR4/MD?2 agonist activity of underacylated LPS chemotypes. A mechanism of polymyxin
resistance in a sub-population of Escherichia coli B is elucidated whereby increased lipid
A modification with AradN due to insertion sequence mediated genome amplifications
drives phenotypic resistance. Finally, the development and evaluation of three
orthogonal assays for bacterial derived LPS degradation (LPS-ase) activity is described,

and their applications are discussed.
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Chapter 1

Introduction to Lipopolysaccharide Structure, Synthesis, Modification, and

Detection by Innate Immunity



OVERVIEW

The cell envelope of Gram-negative bacteria is distinguished by its dual membranes, an
inner membrane (IM) enclosing the cytoplasm and an outer membrane (OM) encapsulating the
cell and shielding it from its environment. Positioned between these membranes is the
periplasm, which houses a peptidoglycan cell wall that is comparatively thin compared to those
found in Gram-positive bacteria (1). While the typical biological membrane consists of a
phospholipid bilayer, the OM of most Gram-negative bacteria is unique in that it is highly
asymmetrical. This asymmetry is due to the localization of the specialized saccharolipid
lipopolysaccharide (LPS), also known as endotoxin, to the outer leaflet where it is the major
component (Fig. 1-1) (1-3). In this position as the outermost component of the cell envelope, LPS

of Gram-negative bacteria facilitates interactions between the cell and its environment.
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Figure 1-1: Lipopolysaccharide biosynthesis. LPS biosynthesis in E. coli is outlined with the
synthesis of lipid A and O-antigen occurring in the IM and flipping to the periplasmic face
occurring by MsbA and an O-antigen flippase respectively. The two components are ligated and
then transported to the OM by the Lpt complex.



As an integral part of the OM, LPS provides structural support and thus stability to the
membrane. Indeed, in most but not all Gram-negative bacteria the absence of LPS is lethal (4).
The functions of LPS in bacteria extend beyond OM stability however, given its location at the
bacterial cell surface it can facilitate interactions with the growth environment and is critical in
many bacterial responses to the environment (5, 6). These roles include maintaining membrane
permeability, providing antibiotic resistance, and modulating immune responses all of which
contribute to overall bacterial survivability and pathogenesis (5, 6).

The overall structure of LPS and the presence of modifications on LPS play an integral role
in modulating the innate immune response and antibiotic resistance. Therefore, this dissertation
seeks to increase our understanding of LPS structure, modification, and
degradation/detoxification as it relates to the recognition of LPS by the innate immune system
via Toll-like receptor 4 (TLR4), and resistance to cationic antimicrobial peptides (CAMPs). Both
interactions are of importance to human health where understanding how LPS modification
affects CAMP resistance is of increasing importance as resistance to our antibiotics of last
defense, such as polymyxins, has been on the rise (7). Additionally, LPS recognized by TLR4 leads
to the release of inflammatory cytokines and an overall pro-inflammatory state. While this
inflammatory state is beneficial in the context of a normal infection, a chronic low-level
inflammatory state can be detrimental. In fact, such a proinflammatory state has clinical
associations with several disease states including insulin resistance, atherosclerosis, obesity, and
non-alcoholic fatty liver disease (8—10). Elevated levels of LPS in the blood, a state called
metabolic endotoxemia (ME), results in this same detrimental inflammatory state (11, 12). LPS,

while typically sequestered to the lumen of the gut can translocate to the serum when the



luminal epithelial barrier becomes more permeable, an effect of high-fat diets (13). Thus as the
prevalence of high-fat diets increases, an understanding of LPS degradation/detoxification
mechanisms provided by the host or by the microbiome will better prepare us to manage these
chronic conditions.

In this chapter | will provide an overview of LPS structure and biosynthesis in Escherichia
coli, primarily focusing on lipid A synthesis known as the Raetz pathway. Additionally, | will discuss
modifications to the lipid A structure focusing on phosphoethanolamine (PEtN) and 4-amino-4-
deoxy-L-arabinose (Ara4N) modifications and how the two-component systems PmrAB and
PhoPQ regulate modification. An overview of host-bacteria interactions mediated by LPS will be
provided and bacterial antibiotic resistance mechanisms facilitated by LPS will be introduced.
Finally, | will discuss areas in which this dissertation work progresses our understanding of LPS

and its roles in bacterial survivability and host-bacteria interactions.

LPS STRUCTURE

LPS consists of three main structural regions: lipid A, the core oligosaccharide, and the O-
antigen (Fig. 1-2B). Lipid A is the hydrophobic portion of the molecule that anchors LPS into the
OM, it is composed of an acylated B-1’-6-linked glucosamine disaccharide. In E. coli, lipid A is
hexa-acylated and the glucosamines are phosphorylated at the 1 and 4’ positions (Fig. 1-2A). Lipid
A acylation is separated into four primary and two secondary acyl chains where two primary N-
linked B-hydroxyacyl chains are attached at the 2 and 2’ positions, and two primary O-linked B-

hydroxyacyl chains at the 3 and 3’ positions (14). The two secondary acyl chains attached to the



B-hydroxy groups of the 2’ and 3’ acyl chains ultimately result in an asymmetrical hexa-acylated
mature lipid A (Fig. 1-2A) (14). The lipid A structure is the most highly conserved region of LPS
although the number and length of acyl chains can vary based on growth conditions and bacterial

species (14).
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Directly linked to the glucosamines of lipid A is the core oligosaccharide, a non-repeating
oligosaccharide that typically contains 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), heptoses,
and additional sugar residues (6, 15). The core oligosaccharides can be further divided into the
inner core and the outer core, where the inner core directly attaches to lipid A and the outer core
consists of the more distal sugar residues that the O-antigen attaches to. The core
oligosaccharide structure is less conserved where the number of certain residues or the addition
of atypical residues may be observed, for example E. coli and Helicobacter pylori have two and
one Kdo residues in the core oligosaccharides respectively (5).

Of the three regions of LPS the O-antigen is the least conserved where the O-antigen itself
is a polysaccharide composed of repeating oligosaccharides. The number of repeats can vary
wildly even at the strain level, in fact some Gram-negative bacteria produce LPS lacking an O-
antigen altogether which is referred to as lipooligosaccharide (LOS) (16, 17), as opposed to
smooth LPS which includes the O-antigen (6). Many laboratory passaged strains, including E. coli
K-12 and B strains studied in this thesis, have acquired mutations in biosynthetic genes involved

in O-antigen and make LPS lacking O-antigen. This chemotype is often referred to as rough LPS.

LPS BIOSYNTHESIS

LPS biosynthesis begins with the construction of lipid A. Synthesis of this highly conserved
region of LPS has been thoroughly studied in E. coli and is named the Raetz Pathway (Fig. 1-3)
(14). Lipid A production occurs in the cytoplasm and is carried out by enzymes coded for by the

Ipx genes. LpxA carries out the first enzymatic activity in this pathway by catalyzing the acylation



of uridine diphosphate-N-acetylglucosamine (UDP-GIcNAc) with a fatty acid, forming UDP-3-O-
acyl-GlcNAc (18). UDP-GIcNAc is a nucleotide sugar coenzyme that is commonly used in the
production of glycolipids. In E. coli, LpxA is selective for the 14 carbon acyl chain B-
hydoxymyristate carried by the acyl carrier protein (ACP), however this specificity can vary, for
example in Pseudomonas aeruginosa a ten carbon chain is preferred (19). Importantly this first
acylation step is not favorable resulting in the second reaction in the pathway being the first
committed step in LPS synthesis (20). The zinc metalloenzyme LpxC catalyzes this irreversible step
where it deacetylates UDP-3-O-acyl-GIcNAc forming UDP-3-O-acyl-GIcN (21). As the first
committed step of the Raetz pathway LpxC is highly regulated and has become a target for LPS
synthesis inhibition (22-24). A second B-hydoxymyristate is added by LpxD following
deacetylation, forming UDP-2,3-diacylglucosamine, again with an acyl-ACP donor specificity (25).
The pyrophosphatase LpxH subsequently cleaves UDP-2,3-diacylglucosamine releasing the UDP
nucleotide carrier and 2,3-diacylglucosamine-1-phosphate also known as lipid X (26). The B-1’-6-
linked glucosamine disaccharide at the center of lipid A is generated by LpxB condensing lipid X
and another UDP-2,3-diacylglucosamine, formed by LpxD, ultimately releasing the second UDP
carrier. Before the pathway continues this tetraacylated lipid A disaccharide is inserted into the
inner leaflet of the IM where phosphate is added at the 4’ position by the kinase LpxK, forming
what is known as lipid IVa (27). The next step in this pathway involves the addition of Kdo residues
to the lipid IVa precursor. This activity is performed by WaaA and as mentioned above, in E. coli
two Kdo moieties are added however the number of Kdo moieties added can vary (5, 14). The
final steps in the Raetz pathway involve the addition of the secondary acyl chains. This activity is

carried out by LpxL and LpxM in a sequential manner whereby LpxM activity is more efficient



after acylation by LpxL but not dependent on it (28, 29). LpxL and LpxM add lauryl and myristoyl
groups on the 2’-B-hydroxyacyl and 3’-B-hydroxyacyl groups respectively (28, 29). Just like LpxA
and LpxD these acyltransferases have a specificity for acyl-ACP donors. The final product of the
Raetz pathway in E. coli is Kdo»-lipid A, also called Re-LPS, and is the precursor for the formation

of LOS after addition of the core sugars.
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Figure 1-3: Overview of the Raetz pathway. Modifications to the preceding structure marked in
red, except for the last step which is color coded in red and blue. Donor melecules are not
displayed. Source: Bertani B, Ruiz N. 2018. Function and Biogenesis of Lipopolysaccharides.
EcoSal Plus 8

The core oligosaccharide of LPS is synthesized in a sequential manner, starting with
construction of the inner core, with the lipid A moiety anchored into the inner leaflet of the IM.
While included in the Raetz pathway the first step in this process is the addition of Kdo residues
onto the disaccharide backbone of lipid A, an activity catalyzed by WaaA. WaaA is one of several
glycosyltransferases encoded for by the waa gene cluster which oversees the construction of the
entire oligosaccharide core. The enzymes WaaA, WaaC, WaaF, WaaP, WaaQ, and WaaY build the
inner core in a sequential manner whereby WaaC, WaaF ,and WaaQ are glycosyltransferases that
add L-glycero-D-manno-heptose groups and WaaP and WaaY are kinases that add phosphate
groups to the heptose residues added by WaaC and WaaF respectively (15, 30, 31). The overall
structure of the inner core is relatively well conserved within E. coli strains unlike the outer core
which can vary from strain to strain resulting in various “core types”. Briefly, in E. coli strains with
the K-12 core type the outer core synthesis is handled by WaaG, WaaO, WaaB, Waal, and WaaU
glycosyltransferases which add glucose, galactose (WaaB), and heptose (WaaU) groups. Of note
is the conservation of activity in the first step of outer core synthesis, regardless of core type in
E. coli or Salmonella, there is the addition of a glucose group to the second inner core heptose
group, catalyzed by WaaG (30).

Before addition of the O-antigen, in strains that do add one, the final product of core

synthesis, core-lipid A, is flipped from the cytoplasmic leaflet of the IM to the periplasmic leaflet

by the inner membrane flippase MsbA, a member of the ATP-binding cassette (ABC) transporter
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superfamily (Fig. 1-1) (32). Once in the outer leaflet of the IM core-lipid A awaits additional
modifications and/or the addition of the O-antigen. As previously mentioned, the O-antigen is
highly diverse resulting in a wide-variety observed in Gram-negative species where even within
E. coli strains over 200 different variants have been identified (33). Unlike the core
oligosaccharide, the O-antigen is synthesized independently of the rest of LPS and then
transferred onto the core-lipid A structure in the periplasm. O-antigen synthesis begins in the
cytoplasm with sugar residues attached to the lipid carrier undecaprenol pyrophosphate (Und-
PP) (34). The resultant sugar-Und-PP acts as an acceptor for additional sugar transfers (17) before
ultimately being flipped to the periplasmic leaflet of the IM. O-antigen polymerization can occur
either before or after the flipping action and this differs based on the pathway with which the
bacterium utilizes to form the O-antigen. The three pathways include the Wzy-dependent
pathway, ABC-dependent pathway, and the synthase-dependent pathway. The Wzy-dependent
pathway involves the transfer of Und-PP-O-antigen subunits to the periplasmic face before
polymerization onto a single Und-PP carrier (17, 35, 36). In contrast, the ABC-dependent pathway
involves the complete polymerization of the O-antigen in the cytoplasm before flipping to the
periplasmic face by an ABC transporter (17, 37). The final pathway is the least understood and
currently is relegated to a single example found in Salmonella enterica serovar Borreze (rfbO:54)
(38, 39). However, it is believed that the synthase (WbbF) both polymerizes and flips the O-
antigen across the IM (38-40). Regardless of which pathway is utilized the O-antigen polymer is
ligated to the awaiting core-lipid A by Waal ligase (14, 41). Finally, the completed LPS molecule
is transported to the OM via the LPS transport (Lpt) system. Briefly, the Lpt system is a seven-

subunit protein complex that bridges the OM and IM, whereby, in an ATPase-dependent
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mechanism, it transports multiple LPS molecules from subunit to subunit referred to as the “PEZ”

model (Fig. 1-1) (42-45).

LIPID A MODIFICATIONS AND REGULATION

Avariety of LPS structures can be observed from different bacteria solely due to variations
in the LPS synthesis pathway, however bacteria will additionally alter the LPS and lipid A structure
as a response to environmental factors. These modifications typically involve altering the acyl
chains, phosphate groups or sugar backbone of lipid A and the core oligosaccharide. Adding to
this variety is the non-stoichiometric addition of modifications, so even LPS synthesized by a
single strain is not entirely uniform. Here | will introduce a few key LPS modifications and their
regulation in E. coli and other enterobacteria (Fig. 1-2A).

Acyl chain modifications to lipid A involve addition or removal of fatty acids by enzymes
in the outer membrane. These include the enzymes LpxR, Pagl, and PagP where Pagl is not found
in E. coli (46—48). Pagl is a lipase that removes the O-linked B-hydroxyacyl chain at position 3 of
lipid A (48). Similarly, LpxR deacylates lipid A via the removal of the O-linked B-hydroxyacyl chain
at position 3’ of lipid A, additionally removing any secondary acyl chains bound to it. Interestingly,
while homologs of IpxR can be found in E. coli strains it is relegated to pathogenic strains such as
E. coli 0157:H7 where it is regulated with virulence factors and plays a role in modulating the
host immune response (49). Lastly the acyltransferase PagP alters the acylation state of lipid A

via the addition of a palmitate to the hydroxy group of the N-linked B-hydroxyacyl chain at
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position 2 of lipid A, producing an hepta-acylated lipid A implicated in survival in harsh
environments (50-53).

In addition to variation to the acylation state of lipid A, modifications can also be utilized
to change the electrostatic charge of the molecule. Charge alteration is carried out via additions
to the diglucosamine backbone of lipid A, typically on the 1- and 4’- phosphates and these
modifications take place in the IM before transport to the OM via the Lpt system. Of note are the
enzymes LpxT, EptA, and ArnT all of which alter the charge of LPS via additions to lipid A
phosphates. LpxT is a kinase that adds a second phosphate group to the 1-phosphate of lipid A
and utilizes Und-PP as a substrate, overall increasing the negative charge of the lipid A (54, 55).
EptA and ArnT decrease the negative charge of lipid A by addition of positively charged groups
PEtN and Ara4N respectively. PEtN modification by EptA is carried out via transfer of PEtN from
phosphatidylethanolamine to either the 1- or 4’- phosphate on lipid A, and this addition can occur
twice resulting in a PEtN modification at both positions (56-59). In a similar fashion, PEtN
modifications can be added to Kdo or the directly attached heptose sugar by the activity of EptB
and EptC respectively. Meanwhile, ArnT is encoded for by a gene, arnT, in the arn operon which
together converts and transfers UDP-glucose in the cytoplasm to the ArnT substrate Und-P-
AradN in the IM, whereby ArnT then transfers the Ara4N from Und-P to lipid A (60-64).

All the above-mentioned modification systems play significant roles in the bacterial
response to environmental conditions. Lipid A modification can change the electrostatic charge,
hydrophobicity, and rigidity of the OM adjusting the cells to their living environment. These
activities are thusly regulated by bacteria, and in the case of the aforementioned modification

systems they are all regulated, directly or indirectly, by the two component systems (TCS) PhoPQ
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(46, 65) and PmrAB (66, 67). These TCS systems consist of a sensor kinase (PhoQ and PmrB) that
responds to extracellular signals through autophosphorylation of a histidine residue. The
phosphate is subsequently transferred to a related response regulatory protein (PhoP and PmrA).
The regulatory protein then turns on and off gene expression in a phosphorylation dependent
manner. The PhoPQ system is primarily involved in sensing environmental stimuli such as acidic
pH, low concentrations of divalent cations such as Mg?*, and antimicrobial peptides (AMPs) (65,
68—73). PhoQ contains three regions spanning the IM consisting of cytoplasmic, transmembrane,
and periplasmic domains. The periplasmic domain is essential for sensing divalent cations and
cationic AMPs and the cytoplasmic domain senses pH changes activating PhoQ (74, 75). Once
activated PhoP is phosphorylated and it upregulates transcription of pagP and pagl and indirectly
regulates eptA and the arn operon via pmrD (76, 77). PmrD is an adapter protein that couples the
PhoPQ system and the PmrAB system by binding to and protecting the phosphorylated PmrA
response regulator from dephosphorylation (78). PmrB is the sensor kinase of the PmrAB system
and it responds to changes in metal concentrations in the periplasm, such as Fe3*, and acidic pH
(67,79, 80). Activated PmrB phosphorylates PmrA which directly upregulates the arn operon and
eptA resulting in increased levels of lipid A modification and an overall increase in negative charge
in the OM. In tandem with this, phosphorylated PmrA also upregulates PmrR, a small protein that
inhibits the activity of LpxT thusly decreasing its contribution of negatively charged phosphate.
The resulting increased positive character of the OM limits the amount of Fe3* that enters the
periplasm and thus tunes the PmrAB response. While PhoPQ and PmrAB are TCS utilized by many

bacteria to regulate LPS modifications they are not an exhaustive list and other TCS are also
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utilized. For example, the ArcAB TCS is also utilized by Salmonella strains where it responds to

oxygen availability (81).

LPS ROLES IN MEMBRANE PERMEABILITY AND ANTIMICROBIAL RESISTANCE

For survival it is important for bacteria to be able to respond to environmental stressors
and the modifications of LPS is a powerful mechanism by which Gram-negative bacteria do so. A
large component to this response is alteration of the OM permeability, as LPS is a major
component of the outer leaflet of the OM. The stability of the outer membrane can thus be tied
to the rigidity with which LPS is packed. LPS or LOS is effective permeability barrier against small,
hydrophobic molecules that would otherwise cross phospholipid bilayers including antibiotics
and bile salts (82, 83). This ability is in part because of its amphipathic nature as the lipid A portion
provides hydrophobic character limiting entry of hydrophilic compounds. The effectiveness of
the barrier is reliant on sufficient packing of LPS, driven in part by the hydrophobic interaction of
acyl chains in lipid A but also by electrostatic interactions between phosphate in the core and on
lipid A. Typically cations such as Mg?* act as charge bridges between the otherwise repulsive
phosphate groups (82, 83). However, in the case of growth in Mg?* limiting conditions these
phosphates can repel each other decreasing membrane stability (84). As described above
bacteria utilize the PhoPQ system to recognize this detrimental environmental condition and
adjust the membrane permeability by increasing the overall positive charge of LPS via addition

of positively charged Ara4N and PEtN groups by ArnT and EptA/B/C, respectively (84).
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AMP resistance is strongly tied to the OM permeability in Gram-negative bacteria (85—
87). While the unmodified LPS structure provides protection against a variety of antibiotics,
cationic AMPs leverage the electrostatic attraction between the compound and the negatively
charged LPS to interact. In the example case of polymyxins, a clinically important class of
antibiotics, positively charged amino acid side chains mediate interaction with the negatively
charged groups of LPS. This promotes penetration of the hydrophobic acyl portion of the peptide
into the membrane. This activity disrupts the OM and subsequently allows for further
interactions with lipid A in the IM, leading to cell lysis (88—90). Resistance mechanisms involving
LPS center around modifications that alter the charge state of LPS. Here again we see the
effectiveness of adding positively charged groups on to the lipid A structure (ArnT/EptA) as
regulated by PhoPQ/PmrAB. However, in addition to these modification methods some
pathogenic bacteria, such as Helicobacter species, will dephosphorylate the 1- and/or 4’-
phosphates of lipid A via the phosphatases LpxE and LpxF respectively (91, 92). Regardless of
method, modifications of the lipid A structure resulting in decreased negative charge contributes

to increased polymyxin resistance.

LPS ROLES IN INNATE IMMUNITY

As LPS adorns the surface of many Gram-negative pathogens our immune systems have
adapted to readily recognize it as a microbe -, or pathogen -, associated molecular pattern
(MAMPs or PAMPs) and thusly responds aggressively to it (93). Host responses to LPS can indeed

be so strong as to be toxic (sepsis), hence the alternative name of endotoxin for LPS. This
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response is mediated by engagement of MAMPs by pattern recognition receptors (PRR) on a
variety of cells, including macrophages and adipocytes, triggering the release of pro-
inflammatory cytokines (13, 94). An essential PRR for LPS detection is the Toll-like receptor
4/myeloid differentiation factor-2 (TLR4/MD2) complex which has adapted to recognizing lipid
A, the most highly conserved region of LPS (93, 95). Recognition begins with binding of LPS to
LPS-binding protein (LBP) and cluster of differentiation 14 (CD14) and transfer to TLR4/MD2 (95,
96) whereby the hexa-acylated, bis-phosphorylated lipid A structure, like that produced by E. coli
and Salmonella, is highly immunogenic (97-99). The resultant signaling cascade induced by
TLR4/MD2 stimulation occurs in one of two pathways, a myeloid differentiation primary response
protein 88 (MyD88) dependent pathway or an MyD88 independent pathway (TIR domain-
containing adaptor inducing interferon-p (TRIF) dependent pathway) (100-102). Recruitment of
MyD88 and TRAM to the TIR domain of TLR4 results in the production of pro-inflammatory
cytokines such as TNFa and IL-6 via NFkB activation (103). The TRIF dependent pathway is
undertaken when the TLR4/MD2 receptor is endocytosed and the TRIF and TRAM protein
adaptors are recruited intracellularly, leading to production of type | interferons and late
activation of NFkB (100). The diversity of lipid A chemotypes leads to varying ability to trigger an
immune response by TLR4/MD2 (93). Many bacteria take advantage of this to evade the immune
response by modifying lipid A in ways that alter the classical immunogenic structure (hexa-
acylated and bis-phosphorylated). For example, pathogens such as H. pylori and Yersinia pestis

will produce underacylated lipid A to facilitate immune evasion and colonization (104, 105).
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OVERVIEW OF CHAPTERS IN THIS WORK

LPS structure and modifications to it have clearly been shown to play a significant role in
bacterial survival and immune evasion. In particular modifications to the lipid A structure have a
direct and measured impact on cationic AMP resistance and TLR4/MD2 recognition. The work
described herein seeks to further advance our understanding of the interplay between lipid A
modification, antibiotic resistance, and host-microbe interactions.

Chapter 2 focuses on two facets of microbe-host interactions, in the pursuit of combating
ME and thus ameliorating the associated chronic disease states. Firstly, | investigate host
methods of LPS detoxification. There are two mammalian host-derived enzymes proposed to
detoxify LPS, acyloxyacyl hydrolase (AOAH) (106) and alkaline phosphatase, particularly intestinal
alkaline phosphatase (IAP) (107-109). While AOAH detoxifies LPS via removal of the secondary
acyl chains, IAP is thought to directly dephosphorylate the lipid A phosphates. The chapter
evaluates the substrate specificity of IAP on more chemically defined chemotypes of LPS. In
addition, we evaluate the role PEtN modifications play on TLR4/MD2 signaling.

Chapter 3 investigates polymyxin B resistance in E. coli, more specifically we investigate a
potential mechanism of heteroresistance in E. coli B strains. | describe a mechanism of resistance
mediated by chromosomal amplifications of the genome containing the arn operon. These
amplified regions of the genome are found to be bookended by insertion sequence elements,
and the amplification itself dependent on their presence. Ultimately the sub-population found to
have the amplicons displayed increased levels of Ara4N modification and a polymyxin B (PMB)

resistance phenotype.
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Finally, chapter 4 describes my efforts to develop a screen for bacterial derived LPS
degradation enzymes (LPS-ases) as microbe derived LPS degrading activity could also be utilized
to combat ME. Additionally, even though LPS is a highly abundant, high-energy molecule there
are no known bacterial derived enzymes for its recycling. Here | describe the development and
utilization of an enzyme-linked immunosorbent assay, SDS-PAGE, and autoradiographic assay to

screen a variety of bacterial strains for LPS-ase activity.
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ABSTRACT

Lipopolysaccharide (LPS) from the Gram-negative bacterial outer membrane potently
activates the human innate immune system. LPS is recognized by the Toll-like receptor 4/myeloid
differentiation factor-2 (TLR4/MD2) complex, leading to the release of pro-inflammatory
cytokines. Alkaline phosphatase (AP) is currently being investigated as an anti-inflammatory
agent for detoxifying LPS through dephosphorylating lipid A, thus providing a potential treatment
for managing both acute (sepsis) and chronic (metabolic endotoxemia) pathologies wherein
aberrant TLR4/MD?2 activation has been implicated. Endogenous LPS preparations are chemically
heterogeneous, and little is known regarding the LPS chemotype substrate range of AP. Here, we
investigated the activity of AP on a panel of structurally defined LPS chemotypes isolated from
Escherichia coli and demonstrate that calf intestinal AP (clAP) has only minimal activity against
unmodified enteric LPS chemotypes. Inorganic phosphate was only released from a subset of LPS
chemotypes harboring spontaneously labile phosphoethanolamine (PEtN) modifications
connected through phosphoanhydride bonds. We demonstrate that the spontaneously
hydrolyzed O-phosphorylethanolamine is the actual substrate for AP. We found that the 1- and
4’-lipid A phosphate groups critical in TLR4/MD2 signaling become susceptible to hydrolysis only
after de-O-acylation of ester linked primary acyl chains on lipid A. Furthermore, PEtN
modifications on lipid A specifically enhanced hTLR4 agonist activity of underacylated LPS
preparations. Computational binding models are proposed to explain the limitation of AP
substrate specificity imposed by the acylation state of lipid A, and the mechanism of PEtN in

enhancing hTLR4/MD2 signaling.
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INTRODUCTION

Low-grade systemic inflammation associated with a number of metabolic syndromes has
been proposed to originate from bacterial flora (1-7). Bacterial products (microbe-associated
molecular patterns, MAMPs, or pathogen-associated molecular patterns, PAMPs) from the
intestinal flora are normally contained within the lumen by the intestinal epithelium layer.
However, high fat diets, obesity, and inflammatory bowel diseases help increase the permeability
of the intestinal mucosal barrier, allowing luminal contents to breach containment and enter the
blood stream. MAMP engagement by pattern recognition receptors (PRR) on target cells triggers
the release of pro-inflammatory cytokines, setting a low-grade systemic inflammatory tone (8,
9). Inflammation and oxidative stress is further accelerated by adipose tissue deposits, which can
directly respond to MAMPs as well and secrete pro-inflammatory adipocytokines (10, 11). A
central PRR-MAMP pair in these processes is the Gram-negative bacterial outer membrane (OM)
component lipopolysaccharide (LPS or endotoxin) and the Toll-like receptor 4/myeloid
differentiation factor-2 (TLR4/MD2) complex. Collectively termed metabolic endotoxemia (ME),
elevated serum endotoxin levels and the ensuing aberrant TLR4/MD2 activity have been
associated with the complications of metabolic diseases (6, 12). So far LPS constitutes the only
known bacterial MAMP that can induce obesity as well as insulin resistance when infused
subcutaneously into mice (2, 13). Thus, preventing ME through degradation and detoxification of
LPS offers a potential therapeutic strategy for managing the onset, severity, and progression of

ME (14).
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According to the endotoxin principle, the 1- and 4’- lipid A phosphates of LPS are critical
for biological activity as chemically dephosphorylated lipid A congeners weakly stimulate
TLR4/MD2-directed pro-inflammatory cytokine release (15). Alkaline phosphatase (AP) has thus
far received the most attention as a potential tool to detoxify LPS and attenuate inflammation
through lipid A dephosphorylation (16-19). Recombinant AP is currently being examined in
multiple clinical trials to treat a host of chronic (ME) or acute (sepsis) inflammatory conditions
where endotoxin-induced inflammation is a suspected component of the underlying pathology
(20-22). There are four AP encoding genes in humans, three of which demonstrate tissue specific
expression [intestinal AP (IAP, ALPI), placental or embryonic AP (PLAP, ALPP) and germ cell AP
(GCAP, ALPPL2)] along with a tissue nonspecific AP (TNAP, ALPL) isoform (23, 24). IAP, being a
native defense factor within the intestinal mucosal brush border, is a particularly promising
therapeutic candidate as the anti-inflammatory mechanism of IAP has been attributed in part to
the direct dephosphorylation of LPS (22, 25-30). Presumably, IAP hydrolyses critical phosphates
from lipid A involved in TLR4/MD2 recognition, although structural characterization of the IAP
dephosphorylated LPS product has not hitherto been reported (31, 32). IAP activity to this point
has instead been indirectly evaluated through the release of inorganic phosphate using variants
of the molybdate malachite green assay (33), in tandem with the apparent loss of biological
activity. The potential LPS chemotype substrate specificity spectrum is unknown, as is the
unanswered question of which of the many phosphate groups present on LPS are actually subject
to dephosphorylation by IAP.

LPS from Escherichia coli possesses among the highest endogenous endotoxin activity and

can be non-stoichiometrically modified with a variety of moieties. Variations in LPS acylation
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state, saccharide core, and phosphorylation patterns could conceivably affect IAP recognition
and processing. Of note, E. coli converts the 1- and 4’- lipid A phosphate groups from
phosphomonoesters into phosphodiesters upon addition of phosphoethanolamine (PEtN) and 4-
amino-4-deoxy-L-arabinose (Ara4N) residues. PEtN and Arad4N addition are governed by a
complex network of alternative transcription factors, two component systems, and regulatory
RNAs (34). In Salmonella enterica, the regulators controlling LPS remodeling with PEtN/Ara4N are
in the mouse intestinal lumen environment (35). These regulatory systems could thus not only
enable bacterial survival, but also block IAP-mediated LPS detoxification.

Given the complex and structurally heterogeneous nature of LPS (36, 37), previous work
done in the Meredith lab sought to determine IAP substrate specificity using a panel of defined
LPS chemotypes isolated from E. coli. A highly purified E. coli B LPS feedstock sample was first
isolated using an extended isolation protocol that included specific steps to remove phospholipid
and nucleic acid contaminants that could contribute to background phosphate release. E. coli B
was chosen as the parent LPS strain source firstly because of a native insertion sequence element
within the outer saccharide core waaT gene, encoding for a UDP-galactose:(glucosyl) LPS a1,2-
galactosyltransferase glycosyltransferase, that truncates the LPS to a structure of relatively low
complexity (38, 39), and secondly for the high levels of endogenous PEtN and Ara4N
modifications observed when this strain is grown in standard rich medium (40). Analysis by mass
spectrometry confirmed a highly PEtN/Ara4N-substituted LPS, with an average total phosphate
content of between 4 to 5 Pi equivalents per molecule of LPS (41). Calf intestinal alkaline
phosphatase (clAP) was initially tested with LPS preparations from wildtype E. coli B LPS for

phosphate release using the inorganic phosphate specific malachite green assay (41). While
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phosphate release was readily detected, the amount plateaued well short of the total LPS-
associated phosphate input (~25 uM LPS with 100-125 uM total phosphate). Since there are
multiple tissue specific AP isoforms (23, 24), a panel of commercially available APs was tested to
determine if a more robust phosphate release could be realized. However, all APs (including
human intestinal alkaline phosphatase, hALPI) demonstrated a plateau similar to clAP even after
a prolonged 96-hour incubation period (41). Varying reaction conditions by adding bile salts to
act as detergent, bovine serum albumin, 10% whole serum, or extensive pre-sonication of LPS
vesicles did not appreciably enhance the amount of phosphate released. Detection of inorganic
phosphate was completely dependent on inclusion of AP. This suggested that only a fraction of
the total LPS phosphate content was subject to hydrolysis, irrespective of either the AP isoform
or presence of de-aggregation agents (41).

To determine which LPS phosphate group(s) was being released, the assay was repeated
using a structurally defined Re LPS chemotype as substrate. Re LPS extracted from E. coli TXM333
lacks all sugars but Kdo (3-deoxy-a-b-manno-oct-2-ulosonic acid) from the saccharide core due
to deletion of the b-sedoheptulose 7-phosphate isomerase gene IpcA (gmhA) as well as all types
of PEtN/Ara4N modifications on lipid A due to deletions in the respective biosynthetic genes
eptA/arnA. Re LPS was extensively purified as described above for wildtype, and analysis by MS
confirmed a nearly homogeneous population of the Re chemotype (41). In striking contrast to
wildtype LPS, no phosphate was liberated from Re chemotype when incubated under identical
conditions (41). This indicated inefficient cleavage of core lipid A phosphates by APs, and that the
phosphate liberated from wildtype LPS likely originates from either lipid A PEtN or saccharide

core modifications attached distal to Kdo residues.
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PEtN groups are added in nonstoichiometric amounts to LPS at three distinct positions by
a set of related membrane-bound transferases: i.) EptA onto either lipid A phosphate (42), ii.)
EptB onto Kdoll (43), oriii.) EptC onto phosphorylated Hepl (L-glycero-b-manno-heptose) (44). A
panel of deletions in eptA was constructed since this transferase can add PEtN to both
phosphates of lipid A. Indeed, the amount of phosphate released was closely correlated with the
presence of EptA, and plasmid-borne EptA alone restored phosphate release when testing Re LPS
chemotype as substrate (41). Deletion of arnA, which modifies lipid A phosphate groups with
Ara4dN (45), alone or in tandem with eptA had minimal influence on phosphate release.

While phosphate installed by EptA accounted for the bulk of the total released, significant
amounts of phosphate (up to ~30% of the total) was still liberated from LPS chemotypes isolated
from AeptA strain backgrounds (41). This suggested some of the detected phosphate originated
from the saccharide core as well. Phosphate liberation from LPS chemotypes produced by strains
harboring various combinations of eptA/B/C was thusly tested (41). All strains were AarnA to
limit any variability arising from substrate competition by ArnA with EptA. Since the native
promoters of each of the PEtN transferases is subject to complex regulation, constructs with
constitutive promoters were used to achieve comparable high-level PEtN modification levels as
assessed by MS (41). Next to AeptA, the least amount of phosphate release was detected from
LPS extracted from strains lacking EptC and WaaP, the Hepl kinase that forms the P-Hepl acceptor
substrate utilized by EptC (46). Overexpression of EptC, but not EptB, enhanced phosphate
release although the amount remained well below EptA. The data collectively suggested that
EptA installs most of the total labile phosphate pool in E. coli wildtype LPS, with EptC making a

minor contribution while the phosphate content added by EptB is stable to hydrolysis (41).
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With the knowledge that phosphate release via AP is specifically dependent on LPS
chemotypes modified with PEtN groups EptA or EptC, we sought to determine whether AP
directly releases phosphate from PEtN attached to LPS. Herein | investigate the role PEtN
modifications play in the observed phosphate release post incubation with clAP, determine the
minimal LPS structure wherein clAP can hydrolyze the lipid A bound phosphate groups, and
examine how PEtN modifications alter TLR4/MD2 response. In summary, we demonstrate that
PEtN attached to LPS by a phosphoanhydride bond by EptA spontaneously hydrolyzes at neutral
to basic pH to release free PEtN, which in turn generates the actual substrate for clAP. The lipid
A bound phosphate groups that are critical to TLR4/MD2 signaling only become susceptible to
IAP activity after de-O-acylation of ester linked primary acyl chains on lipid A. Importantly, LPS
with PEtN covalently attached to lipid A on the 1- and 4’- lipid A phosphates through
phosphoanhydride bonds stimulates TLR4/MD?2 signaling activity in comparison to congeners
lacking PEtN. The extent of TLR4/MD2 stimulation by PEtN modifications on lipid A is enhanced
with decreasing acylation states and converts the otherwise antagonist tetra-acylated lipid 1Va
ligand into a weak agonist. Computational binding models are applied to explain the substrate
specificity of IAP, as well as the effects of PEtN modification on lipid IVa binding to human and
murine TLR4/MD?2 receptors. The apparent inability for IAP to dephosphorylate the critical lipid
A backbone phosphates in fully acylated substrates suggests the physiological role of IAP in
suppressing LPS induced inflammation does not involve dephosphorylation of LPS as has
previously been proposed (25-30) and alternative models besides TLR4/MD2 regulation are

discussed.
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RESULTS

PEtN release from LPS is spontaneous

The PEtN groups attached by EptA and EptC are both connected by a phosphoanhydride
bond, while EptB installs a typical phosphodiester bond at Kdoll. The data thus supported one of
three scenarios, wherein either: i.) clAP specifically recognizes PEtN residues attached by
EptA/EptC, ii.) clAP only cleaves phosphoanhydride linked PEtN groups, or iii.) PEtN connected
through a phosphoanhydride bond spontaneously hydrolyzes to free O-PEtN monoester that
then supplies the actual substrate for clAP. We initially suspected the third scenario, given the
reactivity of high-energy phosphoanhydride bonds and the fact that the majority of characterized
AP substrates are phosphomonoesters (23, 47). To test for non-enzymatic hydrolysis, Re LPS
modified with phosphoanhydride linked PEtN added by EptA (from TXM343) was incubated with
or without clAP, extracted, and analyzed by MS for doubly modified, singly modified, and
unmodified Re LPS (Fig. 2-1). Reactions were performed within dialysis tubing and continuously
dialyzed to prevent any potential product inhibition by liberated inorganic phosphate. PEtN
hydrolysis was monitored by a mass shift of Am = 123 u, which corresponds to a single PEtN
residue. While the total PEtN content clearly decreased after incubation (buffer pH=7.1, 16
hours) when compared to directly injected samples, the MS profile of mock-treated Re LPS was

nearly indistinguishable from clAP-treated samples (Fig. 2-1, middle and bottom panels).
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Figure 2-1: MS analysis of EptA-modified Re LPS. Re LPS was extracted from TXM343 [/pcA::gentR
eptA::catR arnA::kanR (pSEVA434-eptA)] and analyzed by MS. Samples were either directly
analyzed (top panel), or incubated for 16 hours at 37 °C in buffer [100 pg/ml substrate, 50 mM
Tris-HCI (pH = 7.1), 100 mM NaCl, 1 mM MgCl, 20 uM ZnCl,] alone (mock) or with clAP (4 U/ml).
Reactions were assembled within dialysis tubing and continuously dialyzed against buffer to
remove potentially inhibitory inorganic phosphate product. Masses in italic type represent
sodium adducts (Am = 22 u), while those marked with a green star account for a difference of
Am = 14 u, consistent with a methylene unit (-CH-). Done in collaboration with Gloria Komazin
and MS analysis carried out by Nicholas Gisch.

To confirm spontaneous (i.e. non-enzymatic) hydrolysis, we examined a second set of

PEtN-modified chemotypes with a more homogenous composition since quantitative

comparison of Re LPS MS peaks is complicated by multiple glycoforms within the same

population. We previously had constructed a mutant E. coli strain that elaborates only lipid 1Va,

a chemotype lacking glycosylation with uniform 3-OH-C14:0 tetra-acylation, that remains viable
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due to suppressor mutations in LPS transport systems (48, 49). By introducing pEptA into this
genetic background, we obtained PEtN-modified lipid IVa substrate preparations with 2-PEtN, 1-
PEtN, or unmodified lipid 1Va (Fig. 2-2A). When assayed for phosphate release, a nonlinear
correlation between the amount of released inorganic phosphate and the units of clAP added
was observed well before the total amount of input PEtN-linked lipid IVa phosphate should
become rate limiting (Fig. 2-2B). This is consistent with an initial slower, non-enzymatic hydrolytic

step preceding clAP catalysis, namely the putative dephosphorylation of free PEtN.
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Figure 2-2: Hydrolysis of phosphoanhydride linked PEtN-lipid IVa is spontaneous and pH
dependent. (A) MS analysis in the negative anion mode of lipid IVa isolated from GKM446
(AeptAAgutQAkdsDAlpxLAlpxMAlpxPApagP + pEptA). The structure of lipid IVa modified with two
PEtN residues in non-stoichiometric amounts at C1-GlcNI and C4'-GIcNIl when EptA is expressed
is indicated (purple). Masses in italic style represent sodium adducts (Am = 22 u), differences
marked with a green star account for a difference of Am = 14 u, consistent with a methylene unit
(-CH»-). (B) Phosphate release was measured as a function of increasing concentrations of clAP

after incubation for 6 hours at 37 °C [100 pg/ml PEtN-lipid IVa substrate, 50 mM Tris-HCl (pH =
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8.25), 100 mM NaCl, 1 mM MgCl;, 20 uM ZnCl;] using PEtN-lipid IVa substrate isolated from
GKM446. Phosphate was measured using the malachite green assay, and data are representative
of two independent experiments conducted in triplicate with the error bars showing SDs. (C)
Either lipid IVa alone (ClearColi® K-12 GKM445 AeptAAgutQAkdsDAIpxLAIpxMAIpxPApagP) or with
PEtN added by EptA (GKM446 AeptAAgutQAkdsDAIpxLAIpxMAIpxPApagP + pEptA) was incubated
for 48 hours at 37 °C in MOPS-Tris buffer [100 ug/ml substrate, 50 mM MOPS/50 mM Tris
(adjusted to pH 6.5, 7.4, or 8.5), 100 mM NaCl, 1 mM MgCl,, 20 uM ZnCl,), and then treated with
clAP (10 U/ml clAP) to release inorganic phosphate form spontaneously hydrolyzed PEtN.
Phosphate was quantified using the malachite green assay. (D) Lipid IVa species were hydrolyzed
for 48 hours in MOPS-Tris buffer at the indicated pH as described in (C) except samples were
isolated by extraction before separation by TLC. Total lipid was visualized by sulfuric acid charring.
Done in collaboration with Gloria Komazin

Hydrolysis of phosphoanhydride-linked PEtN from LPS is pH dependent

We next tested the stability of PEtN linkages attached by EptA on lipid IVa by incubation
in buffer at defined pH (Fig. 2-2C). Liberated PEtN was indirectly quantified by adding excess clAP
at the end of the incubation period and measuring inorganic phosphate levels using the malachite
green assay. The extent of phosphate released increased as the pH of the pre-incubation buffer
was raised, consistent with a base-labile phosphoanhydride bond. Hydrolysis was minimal at
acidic pH, an environmental condition that naturally induces eptA expression and lipid A
modification with PEtN in E. coli and Salmonella enterica (50, 51). We repeated the incubation a
second time, except samples were not treated with clAP and the resulting lipid IVa population
was extracted and separated by TLC for visualization by sulfuric acid charring (Fig. 2-2D).
Unmodified lipid IVa was stable across the entire pH range tested, whereas the dually modified
2-PEtN lipid IVapopulation disappeared with a concomitant increase in free lipid IVa as hydrolysis
incubation conditions became more basic.

We hypothesized that the released O-PEtN monoester is the actual substrate of clAP. To

support this theory, we directly tested O-PEtN as a substrate for clAP and hALPI (Fig. 2-3A).
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Typical Michaelis-Menten kinetics (Km of 173 + 27 uM and Vmax of 1.09+ 0.05 puM/min for clAP
and Ky of 197456 uM and Vmax of 1.05+0.1 uM/min for hALPI) were observed for both enzymes
with O-PEtN as substrate. Using the crystal structure of the highly homologous rat IAP ortholog
(~70% identity with clAP across 486 non-gapped residues) as a model (52), O-PEtN can be readily
accommodated within the substrate binding pocket in the active site (Fig. 2-3B). This is in contrast
to modeling of fully acylated lipid A as the putative IAP substrate (see below). This data, in
combination with the qualitative MS results using PEtN-modified Re LPS (Fig. 2-1) and the TLC
analysis of lipid IVa (Fig. 2-2), supports a two-step mechanism whereby clAP catalyzes phosphate
release from spontaneously hydrolyzed O-PEtN that had initially been bound to LPS in a labile

phosphoanhydride linkage.
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Figure 2-3. O-Phosphorylethanolamine (O-PEtN) is a substrate for clAP. (A) The rate of inorganic
phosphate released by calf intestinal alkaline phosphatase (clAP, 0.04 U/ml, green) or human
intestinal alkaline phosphatase (hALPI, 0.17 ug/ml, purple) was measured as a function of O-PEtN
substrate concentration (0 to 2000 uM) using the malachite green assay. Reactions were
incubated in 50 mM Tris-HCI buffer (pH 8.25), 100 mM NaCl, 1 mM MgCl,, and 20 uM ZnCl; at 37
°C and stopped by adding malachite green reagent at either time 0, 5, 10, 15, 20 or 30 minutes.
Data using O-PEtN as substrate was fit using the standard Michaelis-Menten equation (Km of
173427 BM and Vmax of 1.094£0.05 BM/min for clAP and Km of 197+56 UM and Vmax of 1.05+0.1
uM/min for hALPI). Data are plotted as an average of at least two independent experiments
conducted in duplicates with error bars showing SDs. (B) Display of O-PEtN at a mammalian AP
active site. The surface was computed for rat IAP (4KJD.pdb, 4KJG.pdb) (52). While the PEtN
position was computed, the phosphate and phenol fragment (a substrate analog) take their
locations from observed phosphatase co-crystal structures (52). They were merged into all
models as reference to validate the computed poses of equivalent mono-phosphorylated
glucosamine rings of lipid A (see Fig. 2-6). Stick colors: orange P, red O, blue N, yellow C of para-
nitro-phenol (substrate analog) and white H and magenta C atoms of PEtN. Surface colors reflect
positive (blue) or negative (red) partial charges from functional residue groups. More nonpolar
(neutral, mostly aliphatic) zones of amino acids show fading colors while deeper blue or red
colors symbolize increasing positive or negative charge densities (53). Smaller bright and dark
shading imitate light reflection and shadows in space for three-dimensional impression. Two of
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the three metal ions are partially visible (grey: Zn%*, green Mg?*). The locations of the cleavage
sites of ECAP (5TJ3.pdb) and rat IAP (4KJD.pdb) can be brought on the same footage guided by
the superposition of their phosphates and catalytic residues (not displayed).
clAP directly releases inorganic phosphate from de-O-acylated lipid A chemotypes

The recalcitrance of all LPS chemotypes thus far tested to being directly
dephosphorylated by clAP suggested that steric interference may prevent the AP active site from
engaging target lipid A phosphate monoesters. To test this hypothesis, we removed all ester
linked acyl chains from lipid IVa and Re LPS to generate di-N-acyl de-O-acyl lipid A derivatives (Fig.
2-4). De-O-acyl lipid A (the N,N-diacylated) only contains amide linked 3-OH-C14:0 acyl chains at
C2 of GIcNI and C2' of GlcNIl. If steric hindrance is indeed problematic, this should facilitate
enzyme access to the phosphate groups, particularly at C4' of GlcNII which is now adjacent to a
free hydroxyl group in comparison to the steric bulk of a 3-OH-C14:0 acyl chain in lipid IVa.
Furthermore, decreasing the acyl chain density on the lipid A backbone substrate also increases
the conformational flexibility. Unlike the tetra-acylated lipid IVa parent, de-O-acyl lipid A was
rapidly dephosphorylated in an initial phase that was followed by an extended period of slow
phosphate release (Fig. 2-4A). De-O-acylated Re LPS, which has two Kdo residues attached to C6'
of GlcNIl (Fig. 2-5A, inset), was likewise dephosphorylated in a biphasic manner albeit at a slower
overall rate (Fig. 2-4A). MS analysis of clAP treated products revealed the entire population had
lost at least one phosphate group from both de-O-acyl lipid A and Re LPS substrates (Fig. 2-4B
and Fig. 2-5A). NMR analysis of the residual phosphate remaining after treatment of de-O-acyl
lipid A with clAP indicated the majority (~77%) of the anomeric GIcNI phosphate group was

retained under these conditions (Fig. 2-5B). In sum, the data is consistent with quantitative
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hydrolysis of a highly clAP susceptible phosphate group on GlcNII followed by a slower second

dephosphorylation event on GlcNI that remains incomplete even after a 48-hour reaction period.
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Figure 2-4: De-O-acylated lipid A is rapidly dephosphorylated by clAP. (A) Phosphate released by
clAP from either de-O-acylated lipid IVa or Re LPS (100 pg/ml substrate, 4 U/ml clAP, 50 mM Tris-
HCI (pH = 7.4), 100 mM NaCl, 1 mM MgCl,, 20 uM ZnCl;) at 37 °C was quantified at the indicated
times using the malachite green assay. The data is plotted as the mean * standard deviation of
three independent replicates. (B) MS analysis in the positive anion mode of de-O-acyl lipid 1Va
before (top panel, calculated mass 952.467 u; recorded in negative ion mode) and after

Relative abundance




51

treatment with clAP (bottom panel, calculated masses of 872.501 u and 792.535 u for
monophosphoryl and non-phosphorylated products, respectively; recorded in positive ion
mode). The highly clAP susceptible phosphate at C4'-GlcNIl is colored orange. Masses resulting
from dephosphorylation events are indicated (P), while masses in italic style represent sodium
adducts (Am = 22 u).
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Figure 2-5: De-O-acylated lipid A substrates are dephosphorylated by clAP. (A) MS analysis in the
negative ion mode of de-O-acyl Re LPS before (top panel, calculated mass 1392.584 u) and after
treatment with clAP (bottom panel, calculated masses of 1312.618 u and 1232.651 u for
monophosphoryl and non-phosphorylated products, respectively). The more clAP-susceptible
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phosphate at C4'-GlcNIl is colored orange. Masses resulting from dephosphorylation events are
indicated (P), while masses in italic style represent sodium adducts (Am = 22 u). (B) *H NMR
analysis of clAP products from de-O-acyl lipid A that had been prepared from ClearColi® BL21
(DE3) (TXM843). Integration of the downfield E-anomeric proton signals indicates that the
majority (~77%) of the monophosphoryl products retain the GlcNI phosphate (64 5.54 ppm). The
O-1-dephosphorylated GlIcNI is represented by the doublet for H1 at o4 5.12 ppm. LA = lipid A.
We subsequently generated a model of the clAP active site using the crystal structure of
the highly similar rat IAP ortholog (~70% identity with clAP across 486 non-gapped residues) as a
structural template (52). Whereas de-O-acyl lipid A could be accommodated within the active
site, lipid IVa could not be docked successfully (Fig. 2-6A). Detrimental van der Waals contacts
arise between the protein surface with the two O-acyl side chains at all times when the GlcNII
phosphate was positioned to occupy the active site. In particular, the 3'-O-acyl chain on GIcNII
clashed with amino acid chains flanking the active site. During simulations, the N-acylated side
chains, however, adopted conformations that could avoid steric clashes when docked with the
clAP susceptible de-O-acyl lipid A GlcNII phosphate orientated in the active site. Likewise, docking
of the anomeric C1-GlcNI phosphate lipid IVa into the catalytic cleft resulted in multiple steric
interferences (Fig. 2-6). The computed binding models are consistent with the non-anomeric 4’-

phosphate of de-O-acyl lipid A being the preferred position for clAP-mediated

dephosphorylation.
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Figure 2-6: Binding model of tetra-acylated lipid IVa at the active site of clAP (A) Binding model
of tetra-acylated lipid IVa with the C4'-GIcNIl phosphate at the active site of clAP. The
phosphorylated catalytic serine covalent intermediate (bottom-right, deeply buried in the cleft)
is aligned with the C4'-GlcNIl lipid IVa phosphate as reference (Fig. 2-3). Proximal atoms of the
two O-acylated side chains (with the terminal Q, Q-1, Q-2 carbon atoms colored in yellow)
permeate the protein surface. The two N-acylated side chains can occupy the cleft in their entire
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length without any steric clashes (green caps). The anomeric 1-phosphate group of GlcNI lies to
the front (bottom most, right) and is only slowly cleaved in de-O-acyl lipid A (N, N-di-acylated lipid
IVa derivative, modeled in Figure 2-6). Red, blue, and white surface colors indicate negative,
positive, and neutral partial charges, respectively. Hydrogen atoms are not displayed. (B) Stick
model of tetra-acylated lipid IVa with the anomeric C1-GIcNI phosphate group positioned in the
clAP catalytic cleft. The phosphorylated catalytic serine covalent intermediate is included for
reference (topmost deeply buried in the cleft) (52). In this orientation, both acyl groups (ester
and amide linked) on GlcNI of lipid IVa will clash with the protein surface if the anomeric
phosphate is appropriately positioned for cleavage. In contrast, a di-acylated derivative with only
the two acyl side chains on GIcNII (terminal Q, Q-1, Q-2 carbon atoms colored in green) could
occupy the active site without steric hindrance.
PEtN modification enhances hTLR4 agonist activity of underacylated LPS chemotypes

Our data indicates a mechanistic model whereby PEtN spontaneously hydrolyzes from
phosphoanhydride linkages on LPS to generate free O-PEtN, a monoester substrate that is
processed by clAP to liberate inorganic phosphate. This interpretation would explain the
apparent dependence of clAP for detection of free inorganic phosphate release from LPS under
in vitro reaction conditions since the malachite green assay does not detect organic phosphate
as in O-PEtN. Yet that alone does not account for the observed decrease in TLR4/MD2 activity
after in vitro clAP treatment considering the critical role lipid A phosphates at C1-GlcNI and C4'-
GlcNIl play during binding to TLR4/MD2 (54, 55). Our data indicates these key phosphate groups
remain intact after exposure to clAP unless primary O-ester acyl chains on lipid A have first been
removed. Transforming lipid A into a good clAP substrate through prior de-O-acylation would
itself abrogate TLR4/MD?2 activity, which argues against de-O-acyl glycoform dephosphorylation
being relevant to endotoxin neutralization.

Previous studies have, however, demonstrated PEtN modifications of lipid A in Neisseria

meningitidis (56-59) and Campylobacter jejuni (60) increase TLR4/MD?2 signaling. Spontaneous

hydrolysis of PEtN, which can only be detected by inorganic phosphate assays with added AP,
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could account for the apparent decrease in biological activity. We therefore determined whether
PEtN modification of E. coli lipid A, which has an asymmetric lipid A acyl chain distribution unlike
in N. meningitidis, also affects TLR4/MD2 recognition in a similar fashion. We initially constructed
a strain panel that synthesized lipid A glycoforms varying in acylation state and either with or
without EptA-appended PEtN modifications (Fig. 2-7A). As expected, comparable amounts of
inorganic phosphate were only detected in the presence of clAP with LPS substrates that had
been isolated from parent strains expressing EptA (Fig. 2-7B). We next directly compared
TLR4/MD2 stimulation using a HEK293/hTLR4/MD2-CD14 whole cell NF-kB reporter assay (Fig. 2-
7C). We utilized a luciferase based reporter assay instead of the secreted embryonic AP (SEAP)
HEK-Blue™ colorimetric reporter system, since the placental AP (PLAP) isoform has been reported
to dephosphorylate LPS (29). While PEtN addition to hexa-acylated lipid A had minimal impact,
PEtN modifications of the penta- and tetra-acylated lipid A glycoforms containing a full saccharide
core enhanced TLR4 signaling by ~10-fold. Tetra-acylated lipid IVa glycoform did not stimulate
hTLR4/MD?2, consistent with lipid IVa being a known human TLR4 antagonist (61-64). Surprisingly,
PEtN addition by EptA to lipid IVa imparted low but definite agonist activity (Fig. 2-7C).
Restoration of hTLR4/MD2 activity by PEtN modification of lipid IVa was suppressed by pre-
incubation in buffer in a pH-dependent manner (Fig. 2-8), as expected considering the labile
nature of the lipid IVa-PEtN phosphoanhydride bond with increasing pH (Fig. 2-2C and 2-2D).
Collectively this suggests that PEtN addition to lipid IVa can convert an LPS-like hTLR4 antagonist
into a weak agonist. The contribution of PEtN to hTLR4 activity is more determinant with sub-
optimal, underacylated E. coli LPS ligands, and is consistent with previous observations made

using the N. meningitidis lipid A scaffold (57).
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Figure 2-7: LPS modification with PEtN by EptA induces NF-kB activity through hTLR4/MD2
signaling. (A) The structure of hexa-acylated lipid A modified with PEtN at both the C1-GlcNI and
C4'-GlcNIl phosphates. The major lipid A acylation chemotype being produced in paired pEptA7*
E. coli constructs GKM374/TXM402 (AeptAldarnAdeptC), TXM418/TXM419
(AeptAAarnAleptCAlpxM), GKM499/TXM502  (AeptAAarnAAleptCAlpxLAlpxMApagP), and
ClearColi® K-12 GKM445/GKMA446 (AeptAAgutQAkdsDAIpxLAIpxMAlpxPApagP) are indicated. (B)
The inorganic phosphate released during incubation with clAP [4 U/ml, 100 pug/ml substrate, 50
mM Tris-HCl (pH = 8.25), 100 mM NaCl, 1 mM MgCl;, 20 uM ZnCl;] was measured using the
malachite green assay. Data are representative of three independent experiments done in
duplicates and the error bars show SDs. (C) HEK293/hTLR4-MD2-CD14 NF-kB reporter cells were
stimulated with the indicated LPS chemotypes and the luciferase activity was measured. (D) The
bioactivity of the LPS chemotypes with murine TLR4/MD2 receptor was re-tested using stably
transfected HEK293/mTLR4-MD2-CD14 reporter cells. For both hTLR4 and mTLR4 assays, data
are representative of three independent experiments conducted in duplicates with the error bars
showing SDs. Done in collaboration with Gloria Komazin.

Since key amino acid differences at the TLR4/MD2/LPS interface endow species specific
lipid IVaresponses (65), we repeated the assay using the same panel of LPS chemotypes but with
NF-kB reporter cells expressing mouse TLR4/MD2 (Fig. 2-7D). The pattern observed with

hTLR4/MD2 was not replicated with the murine receptor complex, as PEtN attachment had

minimal affect on signaling for any of the tested lipid A acylation states. This demonstrates that
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the enhanced signaling observed with hTLR4/MD2 is not an inherent biophysical property of PEtN
modified lipid A, but rather due to species-specific ligand recognition and engagement inherent

to the respective TLR4/MD2 receptor complexes.
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Figure 2-8: Pre-incubation in buffer of increasing pH reduces hTLR4 agonist activity for PEtN-
modified lipid IVa. Relative NF-kB induction in HEK293/hTLR4-MD2-CD14 cells stimulated with
lipid IVa [GKMA445 ClearColi® K-12 (AeptAAgutQAkdsDAIpxLAIpxMAlpxP ApagP)] or PEtN-modified
lipid IVa [GKMA446 (AgutQAkdsDAlpxLAlpxMAlpxPAeptA, pEptA) that had been pre-incubated for
48 hours at 37 °C in MOPS/Tris buffer at pH 6.5, 7.4, or 8.5. Data are representative of three
independent experiments performed in duplicates with the error bars showing SDs.
PEtN substitution of both lipid IVa phosphates is required for maximum hTLR4 agonism

EptA can covalently add PEtN groups via phosphoanhydride bonds to either of the two
lipid A phosphate groups, at C1 of GlcNI or C4' of GlcNII. Hence we sought to determine whether

both PEtN groups (2-PEtN) are required or if a single PEtN moiety (1-PEtN) is sufficient to restore

hTLR4/MD?2 signaling. To accomplish this, we utilized an E. coli B lipid IVa PEtN producing strain
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since this genetic background elaborates higher levels of PEtN modified lipid A in comparison to
the K-12 strain used in the prior experiments (40). We next developed a lipid IVa purification
protocol to remove any contaminating lipoproteins and phospholipids, as well as to isolate 1-
PEIN and 2-PEtN lipid IVa species to allow for more quantitative comparisons between
glycoforms. The previously established purification methods utilized for LPS chemotypes
containing at least part of the saccharide core failed when applied to PEtN-lipid IVa material
extracted using the PCP method (see Experimental Procedures). We thus developed a pair of
nonionic detergent aided lipase pre-treatment steps to remove phospholipids and deacylate
interfering lipoproteins. Anion exchange chromatography has been successfully used by Raetz
and coworkers to separate Ara4N and PEtN modified chemotypes (66, 67). We modified the
solvent system to improve the ensuing chromatographic separation of PEtN-lipid IVaspecies, and

were able to isolate 2-PEtN and 1-PEtN lipid IVa species in high purity (Fig. 2-9).
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Figure 2-9: Purification of individual PEtN-lipid IVa species from E. coli B strain TXM844 by anion
exchange chromatography. (A) Crude PEtN-lipid IVa isolated by PCP extraction was sequentially
treated with two rounds of lipase digestion using the nonionic detergents BIG-CHAP and octyl B-
D-glucopyranoside (OG). The product was loaded onto a DEAE column, and fractions screened by
TLC after visualization by sulfuric acid charring. Fractions corresponding to lipid IVa, 1-PEtN lipid
IVa (1-PEtN), and 2-PEtN lipid IVa (2-PEtN) were pooled. (B) Pooled fractions were
rechromatographed to confirm purity of isolated lipid IVa, 1-PEtN lipid 1Va, and 2-PEtN lipid IVa
preparations.

Lipid IVa samples modified with 2- and 1-PEtN groups were highly pure with respect to PEtN
content as judged by MS analysis (Fig. 2-10A) and free of TLR2 activating lipoprotein (2-10B). In
addition, 3P NMR analysis confirmed PEtN substitution solely at C4' of GIcNIl in the purified 1-
PEtN fraction (Fig. 2-11). When comparing hTLR4/MD2 stimulating activity of the purified
fractions, only the 2-PEtN modified lipid IVa demonstrated agonist activity (Fig. 2-10C). PEtN

substitution at C1 of GIcNI on the lipid I1Va scaffold (with four symmetrically distributed acyl

chains) is therefore critical to restoring agonistic character.
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Figure 2-10: MS analysis and TLR activity of purified 2-PEtN and 1-PEtN modified lipid IVasamples.
(A) MS analysis of the purified PEtN-lipid IVa species isolated from E. coli strain TXM844
(msbA1480MeptAAgutQAkdsDAIpxLAIpxMApagPAlpxP + pEptA). (B) Relative NF-kB induction in
HEK-Blue hTLR2 reporter cells stimulated with crude LPS and chromatographically purified, 2-
PEtN lipid IVa, 1-PEtN lipid IVa, and unmodified lipid IVa. Data are from experiments done in
triplicate and the error bars show SDs. (C) Relative NF-kB induction in HEK293/hTLR4-MD2-CD14
reporter cells stimulated with crude PEtN-lipid IVa (TXM844) and the purified 2-PEtN lipid IVa, 1-
PEtN lipid IVa, and unmodified lipid 1Va fractions. Data are from experiments conducted in
triplicate and the error bars show SDs.
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Figure 2-11: 3'P-NMR analysis of 1-PEtN lipid IVa. The observed signals are in complete agreement
with previous assignments by Zhou et al for lipid IVa substituted with a single PEtN residue
attached to the C4’-GlcNIl phosphate (68).
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Molecular modeling suggests hTLR4/MD2 residues responsible for species specific enhanced
recognition of PEtN-modified lipid A

Signaling assays with TLR4/MD2 reporter cells unveiled that while lipid IVais endotoxically
inactive in human receptor complexes as expected, PEtN addition by EptA restores detectable
activity (Figs. 2-7C and 2-10C). The relative contribution of PEtN to enhancing activity was more
pronounced as the lipid A ligand became increasingly underacylated (Fig. 2-7). This trend,
however, was not observed in murine receptor (mTLR4/MD2) reporter cells. MD2 is highly
conserved between species, except for a few key residues (Fig. 2-12) (65). In the human receptor
complex, a non-conserved cationic residue (hLys122 vs. anionic mGlu122) on the rim of MD2
interacts with the negative charge of lipid A phosphate anions and causes the ligand to be buried
more deeply within the MD2 cavity in an antagonistic pose. In contrast, mGlu122 forces the
ligand’s phosphate groups to move away by charge repulsion into an agonist pose that is well
positioned for interactions with other subunits within the complex. Given the constant space in
the MD2 binding cleft, underacylated lipid A congeners become more deeply buried than fully
acylated ligands in hMD2 until eventually all agonist character is lost as with tetra-acylated lipid
IVa. Our binding model suggests that as a direct consequence of PEtN substitution, ligand is
prevented from sinking too deep within hMD2 and remains sufficiently exposed to form contacts
with the second TLR4* subunit, triggering dimerization between the [TLR4/MD2] and
[TLR4*/MD2*] ectodomains and initiating downstream signaling (Fig. 2-12). The influence of
PEtN groups is thus most evident when needed, i.e. for binding underacylated lipid A ligands in
the hTLR4/MD2 complex. This effect of PEtN substitution is more muted in mTLR4/MD2 since

mGlul22 is already preventing lipid A from binding too deeply in MD2. In addition, there are
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more potential favorable electrostatic interaction points between hTLR4 residues (e.g. hAsp294
and hGlu369) with the amino groups of PEtN (Fig. 2-12B), helping to bridge the space between
TLR4 and TLR4*. In contrast, the murine receptor complex with mLys367 in place of hGIlu369 is

less favorable due to positive charge repulsion.

WEDGE

TLRA* = chain B TLR4 = chain A

h=m h=m
Asp294=Asp294
Tyr296=Phe265
Lys34:1=GIn339
Arg264=1ys263
lLys362=Lys360

MID-2 = lys122=  Lys58=
w chaing Glu122  Asns8

Figure 2-12: Simulated hTLR4/MD2 binding of 2-PEtN modified lipid IVA. (A) Computational
model of hTLR4/MD2 with 2-PEtN modified lipid IVA substrate bound at the hTLR4 homodimer
interface. Surface color codes are grey for TLR4 (A chain, right), turquoise for the second TLR4*
subunit (B chain, left), and pink for MD2 (C chain, bottom). Key substrate binding determinants
on each subunit chain are indicated as follows. For MD2, hLys122 and hLys58 (bottom) are
indicated by two purple patches. Patches on TLR4* to the left highlight hGlu369 (yellow,
equivalent to mLys367), hLys388 (blue, behind hGlu369), and hSer415 (green, below hGlu369).
Highlighted mid-section patches on TLR4 are hlLys362 (powder blue) and hLys341 (cyan), while
top right-side patches include hTyr296 (53), hAsp294 (orange), and hArg264 (blue). Atom colors
for the 2-PEtN modified lipid IVa ligand: black C-H, orange P, red O, blue N, white polar H. The
GlcNIl ring is visible in the cleft while the GIcNI moiety is occluded by hLys122. The two cationic
HsN* head groups of PEtN contact anionic hGlu369 (anomeric Cl-phosphate of GlcNI) and
hAsp294 (non-anomeric C4'-phosphate of GlcNIl). The MD2 lipophilic cavity buries all four acyl
chains of lipid IVa. Tyr296 is positioned to contact the 6°-C-OH group or the 4'-pyrophosphate
group of PEtN on GlcNIl. (B) Binding map schematic highlighting critical residues that vary
between the human (colored text to match panel 8A) and murine (black text) TLR4/MD2 receptor
complex. To bind LPS-like ligands, the dimerized receptor complex provides a binding site
contoured by TLR4*/MD2/TLR4. When projected onto a plane from a certain perspective, the
three proteins (B/C/A chains) form a triangle (wedge). Amino acids potentially serving as
favorable electrostatic contact points for the cationic amino head groups of PEtN moieties are
noted, including anionic hAsp294 (TLR4) and hGlu369 (TLR4*) residues. Of note, the latter is
replaced by a non-homologous lysine (mLys367) residue in the mTLR4 receptor. As in panel (A),
hTyr296 (53) is interacting with the C6-OH group of GIcNIl (53) or with the adjacent
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pyrophosphate group (orange). The amino acid residue numbering scheme has been described
(63).

DISCUSSION

The anti-inflammatory properties of IAP and APs in general have generated broad interest
as potential therapeutics for treating a number of systemic and acute inflammatory conditions.
Dissecting and isolating the relevant phosphorylated molecular targets involved, however, is a
complicated endeavor due to the broad substrate specificity of IAP. IAP can dephosphorylate
both bacterial derived MAMP/PAMPs as well as pro-inflammatory endogenous damage-
associated molecular patterns (DAMPs) of host cell origin produced in response to LPS-mediated
TLR4/MD2 inflammation. Flagellin, CoG DNA motifs, and extracellular nucleotides have all been
proposed to be relevant IAP dephosphorylation targets (28). Flagellin and CpG motifs in bacterial
DNA are MAMP/PAMP TLR ligands (69), while extracellular ATP nucleotide binds to purinergic
receptors (70) and UDP to the P2Ye pyrimidinergic receptor (71). The anti-inflammatory
mechanism of IAP is further confounded by the difficulty in separating IAP specific effects (i.e.
the direct dephosphorylation of MAMP/PAMP/DAMP stimuli) from nonspecific ones resulting
from general downregulation of the inflammatory tone (17).

LPS has emerged as an often cited and most likely MAMP/PAMP-related molecular target
for AP, due to its potent inflammatory potential when present at low concentrations. The
conclusion that IAP dephosphorylates LPS in vitro predominantly rests on the observation that
LPS-derived inorganic phosphate is only detectable if AP is added when using either the

molybdate complex or tissue histology-based assays as readouts. The corresponding LPS
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preparations treated with AP have diminished capacity to induce inflammation through
TLR4/MD?2 stimulation, as would be expected for hydrolysis of the lipid A backbone phosphate
groups since these groups are central in TLR4/MD2 recognition. Direct evidence pertaining to
which phosphate groups are indeed removed by AP is lacking, however. LPS preparations can
also have multiple phosphate groups on the inner saccharide core in addition to those on lipid A.
In E. coli for instance, WaaP and WaaY heptose kinases phosphorylate Hepl and Hepll,
respectively (46), while KdkA kinase modifies Kdo in bacteria with phosphorylated mono-Kdo
residues such as Haemophilus influenzae (72). We thus sought to determine the origin of the
inorganic phosphate released by AP. While our results are consistent with inorganic phosphate
release being contingent on AP activity for structurally heterogeneous LPS preparations, we
found defined substrates such as Re LPS chemotype that only have lipid A phosphate monoester
groups to be completely inert to enzymatic dephosphorylation (41). In previous studies where
defined LPS chemotypes were tested for AP activity, a decrease in phosphate release has also
been noted. Tuin et al. recorded lower phosphate release when histology scoring rat liver
sections challenged with Re LPS from S. enterica sv. Minnesota (73), while Pettengill et al.
observed low phosphate release from S. enterica sv. Minnesota Re LPS and no measurable
phosphate release from monophosphoryl lipid A (MPLA) substrate using recombinant TNAP (31).
Re LPS lacks the Hep acceptor for the inner core PEtN transferase EptC, which we have now
shown is an apparent source of clAP-released phosphate along with the lipid A PEtN transferase
EptA (41). PEtN groups are common in many Gram-negative bacteria where they are added to
both lipid A and the LPS inner saccharide core to increase the net positive charge (74). The

increased positive charge imparts resistance to cationic peptides and enhances outer membrane
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integrity, particularly under more challenging growth environments. Both EptC and EptA enzymes
add PEtN in a phosphoanhydride linkage using phosphatidylethanolamine phospholipid head
groups as PEtN donors, forming a rather unique bond type in the process considering the
extracellular location. While other bacterial surface phosphoanhydride bonds such as in
bactoprenol glycosyl donors do exist, these are generally fleeting intermediates whose high
energy character is used to drive the polymerization of peptidoglycan, O-antigen, and other cell
surface polymer pathways since intracellular ATP is not directly accessible. Considering the
inherent reactivity of phosphoanhydride bonds, we suspected spontaneous hydrolysis might play
arole since phosphate was only released from LPS substrate containing phosphoanhydride linked
PEtN groups and not from phosphodiester linked PEtN groups appended to Kdo by EptB (Fig. 2-
7B) (41). Indeed, phosphodiester-linked PEtN remained stable across a wide pH range, whereas
PEtN connected by phosphoanhydride bonds became labile in neutral to basic pH and was only
stable under mildly acidic conditions (Fig. 2-2C and 2-2D). Intriguingly, acidic environmental
conditions induce EptA (75), suggesting that phosphoanhydride linked PEtN may be hydrolytically
susceptible by design so as to transiently tailor the LPS layer provided acidic conditions persist.
Certain bacteria do not add phosphoanhydride linked PEtN to lipid A, but rather hydrolyze lipid
A phosphate first before transferring PEtN to form phosphodiester bound PEtN (76, 77).
Presumably such PEtN phosphodiesters are more stable, as observed here for phosphodiester-
bound AradN-modified lipid A and PEtN attached by EptB (41). Apparently, clAP is unable to
directly release PEtN or phosphate from LPS, but does dephosphorylate spontaneously

hydrolyzed PEtN phosphomonoesters (Figs. 2-1 and 2-2). Free O-PEtN is a characterized substrate
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for PLAP (78), and experiments here confirm it is a good substrate for the clAP isozyme as well
(Fig. 2-3).

In this study, we used commercially purified clAP as AP enzyme source. In the intestinal
lumen, IAP is enriched within lumenal vesicles secreted by enterocytes (79), a native environment
which could enhance IAP catalytic activity towards LPS. When the apparent phosphate released
from LPS by lumenal vesicles and purified IAP was directly compared, however, activities were
comparable (80). A second consideration for any in vitro based LPS assays is substrate
presentation. Highly aggregated LPS may not be bioavailable to IAP without accessory proteins
to expose the lipid A phosphate groups. In serum, lipopolysaccharide binding protein (LBP),
soluble CD14 (sCD14), and albumin all have integral roles in deaggregating LPS and enhancing
presentation to the TLR4/MD2 receptor complex (81, 82). Likewise, the activity of the LPS
acyloxyacyl hydrolase, which cleaves secondary acyl chains on lipid A (83, 84), is stimulated up to
100-fold when substrate is presented by either sCD14 or LBP (85). Glycosylation can also
influence activity in certain AP isozymes (86). However, neither deaggregation agents or native
preparations of AP enzymes extracted from tissue to capture relevant post-translational
modifications increased phosphate release (41). It should be noted that even with tetra-acylated
lipid IVa, which lacks secondary acyl chains and is more polar than hexa-acylated lipid A, there
was no appreciable phosphate released by clAP (Fig. 2-7). If LPS is not a relevant IAP substrate,
then the bulk of the anti-inflammatory effects observed with AP would seem more likely to arise
from dephosphorylation of ATP and UDP rather than through detoxification of LPS (18, 19, 87).
IAP has been reported to shape the microbiota composition in a mouse IAP Akp-3 knockout

model (88) and to directly inhibit E. coli growth in culture (89), offering a possible indirect role
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for IAP in modulating the endotoxin load present in the intestinal lumen that does not involve
dephosphorylation of LPS.

Although the exact structure of LPS and lipid IVa was unknown at the time, initial studies
investigating AP activity also concluded that LPS was completely resistant to AP sourced from
bacteria (90-92). However, ~50% of the total phosphate could be released from "lipid A
precursor" (i.e. later named lipid 1Va) if first de-O-acylated by treatment under mild alkaline
conditions (91, 92). The authors concluded that the C4'-GIcNII phosphate is recognized by AP,
and that the C1-GIcNI anomeric phosphate remains intact. The resistance of C1 to hydrolysis was
attributed to steric hindrance by the C2 amide linked 3-OH-C14:0 acyl chain, which unlike the 3-
OH-C14:0 ester acyl chain neighboring the C4' phosphate of GlcNII, remains intact after base
treatment. It was also suggested that de-O-acylation may decrease the aggregation state,
facilitating enzyme access to substrate. Since these studies focused on an AP enzyme of bacterial
origin with low sequence similarity, we replicated their study using clAP with highly purified lipid
IVa preparations (Fig. 2-4). As reported for bacterial AP, clAP rapidly dephosphorylates de-O-
acylated lipid A in comparison to tetra-acylated lipid IVa. Bacterial phosphate monoesterases (EC
3.1.3.1) such as E. coli alkaline phosphatase (ECAP) resemble mammalian IAP in catalytic site
topology (catalytic residues, trimetallo core, Zn-binding and crown-like flap) (93, 94). Bacterial
and mammalian mono-phosphoesterases with a trimetallo core (here: ECAP and rat IAP) share
highly conserved amino acids for Zn?* and Mg?* complexation (52, 93). Computational docking of
lipid IVa ligand into the active site of mammalian IAP (Fig. 2-6A) as well as bacterial AP (Fig. 2-
13A) revealed steric hindrance by neighboring 3'-OH C14:0 acyl chains that prevent positioning

of the C4’-phosphate of lipid A at the active site. Likewise, the approach of the anomeric
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phosphate is hindered by the amide acyl chain at C2 of GIcNI (Fig. 2-6 and Fig. 2-13B for
mammalian and bacterial AP, respectively), in keeping with our experimental data for clAP (Fig.
2-4) and data using bacterial AP (91, 92). The anomeric phosphate can be removed after de-O-
acylation, as a small but completely dephosphorylated population is clearly observed by MS and
NMR (Fig. 2-4 and Fig. 2-5). The increased conformational flexibility of the remaining N-acyl
chains after de-O-acylation likely accounts for the appearance of weak phosphatase activity at
C1-GlcNI. The presence of Kdo residues in de-O-acyl Re LPS substrate slowed but did not prevent
dephosphorylation (Fig. 2-4A), indicating prior hydrolysis of the saccharide core is not necessarily

required for clAP activity.
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Figure 2-13: Docking of lipid IVato bacterial ECAP. (A) Ball and stick model of lipid IVa with its non-
anomeric C4'-GlcNIl phosphate group in the bacterial catalytic cleft. The 3D model represents the
ECAP crystal structure (1ALK.pdb) (93). The anomeric phosphate group is oriented outwards
(foremost bottom, left). In this orientation only both N-acyl side chains (terminal Q, Q-1, Q-2
carbon atoms colored in green) can be accommodated. The adjacent O-linked fatty acids (bottom
left between both phosphate groups) are in steric conflict with the protein and permeating the
surface so that they remain partially hidden (terminal Q, Q-1, Q-2 carbon atoms colored in
yellow). As in the clAP model (Fig. 2-6), an N,N-diacylated lipid IVa congener is predicted to be
able to bind and present only its non-anomeric phosphate for cleavage. (B) Stick model of lipid
IVa with its anomeric C1-GlcNI phosphate group in the bacterial active site cleft. In order to be
cleaved, the lipid IVa phosphate must reach the position represented by the reference phosphate
(center, top) to be in close proximity to catalytic serine and Zn?* (grey ball in front of purple
ribbons). This binding mode is feasible only for a di-acylated lipid IVa derivative where one N-acyl
and one O-acyl chain are attached to GlcNIl (terminal Q, Q-1, Q-2 carbon atoms colored green,
foreground) because both chains fit into the cleft without being sterically impeded by the protein
surface.
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While de-O-acylated lipid A is rapidly dephosphorylated, the direct relevance in endotoxin
detoxification is questionable given de-O-acylated lipid A is already a weak TLR4/MD2 agonist.
However, many of the more common gut-associated bacteria (as from bacteria in the order
Bacteroidales) remodel their lipid A to underacylated chemotypes (95, 96). Underacylated
chemotypes not only have lower intrinsic endotoxin activity, but also dampen TLR4/MD2
signaling and inflammation from more potent lipid A congeners with higher acylation states as
found in Enterobacteriaceae through competition for TLR4/MD2 receptor. It is conceivable that
endogenous underacylated chemotypes from gut associated bacteria may be selectively subject
to further detoxification by IAP, or that IAP may play an indirect role in lowering the endotoxin
burden by processing the underacylated antagonistic lipid A population pool.

The influence of lipid A acylation state on attenuating hTLR4/MD?2 activity has long been
recognized. However, the importance of PEtN modification on lipid A is just beginning to be
appreciated. Indeed, the structure-hTLR4/MD?2 activity relationship of EptA modified lipid A is
nearly as equipotent as the removal/addition of secondary acyl chains (Fig. 2-7C). The PEtN effect
is not unique to E. coli, as the potency of other lipid A scaffolds in N. meningitidis (56-59) and C.
jejuni (60) is likewise enhanced by PEtN. The influence of PEtN-modified lipid A on TLR4/MD?2
signaling demonstrates marked species dependent effects, as the degree of mTLR4/MD2
stimulation was agnostic to the presence of EptA in the producing strain across all the tested lipid
A acylation states (Fig. 2-7D). Of note, EptA expression in a lipid IVa producing strain restored
some hTLR4/MD2 agonist character (Fig. 2-10). This raises the possibility that detoxification by

acyloxyacyl hydrolase through removal of secondary acyl chains may be less effective when PEtN
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modified LPS is abundant. Our computational binding model suggests this is due to key residues
specific to hTLR4/MD2 (Fig. 2-12). The weak activity of 2-PEtN lipid IVa is particularly interesting,
considering this is a lipid A-based hTLR4/MD2 agonist with inherently self-limiting biological
activity as the phosphoanhydride linked PEtN groups are unstable at physiological pH (Fig. 2-2C
and 2-2D). These properties suggest a potential design for engineering safe next generation
adjuvants. Utilizing lipid A analogs agonists to bolster immune responses to synthetic vaccines
antigens without inducing toxicity is a major challenge (57, 97-99). Chemically unstable 2-PEtN
lipid IVa type analogs will spontaneously convert over time from an agonist to antagonist under
physiological conditions, offering an intriguing adjuvant strategy that warrants further
investigation.

We cannot definitively rule out a direct LPS dephosphorylating activity for select AP-LPS
chemotype pairs, as the E. coli LPS chemotypes-AP pairs studied here is a far from exhaustive list.
The complement of respective intestinal AP isozymes varies widely among vertebrates, so that
biological roles may be species specific. It has been proposed that the intestinal AP
dephosphorylation activities have co-evolved to complement the substrates being produced by
the particular resident microbiota (100). If hexa-acylated LPS is a bona fide substrate however,
there is clearly an integral missing component from the reconstituted in vitro system. Regardless,
the labile nature of phosphoanhydride linked PEtN modifications on LPS and the ensuing
diminished TLR4/MD2 signaling precludes using phosphate release and decreased endotoxin
activity as sole determinants of AP-mediated LPS detoxification. It also emphasizes the
advantages of using chemically defined LPS chemotypes, given that the PEtN content will not only

depend on the particular source strain, but will also vary according to both the growth media and
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the extraction and purification methods. Defined chemotypes will allow more robust
comparisons between studies and ultimately a better understanding of the role of AP in

ameliorating LPS-induced inflammation.

MATERIALS AND METHODS

Reagents

Calf intestinal alkaline phosphatase (clAP) was purchased from New England Biolabs.
Human placenta (PLAP) and human liver alkaline phosphate ses (TNAP) were ordered from Lee
Biosolutions Inc., while porcine kidney alkaline phosphatase was from Sigma. Human intestinal
alkaline phosphatase (ALPI) was obtained from Sino Biological. All chemicals were purchased

from Sigma Millipore unless noted otherwise.

Bacterial strain construction

Gene deletions were introduced into E. coli strains using the A-Red recombinase system
as described (101). Targeting cassettes were obtained by PCR amplification using P1-P2 primer
pairs (Table 2-1). Each primer contained a 5' 42-bp homology extension arm and a 3' 18-bp
sequence specific for the indicated antibiotic selection marker of the plasmid template. For the
arnA::kanR and IpxM::kanR cassettes, genomic DNA was purified from the Coli Genetic Stock
Center strains CGSC#9813 and #9540 and used as a template to flank the antibiotic cassette with
FRT sites for subsequent marker excision using the FLP recombinase plasmid pCP20 (102).

Integration cassettes were purified and electroporated into recipient strains harboring the
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arabinose-inducible A-Red recombinase plasmid pKD46 (101). Plasmids were cured by passaging
at 37°C, colonies were checked for loss of plasmid, and cassette insertion was confirmed using
check primers (Table 2-1). For construction of tetra-acylated LPS strains containing a complete
saccharide core (GKM499 and GKM502), plasmid pMMW52-msbA was first introduced to
enhance LPS transport and improve fitness. In this background, deletion cassettes were then

introduced by generalized transduction using P1vir. Strain genotypes are listed in Table 2-2.

Table 2-1: Primers used in this study.

Primer name

Primer Sequence®®

GK425-ArnA::KanR-P1

GGTGACCTGCCTTACCACAAC

GK426-ArnA::KanR-P2

TCGTGATGTTTAGCCGCTTC

TMA448-EptA::catR-P1

GTTGGCCGCTTTTTATATCTCTATCTGCCTGAATATTGCCTTGCGCCT
ACCTGTGACGGA

TMA449-EptA::catR-P2

TGTTGCGTTTGCGCCTGTTTTTGCAGGCAGTTCTGGTCAACCCTTAC
GCCCCGCCCTGCC

GK429-LpcA::gentR-P1

CACTGCATTTTGTCTATTACATTTATGCTGAAGGATATCCTCCTCGAA
TTGACATAAGCC

GK430-LpcA::gentR-P2

TGCCGGATGCGGCGTAAACGTCTTATCCGGCCTACGCCAGACGTCG
GCTTGAACGAATTG

Tm520-WaaP::gentR-P1

AGCCGTTTGCCACGTTATGGCGCGGTAAAGATCCTTTTGAGGCTCG
AATTGACATAAGCC

Tm521-WaaP::gentR-P2

CGTTCTTTCCCTGATTTTTGTGGCTTTTGCTTCTGCTTGCGAGTCGGC
TTGAACGAATTG

Tm543-EptB::gentR-P1

GATACATCAAATCGATTACACAGCAGAAGCTGAGCTTTTTGCCTCG
AATTGACATAAGCC

Tmb544-EptB::gentR-P2

GTTAGCCGCTGCCTCTTTTGCCTGCGGGATGTGACACCAGTTTACGG
CTTGAACGAATTG

Tm547-EptC::gentR-P1

GCATTCCACAGAAGTCCAGGCTAAACCTCTTTTTAGCTGGAACTCGA
ATTGACATAAGCC

Tm548-EptC::gentR-P2

CTGATTACCCACCTGATCGCCATACGGCAGTGTGTCGTAATCTACGG
CTTGAACGAATTG

Tm582-LpxM::kanR-P1

GATTTTTGCCTTATCCGAAACTGG

Tm583-LpxM::kanR-P2

CAGGCGAAGGCCTCTCCTCGCGAG

Tm658-LpxL::aprR-P1

CTACCCAAGTTCTCCACCGCACTGCTTCATCCGCGTTATTGGTCACCT
AGATCCTTTTGG
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Tm659-LpxL::aprR-P2

TCCGGGCGTGTTTTAAAGCGACGGTGTAACCACATATACTGCCGTT
CTCCGCTCATGAGC

Tm748-PagP::hygR-P1

GTTTTATGGTCACAAATGAACGTGAGTAAATATGTCGCTATCCTATG
ACCATGATTACGC

Tm749-PagP::hygR-P2

ACTAAAACTTCATTTGTCTCAAAACTGAAAGCGCATCCAGGCACGTT
GTAAAACGACGGC

GK433-ArnA-check_for

CGAGCGTGAGTTTGGTGAATCC

GK434-ArnA-check_rev

CCGATCCCAGTTACCGCTAC

GK435-EptA-check_for

AAACCCGTATCCCTTAGATGCACC

GK436-EptA-check_rev

CTCAAGGCTTTGTTCCGCCATC

GK431-LpcA-check_for

AGGTCTGACCACTTGTGATG

GK432-LpcA-check_rev

ATTATTCGGCCTACGGTTCG

Tm522-WaaP-check_for

GATAAGCAAATCGCCGATTTCCAG

Tmb524-WaaP-check_rev

TGTCTTATTGATCATCTCTTGTGG

Tm545-EptB-check_for

CAGGGTGTTATCACCTGTTTGTCC

Tm546-EptB-check_rev

CCTTTTGATCGGCGAGAAAGTCAGC

Tm549-EptC-check_for

CCTTAAGGAATTGTCGTTACATTCG

Tm550-EptC-check_rev

GCATCCGGCAAATAGCGCCTGGCTG

Tm614-LpxM-check_for

CTGGCGCAGGCCAAAGAGATTGTGC

Tm615-LpxM-check_rev

GTAGAGTAAGTACGTTGCCGGATGC

Tm660-LpxL-check_for

GGTTGCGGGCGAAAAAATGCGACAATAC

Tm661-LpxL-check_rev

GGGAGATTTAATAGCGTGAAGGAACGC

Tm750-PagP-check_for

GTAGCTTTGCTATGCTAGTAGTAG

Tm751-PagP-check_rev

GTGGTACGCTTTGTCCAGTGTAAC

Tm497-EptA-for_EcoRI

geggecgegegaattAATTTTGCTTTGCGAGC

Tm498-EptA-for_BamHI

cgactctagaggatcCGTCTTCAACAATCAG

Tm557-EptB-for_EcoRlI

geggeegegegaattCTAAGCAGGGTGTTATC

Tm558-EptB-for_BamHI

cgactctagaggatcCGGCGAGAAAGTCAGCAG

Tm559-EptC-for_EcoRlI

geggeegegegaattCTGTCGTTACATTCGGCG

Tm560-EptC-for_BamHI

cgactctagaggatcCGCAAATAGCGCCTGGCTG

@ Bold case type denotes DNA homology arms used for chromosomal recombination.
b Lower case type indicates homology arms used in plasmid construction.
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TABLE 2-2

Bacterial strains and plasmids used in this study

Bacterial
strain or Relevant genotype or phenotype? Source or
. reference
plasmid
E. coli strains
TXM319 Wildtype BL21 (DE3); E. coli B F- ompT hsdSg(rs” mg™) gal dcm lon  Lab stock
A (DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5])
TXM322 BL21 (DE3) arnA::kanR; Kan" This study
GKM329 BL21 (DE3) eptA::catR; Cat' This study
TXM331 BL21 (DE3) eptA::catR arnA::kanR; Cat" Kan' This study
TXM333 BL21 (DE3) IpcA::gentR eptA::catR arnA::kanR; Gent" Cat" Kan' This study
TXM343 BL21 (DE3) IpcA::gentR eptA::catR arnA::kanR [pSEVA434- This study
eptA]; Gent" Cat" Kan" Spec’
GKM357 BL21 (DE3) eptA::catR arnA::kanR waaP:.gentR; Cat" Kan" Gent" This study
GKM358 BL21 (DE3) eptA::catR arnA::kanR waaP::gentR [pSEVA434- This study
eptA]; Cat" Kan" Gent'
GKM373 BL21 (DE3) eptA::catR arnA::kanR eptB::gentR; Cat" Kan" Gent"  This study
GKM374 BL21 (DE3) eptA::catR arnA::kanR eptC::gentR; Cat” Kan" Gent"  This study
GKM380 BL21 (DE3) eptA::catR arnA::kanR eptB::gentR [pSEVA434-eptC]; This study
Cat" Kan" Gent" Spec’
GKM381 BL21 (DE3) eptA::catR arnA::kanR eptC::gentR [pSEVA434-eptB]; This study
Cat" Kan" Gent' Spec’
TXM402 BL21 (DE3) eptA::catR arnA::kanR eptC::gentR [pSEVA434-eptA]; This study
Cat" Kan" Gent' Spec’
TXM418 BL21 (DE3) eptA::catR arnA::FRT eptC::gentR IpxM::kanR; Cat" This study
Gent" Kan'
TXM419 BL21 (DE3) eptA::catR arnA::FRT eptC:.gentR lpxM::kanR This study
[pSEVA434-eptA]; Cat" Gent" Kan'Spec’
GKM445 ClearColi® K-12 F-, A- AendA ArecA msbA52 frr181 Lucigen
AgutQAkdsDAIpxLAlpxMAlpxPAeptA
GKM446 GKM445 (pSEVA434-eptA); Spec' This study
GKM499 BL21 (DE3) eptA::catR arnA::FRT eptC::gentR IpxM::kanR This study
IpxL::aprR pagP::hygR [pPMMW52-msbA]; Cat" Gent" Kan" Apr”
Hyg" Carb"
GKM502 BL21 (DE3) eptA::catR arnA::FRT eptC:.gentR lpxM::kanR This study

IpxL::aprR pagP::hygR [pPMMW52-msbA, pSEVA434-eptA]; Cat"
Gent" Kan" Apr" Hyg" Carb" Spec’
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TXM843 ClearColi® BL21 (DE3) F— ompT hsdSB (r® m®) gal dcm lon A (DE3  Lucigen
[lacl lacUV5-T7 gene 1 ind1 sam?7 nin5]) msbA148 AgutQ AkdsD
AlpxLAlpxMApagPAlpxPAeptA

TXM844 TXM843 [pSEVA434-eptA]; Spec' This study
Plasmids

pSEVA434  pBBR1 ori laclg-Pic Spec' (103)
pPSEVA434- Py.eptA from E. coli BL21 (DE3) This study
eptA

pSEVA434- P, .eptB from E. coli BL21 (DE3) This study
eptB

pSEVA434- Py .eptC from E. coli BL21 (DE3) This study
eptC

pMMWS52- pMBL19 carrying a subcloned 3.5-kb insert with ycal’, msbA, and  (49)
msbA IpxK; Carb"

pKD3 Cat" template (101)
pCP20 FLP recombinase expression plasmid; Carb" Cat’ (99)
pKD46 A-Red recombinase expression plasmid; Carb" (98)
pPEXG2 Gent"template (104)
pSET152 Apr'template (105)
pUC19- Hyg"template Lab stock
oriT-hyg

@ Kan"- kanamycin; Cat™- chloramphenicol; Gent"- gentamycin; Spec’- spectinomycin; Carb"-
carbenicillin; Apr'™- apramycin; Hyg"- hygromycin.

Plasmids expressing either EptA, EptB, or EptC were constructed using the InFusion
Cloning kit (Clontech). PCR primer pairs (Table 2-1) were used to amplify inserts from E. coli
BL21DE3 genomic DNA and then cloned into the vector pSEVA434 (103) that had been digested
with EcoRI/BamHI. Plasmids were maintained with spectinomycin (50 pug/ml) and used without

induction as basal expression was sufficient for phenotypic conversion for all three constructs.

LPS purification
Bacteria were harvested from stationary phase cultures grown at 37°C in either Lysogeny

Broth (10 g tryptone, 5 g yeast extract, 10 g NaCl per liter) or TB media (39) (10 g tryptone, 5 g
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yeast extract, 3 g NH4Cl, 12 g Nay;HPO4, 6 g KH,PO4, 0.5 g NaySO4, 7.5 g glucose per liter)
supplemented with the necessary antibiotics for plasmid selection. Dried bacterial cell biomass
was obtained by sequentially stirring in ethanol overnight and then two rounds of acetone (12
hours each) at 4 °C, collecting biomass between incubations by centrifugation (6,000 x g, 10 min,
4 °C). All LPS and lipid IVa chemotypes were initially extracted from cell powders via the
phenol/chloroform/petroleum ether (PCP) method (106). Briefly, dried biomass was
resuspended in PCP solution (90% phenol/chloroform/petroleum ether in 2:5:8 v/v/v ratio) and
incubated for one hour on tube rotator. Biomass was pelleted and the supernatant collected,
with the extraction being repeated twice. Pooled supernatant extract was rotavaped to remove
chloroform and petroleum ether, and 100 pl of 3 M sodium acetate (pH 7.0) was added to the
phenol phase. Here treatment of the samples varied depending on the chemotype. For LPS
samples, precipitation was carried out via dropwise addition of water. Pelleted LPS was washed
once with 80% phenol and then a second time with acetone. For lipid IVa samples, five volumes
of acetone were added to precipitate lipid IVa from the phenol phase and then the pellet was
washed once with acetone.

To remove co-extracting phospholipids from LPS, samples underwent a modified
chloroform/methanol wash (107). Briefly, pellets were resuspended in chloroform/methanol/3
M sodium acetate (pH 7.0) (85:15:1, v/v/v) and 2 to 3 volumes of methanol were added to
precipitate LPS. Phospholipid containing supernatant was decanted and this process was
repeated twice. Removal of contaminating lipoprotein was achieved via phenol/sodium

deoxycholate extraction as described by Hirschfeld et al. (108). Lipid IVa samples could not be
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efficiently recovered using either the chloroform/methanol wash or the phenol/DOC extraction,
hence these steps were omitted.

All chemotypes underwent ultracentrifugation to remove any malachite green reactive
nucleic acid material. LPS or lipid IVa pellets were resuspended in 3 ml of water and added to 30
ml of a Tris-saline buffer (50 mM Tris-HCI, 100 mM NacCl, 1 mM MgCl,, pH 7.0). Samples were
centrifuged at 100,000 x g for 4-6 hours, resulting in a translucent pellet. The resultant pellet was
quickly rinsed with buffer, resuspended in water, and dialyzed (0.5-1 kDa MWCO) against three
5-1 portions of water for 48 hours (24 hours for PEtN-modified chemotypes) at 4 °C. Desalted LPS
chemotypes were lyophilized to a white powder, while lipid IVachemotypes were further purified

as described below.

Inorganic phosphate release and dephosphorylated LPS product assay

LPS samples (100 pg/ml) were incubated in alkaline phosphatase buffer [50 mM Tris-HCl
at the indicated pH (pH = 8.25, 7.4, or 7.1), 100 mM NaCl, 1 mM MgCl,, 20 uM ZnCl;] with either
clAP (4 U/ml), human liver phosphatase (0.1 U/ml), human placenta phosphatase (1 U/ml),
human intestinal phosphatase (0.17 pg/ml) or porcine kidney phosphatase (1 U/ml) at 37 °C.
Aliquots were taken at different time points and phosphate release was measured with the
malachite green assay as described previously (33). Briefly, one volume of malachite green
solution (0.1% malachite green, 14% sulfuric acid, 1.5% ammonium molybdate, and 0.18%
Tween-20) was mixed with four volumes of LPS solution and the mixture was incubated at room
temperature for 10 min. Absorbance was read at 630 nm on SpectraMax Plus 384 plate reader

(Molecular Devices). Sodium phosphate was used for standard curve determination.
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For direct assay of dephosphorylated LPS, 10-ml reactions were assembled as described
above in dialysis tubing (0.5-1 kDa MWCO). Reactions were continuously dialyzed against 500 ml
of buffer to remove any released inorganic phosphate. LPS products were isolated by extensive
dialysis against water and lyophilized before analysis by mass spectrometry as detailed below.

Buffer composition for assays conducted at varying pH values was 50 mM 3-
morpholinopropane-1-sulfonic acid (MOPS)-50 mM Tris adjusted to either pH 6.5, 7.4, or 8.5
along with 100 mM NaCl, 1 mM MgCl, and 20 uM ZnCls. In the experiments where 10 units of
clAP was added after pre-incubation in the buffer alone, samples were incubated for 30 min at

37°C to release inorganic phosphate from spontaneously hydrolyzed PEtN.

TLR4 stimulation assay

HEK293/hTLR4-MD2-CD14, HEK293/mTLR4-MD2-CD14, and parental HEK293/Null2
control cells were grown as specified by the supplier (InvivoGen). For the stimulation assay, the
cells were plated at 50,000 cells per well in a white 96 well plate with clear bottom (Costar™
3610, Corning Incorporated) in 200 ul of growth medium (DMEM, 2 mM L-glutamine, 10% heat
inactivated fetal bovine serum, 50 U/ml penicillin, 50 pg/ml streptomycin, 100 pg/ml
Normocin™). The pNiFty-Luc plasmid (InvivoGen) encoding five NF-kB repeated transcription
factor binding sites in front of the luciferase reporter gene was mixed with transfection reagent
LyoVec™ (InvivoGen) at a concentration of 1 pg of plasmid per 100 pl of LyoVec™, and after
incubation at room temperature for 20 min, the mixture (10 pl per well) was added to cells in a
96 well microplate. The next day the medium was removed and replaced with 180 ul of fresh

growth medium. Various LPS chemotypes were added at different concentrations in a 20-ul
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volume per well. Endotoxin-free water was used as a negative control and TNF-a (200 ng/well)
was used as a positive control. Pierce™ Firefly Luciferase One-Step Glow Assay Kit was used
according to manufacturer's instructions with luminescence being measured after 20 hours of
stimulation. All LPS and lipid IVa preparations were confirmed to be negative for NF-kB induction
when challenging HEK293/Null2 control cells (InvivoGen) up to the highest tested LPS

concentration (100 ng/ml, data not shown).

TLR2 stimulation assay

HEK-Blue™ hTLR2 cells (InvivoGen) were propagated as specified by the supplier. For the
stimulation assay, the cells were plated at 25,000 cells per well in a 96 well plate in 180 ul of
growth medium (DMEM, 2mM L-glutamine, 10% heat inactivated fetal bovine serum, 50 U/ml
penicillin, 50 pg/ml streptomycin, 100 pg/ml Normocin™). LPS was added at different
concentrations in a 20 pl per well volume. Endotoxin-free water was used as a negative control.
QUANTI Blue™ (InvivoGen) reagent was used, according to manufacturer's instructions, 20 hours
later to detect NF-kB-dependent secreted embryonic alkaline phosphatase (SEAP) activity.
Absorbance at 620 nm was read following incubation of the samples with QUANTI Blue™

substrate for 3 hours at 37°C.

Lipase treatment of lipid IVa extracts
Crude lipid IVa (with or without PEtN) was treated with lipase via two sequential
incubations. Both 12-hour reactions were conducted at 45 °C in a 20 mM phosphate buffer (pH

7.0). Each reaction contained 40 mg of crude PCP extracted lipid IVa, Thermomycyes Lipase (TL,
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Sigma), and Novozyme® 51032 (Strem Chemicals, Newburyport, MA) at respective final
concentrations of 0.1 mg/ml, 90 ug/ml, and 25 pg/ml. The initial reaction included 3.4 mM BIG
CHAP (SolTec Bio Science, Beverly, MA) as a nonionic detergent additive. Immediately following
this reaction, lipid IVa was recovered by conversion to a 2:2:1.8 (v/v/v)
chloroform/methanol/water Bligh-Dyer biphasic mixture. Lipid IVa was isolated from the lower
organic phase by rotary evaporation, resuspended in endotoxin-free water, and then lyophilized.
Recovered lipid IVa was treated again in a second lipase reaction with 20 mM octylBE-D-
glucopyranoside as the detergent additive, and re-isolated as described above. PEtN-modified

lipid IVa was stored at -20 °C until further use.

Chromatographic purification of lipid IVa species

lon exchange chromatography was performed using a 5-ml HiTrap™ SP HP cation
exchange column connected in tandem to a 20-ml HiPrep™ DEAE FF 16/10 anion exchange
column with the AKTA™ Pure FPLC system. Lipase-treated PEtN lipid IVa prepared as described
above was loaded in 15 ml of a 60% n-propanol solution adjusted to pH 5 with acetic acid. The
system was then washed with 10 ml of the same buffer, after which the cation exchange column
was removed. The anion exchange column was subsequently washed with 4.5 column volumes
of 60% n-propanol (pH 5), before elution using a linear gradient of non-pH adjusted 0 to 80 mM
ammonium acetate in 60% n-propanol over 20 column volumes. To identify fractions containing
non-volatile organic compounds, 20 ul of each fraction was spotted onto an Analtech Silica gel G
TLC plate and visualized by charring using a 10% sulfuric acid-ethanol solution with heating at

160 °C for 10 min. Fractions containing organic material were further analyzed by spotting 20 pl
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on an Analtec Silica gel H TLC plate, and developed using a pyridine/chloroform/formic
acid/water (50:50:16:5, v/v/v/v) mobile phase before sulfuric acid charring (109). Fractions
containing lipid IVa species were pooled, rotovaped to dryness, and subjected to two rounds of
lyophilization to remove residual traces of ammonium acetate. The resulting powder was kept at
-20 °C until further purification by reversed-phase high performance liquid chromatography (RP-
HPLC). For this, lipid IVa samples were subjected to RP-HPLC essentially as described (110, 111),
but with some modifications. A semi-preparative Kromasil C18 column (5 um, 100 A, 10 x 250
mm, MZ Analysentechnik, GmbH, Mainz, Germany) was used and samples [resuspended at 5
mg/ml in chloroform/methanol/0.1 M acetic acid (8:2:1, v/v/v)] were eluted using a gradient
consisting of methanol/chloroform/water (57:12:31, v/v/v) containing 10 mM ammonium
acetate as mobile phase A and chloroform/methanol (70.2:29.8, v/v) with 50 mM ammonium
acetate as mobile phase B. The initial solvent system consisted of 2% B and was maintained for
10 min, raised from 2 to 15% B (10—20 min), kept at 15% B for 20 min, raised from 15 to 25% B
(40-50 min), kept at 25% B for 20 min, and raised from 25 to 100% B (70—100 min). The solvent
was held at 100% B for 20 min, followed by re-equilibration of the column to 2% B for 10 min and
held there for an additional 10 min prior to the next injection. The flow rate was 2 ml/min using
a splitter between the evaporative light-scattering detector equipped with a low-flow nebulizer
(Sedex model 75C ELSD, S.E.D.E.R.E., France). Nitrogen (purity 99.996%) was used as gas to
nebulize the post column flow stream at 3.5 bar into the detector at 50 °C setting the
photomultiplier gain to 11. The detector signal was transferred to the Gilson HPLC Chemstation

(Trilution LC, version 2.1, Gilson) for detection and integration of the ELSD signal.
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De-O-acylation and dephosphorylation assays of lipid IVa and Re LPS with clAP

Lipid IVa was dissolved (1 to 4 mg/ml) in a 1 M NaOH aqueous solution and incubated for
20 hours at room temperature. Reactions were neutralized via addition of glacial acetic acid while
stirring until pH 7.0. Neutralized reactions were extensively dialyzed against water (MWCO: 500-
1000 Da) and lyophilized. Re LPS was likewise de-O-acylated, but was recovered by precipitation
from neutralized solution using five volumes of ethanol. De-O-acylated products were further
purified via anion exchange chromatography as described above. Fractions were pooled,
concentrated by rotary evaporation, and dialyzed against water (MWCO: 500-1000 Da). Samples
were lyophilized and stored at -20 °C.

Large scale (30 ml) clAP reactions (100 pug/ml de-O-acyl substrate, 4 U/mL clAP, 50 mM
Tris-HCl (pH = 7.4), 100 mM NacCl, 1 mM MgCl,, 20 uM ZnCl,) were incubated for 24 to 48 hours
at 37 °C. Samples were recovered by dialysis against water (100-500 Da MWCO) followed by

lyophilization.

Mass spectrometry

LPS samples were measured on a 7-tesla APEX Qe Electrospray lonization Fourier
Transform lon Cyclotron Resonance (ESI-FT-ICR) mass spectrometer (Bruker Daltonics).
Measurements were performed in negative ion mode. Samples (approximately 0.03 mg/ml) were
dissolved in a water/2-propanol/trimethylamine/acetic acid mixture (50:50:0.06:0.02, v/v/v/v).
Spectra were acquired in broadband acquisition mode with nano-ESI using the Triversa
Nanomate (Advion, Ithaca, NY) as ion source with a spray voltage set to -1.1 kV. Collision voltage

was set to 5 V. Lipid IVa and de-O-acylated samples were measured on a Q Exactive Plus mass
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spectrometer (Thermo Scientific, Bremen, Germany) using a Triversa Nanomate (Advion, Ithaca,
NY) as ion source. For negative ion mode, samples (approximately 0.05 mg/ml) were dissolved in
either  chloroform/methanol/water  (60:35:4.5, v/v/v) or  water/propan-2-ol/7M
triethylamine/acetic acid mixture (50:50:0.06:0.02, v/v/v/v) and performed with a spray voltage
set to -1.1 kV. For positive ion-mode, samples were dissolved in water/propan-2-o0l/30 mM
ammonium acetate/acetic acid mixture (15:15:1:0.04, v/v/v/v) with a spray voltage set to +1.1
kV. Both mass spectrometers were calibrated externally with glycolipids of known structure. All
mass spectra were charge deconvoluted and given mass values refer to the monoisotopic masses

of the neutral molecules, if not indicated otherwise.

NMR spectroscopy

NMR spectroscopic measurement of PEtN-lipid IVa was performed in CDCl3/MeOH-
d4/D,0 (60:35:8, v/v/v) and de-O-acyl Re LPS after treatment with clAP in CDCls/MeOH-d4/D,0
(2:3:1, v/v/v) (68), respectively, at 300 K on a Bruker Avance'' 700 MHz (equipped with an inverse
5-mm quadruple-resonance Z-grad cryoprobe). Deuterated solvents were purchased from
Deutero GmbH (Kastellaun, Germany). TMS was used as an external standard for calibration of
'H (64 0.0) and *3C (8¢ 0.0) NMR spectra, and 85% of phosphoric acid was used as an external
standard for calibration of 3P NMR spectra (6p 0.0). All data were acquired and processed by
using Bruker's TOPSPIN V 3.0 software. *H NMR assignments were confirmed by 2D *H,'H COSY
and total correlation spectroscopy (TOCSY) experiments. 13C NMR assignments were indicated by
2D H,3C HSQC, based on the *H NMR assignments. Inter-residue connectivity and further

evidence for 3C assighment were obtained from 2D !H,'3C heteronuclear multiple bond
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correlation and H,3C HSQC-TOCSY. Connectivity of phosphate groups were assigned by 2D

'H,31P HMQC and 'H,3P HMQC-TOCSY.

Molecular modeling

Standard modeling tools and protocols were conducted according to published protocols
(55, 65). Modeling software [Autodock 4.2 (112), Chimera 1.13.1 (53), SPDBV 4.10 (113), VEGA
ZZ 3.1.2 (114)] was licensed for academic use to generate and visualize three-dimensional model
structures of lipid IVa, TLR4/MD2, and phosphatase enzymes, in addition to partial charges,
electrostatic molecular surfaces or fitted active site conformers (53, 112, 115, 116). The
TLR4/MD2 docking protocol first presented by Meng et al (55) and later adapted (65) using the
hTLR4/MD2-E. coli LPS crystal structure [3FXI, (117)] was utilized to model LPS-like congener
binding. The large number (52) of freely rotatable bonds at the 4 side chains of lipid IVa had to
be reduced and were limited to the first three chain members including the four H-O bonds as
well as the two ester bonds, while excluding the two more rigid trans-amide bonds. To visualize
the steric hindrance associated to nonbinders (no valid docking/scoring solutions found) we
superimposed them onto the final docked poses of those ligand types with favorable side chain
patterns for successful cavity binding — here called the binders (Fig. 2-6A). Whereas for
nonbinders any of the calculated conformations under docking conditions would show
detrimental van der Waals contacts, binders provide (some not all) conformational solutions for
successful binding in the micromolar range. Lipid IVa (118) and all enzymes and receptors were
retrieved from PDB repository server (119) with the exception of hitherto structurally unknown

clAP that was generated by homology modeling using described methodology (120). The clAP
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target (GenBank entry code: AAA30571.1) shares more than 70% identity with rat IAP across 486
non-gapped residues, including all active sites residues. Using the experimentally determined rat
IAP crystal structures (4KJD, 4KJG) (52), a clAP homodimer structure was generated under Swiss
PDB Viewer (113). Multiple sequence alignments were carried out with built-in Clustal X under
Vega ZZ (114). Of note, all phosphate groups were charged and modeled as monoanionic, e.g.
bearing one -OH group. In some figures hydrogen atoms were not displayed for visual simplicity

(121). All model figures were generated with Chimera (53).
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Chapter 3

Insertion Sequence Mediated Tandem Chromosomal Amplification of the arn
Operon Facilitates Polymyxin B Resistance in E. coli B Strains

This chapter is adapted from the following manuscript: Michael Maybin, Aditi Ranade, Ursula
Schombel, Nicholas Gisch, Uwe Mamat, and Timothy C. Meredith “ISI-mediated Chromosomal

Amplification of the arn Operon Leads to Polymyxin B Resistance in Escherichia coli B Strains”

(2023) mBio. Manuscript in review.

Note: Experiments were done in collaboration with Aditi Ranade who will share first authorship

in the final manuscript. Mass spec analysis was performed by Nicholas Gisch and Uwe Mamat.
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ABSTRACT

Globally, antimicrobial resistance (AMR) is of increasing concern, contributing to over one
million bacterial infection deaths in 2019 alone. As clinical application of drugs of last resort rises,
we must consider more heavily the role bacterial heteroresistance (HR) plays in defeating
treatment plans. HR is defined as the existence of a phenotypically resistant sub population of
bacteria, in an otherwise sensitive population, displaying a minimum inhibitory concentration
(MIC) at or above 8x the normal. Polymyxin B (PMB) is one such antibiotic of last resort that has
recently been re-introduced into clinical use and bacterial isolates have been shown to display
HR compounding treatment considerations. PMB is effective against gram-negative bacteria
whereby it interacts with lipopolysaccharide (LPS) leading to membrane disruption and
ultimately cell death. Bacterial resistance to PMB is largely facilitated by masking LPS negative
charge via modifications with positively charged moieties 4-amino-4-deoxy-L-arabinose (Ara4N)
and phosphoethanolamine (PEtN). Herein we describe a mechanism of PMB HRin E. coli B strains.
Frequency of resistance (FOR) experiments done at ~8x MIC demonstrated that loss of Ara4N,
but not PEtN, modification led to significant decreases in FOR suggesting a role in HR. In isolated
PMB resistant mutants, we determined increased levels of Ara4N modification contributed to
resistance. Strikingly among these mutants amplified regions of the chromosome were observed
each containing the arn operon (responsible for Ara4N modification). We demonstrate that these
amplifications and phenotypic resistance are driven by insertion sequence (IS) elements flanking
the amplicons. Lastly, we investigate the effect the amplicons have on the transcriptome, where

expression levels are shown to be affected across the genome.
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INTRODUCTION

Antimicrobial resistance (AMR) is of increasing global concern as a significant contributor
to deaths involving bacterial infections. In 2019 alone approximately 25% of 5 million bacterial
infection deaths were directly associated with AMR (1). Ongoing efforts to develop new
antibiotics and increase the efficiency of our current antibiotics are important as the role of AMR
is only estimated to increase in the coming decades (2). To help address this issue, the polymyxin
family of lipopeptide antibiotics has recently been reintroduced into clinical use as a drug of last
resort (3—6).

The polymyxin family of antibiotics were first discovered in the 1940’s from natural
product extracts from Paenibacillus polymyxa (7). Polymyxin B (PMB) and polymyxin E (colistin)
are two highly active congeners initially developed for antibiotic use but challenges with
pharmacodynamics and nephrotoxicity limited use to animal agriculture (8, 9). The increase in
AMR infections has seen polymyxins return as an antibiotic drug class of last resort, particularly
for Enterobacteriaceae, multi-drug resistant (MDR) Pseudomonas aeruginosa, and MDR
Acinetobacter baumanii strains (10). Polymyxins are active on Gram-negative bacteria where
they bind the outer membrane by interacting with lipopolysaccharide (LPS) leading to increased
permeability, drug uptake, and cell death (11-13). PMB has an acylated tripeptide stem
connected to a cyclic heptapeptide with several cationic charges. The positive charges of PMB
displaces cations, such as Mg?* and Ca?*, and forms ion bridges with the negatively charged

lipopolysaccharide phosphates leading to outer-membrane disruption.
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LPS is an abundant molecule found in the outer leaflet of the outer membrane in gram-
negative bacteria where it plays significant roles in controlling membrane permeability (14),
antibiotic resistance (15), and modulating innate immune recognition (see (16) and chapter 2).
LPS consists of three major sections consisting of the O-antigen, core sugars, and lipid A which is
embedded into the outer membrane. The major mechanism for PMB resistance involves bacteria
reducing PMB binding by masking LPS phosphates with positively charged residues such as 4-
amino-4-deoxy-L-arabinose (Ara4N) and phosphoethanolamine (PEtN) (17, 18). Mutations in the
two-component transcriptional regulatory systems [PmrAB (19, 20) and PhopQ (21)] impart PMB
resistance through upregulation of ara/ept gene expression affecting Ara4N modification and
PEtN modification respectively.

Heteroresistance (HR) is an additional factor to consider when utilizing polymyxins. HR
refers to a resistant subpopulation, within a larger susceptible population, demonstrating
phenotypic resistance at 8 times the typical minimum inhibitory concentration (MIC) (22). A
report has demonstrated a high prevalence of antibiotic HR in 41 isolates from four opportunistic
gram-negative pathogens (including E. coli) against 28 different antibiotics. HR subpopulations
were found in a quarter of all strain-antibiotic combinations (though not for polymyxins), where
the majority of these were linked to amplification of a drug resistance gene (23, 24). Many of
these amplified segments were bounded by homologous DNA segments including insertion
sequences (IS). There have been several reports over the decades of gene amplification leading
to HR (25-31), however more recent studies suggest HR via gene amplification accounts for up

to 10% of all treatment failures (32).
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Herein we present evidence for a mechanism of PMB HR in E. coli B strains. We
demonstrate HR in E. coli BL21(DE3) by population analysis profiling (PAP) and frequency of
resistance (FOR). FOR is demonstrated to be 10-100 fold higher in E. coli B strains than K-12
strains. In the E. coli BL21(DE3) background we observe a significant drop in FOR at ~8x MIC in a
AarnA strain compared to wildtype and no significant difference when comparing AeptA to
wildtype, suggested the arn operon is involved in a significant mechanism of resistance. We
selected for the PMB resistant sub-population and, among the collected isolates, demonstrate
an increase in levels of Ara4N modification when compared to wildtype. Next generation
sequencing revealed PMB resistance was not due to typical resistance mutations in regulators
but rather from unstable, spontaneous amplifications of IS1 flanked regions of the genome
containing the arn operon. Deletion of an IS1 element common among these amplifications
attenuated FOR to levels similar to that observed for K-12. Interestingly this was only observed
in AeptA backgrounds suggesting genomic amplification predominates as a mechanism of
resistance when Ara4N is the primary lipid A modification. RNA-seq analysis demonstrated global
transcriptomic changes because of chromosomal amplification, even in areas outside of the
amplified region. This mechanism of resistance was also observed in the more wildtype E. coli B
strain ATCC11303 that shares IS1 placement throughout the genome, suggesting a conserved

mechanism of resistance shared throughout the lineage.
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RESULTS

E. coli B demonstrates PMB heteroresistance that depends on the arn operon

To address the HR character of E. coli BL21 (DE3) the phenotype was tested with a
population analysis profile (PAP) (Fig. 3-1A) and frequency of resistance (FOR) calculations (Fig.
3-1B). The PAP displays the maintenance of a substantial pre-existing subpopulation of resistant
cells even in PMB concentrations greater than the USCAST recommended breakpoint of 2 ug/mL
for Enterobacteriaceae (Fig. 3-1A) (33). The presence of a resistant subpopulation also aligns with
our observations of inconsistent MIC values and well skipping in the E. coli B background, where
MIC averaged 1.4 ug/mL but ranged from 0.06 to 4 ug/mL. In contrast, for the K-12 strain E. coli
BW25113, the MIC value was consistently 0.06 ug/mL and no well skipping was observed. It is
known that B strains display higher levels of LPS modification than K-12 strains, so we probed the
role Ara4N (via the arn operon) and PEtN (via eptA) modifications play. As expected, deletion of
either eptA or arnA in the B strain resulted in MICs in line with the K-12 strain (Fig. 3-1B and Table
3-1). However, PMB FOR displayed a 10-fold decrease in resistance when arnA was deleted but
not when eptA was deleted (Fig. 3-1B) suggesting the arn operon plays some role in HR. To further
probe the role of the arn operon in PMB HR we constructed an E. coli B mutant lacking eptA, IpxT,
and pagP. LpxT adds a phosphate to the 1-position of lipid A that increases negative charge while
preventing further modification (34, 35), whereas PagP appends an acyl chain to form
heptacylated lipid A (36). Either modification can alter susceptibility to cationic peptides by
competing for lipid A substrate of ArnT (as with /pxT) and altering outer membrane permeability

(as with pagP). In this strain background, referred to herein as the Parent strain, we observed
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similar MIC (Fig. 3-1B and Table 3-1) and FOR (Fig. 3-1B) to the AeptA strain suggesting minimal

contribution of LpxT and PagP to PMB resistance, and, as expected, a significant decrease in FOR

is observed when arnA is additionally deleted.
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Figure 3-1: Heteroresistance leads to inconsistency between MIC and frequency of resistance. A)
Early exponential phase cells of E. coli BL21 (DE3) were harvested, diluted, and plated on LBA
with 0, 0.5, 1, 2, 4, and 6 pug/mL polymyxin B (PMB). Logio frequency of resistance was plotted
against PMB concentration to generate the population analysis profile. Dotted line represents
the USCAST breakpoint value of PMB B) Frequency of resistance was determined for 10 separate
cultures per strain by plating dilutions of exponential growths (ODgoonm 0.2 to 0.7) on LBA
containing 1 ug/mL PMB (6 ug/mL PMB for wt PMB6), then measuring the ratio of resistant CFU
to total plated cells. Strain MIC values are based on the mean of three biological replicates.
Significance values based on Student’s t-test (**p< 0.01, ***p <0.001, NS not significant).

Table 3-1: Polymyxin B (PMB) minimum inhibitory concentration (MIC) values

Strain

TXM338
TXM319
TXM322
GKM329
AR1973

Genotype

Wildtype BW25113; K-12 lineage
Wildtype BL21 (DE3); B lineage
BL21 (DE3) arnA::kanR

BL21 (DE3) eptA::catR

BL21 (DE3) eptA::catR IpxT::kanR pagP::hygR

MIC (mg/mL)*

REP1 REP2 REP3 Mean
0.06 0.06 0.06 0.06

4 013 0.06 140
0.06 0.06 0.06 0.06
0.06 0.06 0.06 0.06
0.13 0.13 0.06 0.10



(Parent)
MM2028

C1
Cc2
AR2206
AR2207

AR2208
MM2165

TXM2253

TXM2197

TXM2222
TXM2223
MM2176
TXM2233
TXM2234

BL21 (DE3) eptA::catR IpxT::FRT pagP::hygR
arnA::kanR

BL21 (DE3) eptA::catR IpxT::kanR pagP::hygR
BL21 (DE3 eptA::catR IpxT::kanR pagP::hygR
BL21 (DE3) I1S1-18::aprR

BL21 (DE3) arnA::kanR 1S1-18::aprR

BL21 (DE3) eptA::catR IS1-18::aprR

BL21 (DE3) eptA::catR lpxT::kanR pagP::hygR 1S1-
18::aprR

BL21 (DE3) eptA::catR lpxT::kanR pagP::hygR 1S1-
18::aprR +1S1-18 specR

Wildtype E. coli (Miguela) Castellani and
Chalmers ATCC11303

ATCC11303 eptA::catR

ATCC11303 arnA::kanR

ATCC11303 I1S1-18::aprR

ATCC11303 eptA::catR 1S1-18::aprR

ATCC11303 arnA::kanR 1S1-18::aprR

*Rep- biological replicate
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PMB resistant E. coli B isolates display increased lipid A Ara4N modification
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0.03
0.03

114

0.06

3.33
0.06
0.10

0.08

0.10

0.04

0.04

0.05
0.04

PMB resistant sub-population was isolated from the Parent strain by growth under

challenge from multiple concentrations of PMB (0.03 to 0.5 ug/mL). Altogether 26 single colonies

were challenged in this manner and all 26 displayed growth at the highest PMB concentration,

subsequent mutant purification and MIC checks revealed resistances of 2-4 pug/mL again at or

above the USCAST breakpoint. Among the set of 26 mutants two (C1 and C2) were focused on

for further characterization. We hypothesized that the PMB resistance phenotype was due to an

increase in the levels of Ara4N modification. To evaluate modification levels LPS was purified

from the Parent, C1, and C2 isolates grown to stationary phase in LB without PMB selective

pressure. SDS-PAGE separation of extracted LPS did not reveal any changes in either the total

yield or in the general banding profiles (Fig. 3-2). However, electron spray ionization mass
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spectrometry (ESI-MS) of the purified LPS demonstrates a near equal amount of non-modified
LPS (3420 m/z) and LPS modified with one Ara4N (3551 m/z) in the parent, while the C1 and C2
mutants display a population shift towards Ara4N (Fig. 3-3A). To confirm Ara4N was being added
to the lipid A backbone, we examined exponentially growing cells by labeling LPS with 3P,
hydrolyzing, and freed lipid A was analyzed by thin layer chromatography (TLC) (Fig. 3-3B). The
C1 and C2 mutants demonstrate clear shifts towards Ara4N-lipid A when compared to the Parent
(Fig. 3-3B). This shift is also observable for the majority of the additional 24 PMB resistant

mutants (Fig. 3-4).

Whole cell lysate samples

Purified LPS samples

ot be?"p bo"‘& 5\9& Q,a‘e“ (2

P>
\!
¥ o
th
be
Figure 3-2: SDS-PAGE analysis of LPS extracted from PMB resistant isolates. Silver stain of purified
LPS or whole cell lysates, indicated above image. E. coli BL21(DE3) strains are used as controls
where wt, AeptA, and AeptA AarnA contain the full core but variable lipid A modification and
AeptA AarnA AlpcA is a truncated (Re-LPS) chemotype without modification. *C2 whole cell lysate

sample was run on the same gel as other whole cell lysate samples; intervening lanes were
cropped out.
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Figure 3-3: Polymyxin B resistant isolates display increased levels of Ara4N modification on lipid
A. A) ESI-MS of LPS purified from the Parent strain, C1, and C2 isolates. Peaks with 3420 m/z
represent unmodified LPS while while peaks corresponding to additions to are marked in red.
Asteriks indicate sodium adducts. B) TLC analysis of 32P-labeled lipid A isolated from E. coli BL21
(DE3) wt, AeptA, AarnA, DAeptA AarnA, AlpxT ApagP, Parent, and C1/C2 PMB resistant isolates.
Signal corresponding to lipid A alone or with modification IS indicated. PMB resistant Isolates C1
and C2 display a marked shift to lipid A modified with Ara4N when compared to the Parent strain.
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Figure 3-4: 24 additional PMB resistant isolates from the Parent background display
chromosomal amplification mediated increases in Ara4N modification. A) TLC analysis of 32P-
labeled lipid A isolated from E. coli BL21 (DE3) wt, AeptA, Parent, and C3-C26 PMB resistant
isolates. Signal corresponding to lipid A alone or with modification are indicated. The majority
of samples display a shift towards Ara4dN modified lipid A.
Insertion sequence (IS) flanked chromosomal amplifications containing the arn operon found
in PMB resistant isolates

Point mutations in the two component systems governing the addition of PEtN and
Ara4N, namely PmrAB and PhPQ have previously been described to confer increased resistance
to PMB via increased modification (37-39). We wondered whether the resistant isolates
contained similar point mutations in the arn specific regulatory mechanisms resulting in
upregulation of Ara4N lipid A modification. We therefore used short read Illumina next
generation sequencing to identify mutations in C1 and C2 (Fig. 3-5A). In both PMB resistant
isolates, regions of higher relative read coverage encompassing the arn operon were observed,
where coverage increased nearly 2- and 3-fold in C1 and C2, respectively, in comparison to the
parent strain. Interestingly, amplified regions were flanked on both sides by IS1 elements (Fig. 3-
5A), a 768-bp mobile genetic element that is present in multiple copies (40). E. coli BL21(DE3)

contains 29 copies of IS1 (number I1S1-1 to IS1-29) distributed throughout the genome (40). IS1-

17 and I1S1-18 flanked the C1 amplified region (~145 kb long), whereas IS1-16 and 1S1-18 flanked
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the C2 amplified region (~264 kb long). The three IS1 element alleles involved are nearly identical,
save for a single unique bp in each. DNA amplification events bounded by repetitive stretches of
DNA are thought to arise from unequal DNA exchange between sister chromosomes that results
in head-to-tail duplication with an intervening third copy of the repeated element (Fig. 3-5B) (41—
43). Multiplex PCR using 5 primers (two reverse primers annealing downstream of 1S1-16 or IS1-
17 and a forward primer annealing upstream of IS1-18 along with a primer pair to amplify the
pykA control locus residing outside of plateau region) was thus used to confirm novel junction
points (Fig. 3-5B). PCR products consistent in size with amplification events bounded by 1S1-
17/1S1-18 for C1 and I1S1-16/IS1-18 for C2 were only observed in the C1 and C2 PMB resistant
mutants, and not the parent strain (Fig. 3-5C). Sanger sequencing of the novel, hybrid IS junction
PCR products confirmed duplication as diagrammed in Fig. 3-5B, with crossovers retaining the
IS1-17 allele in C1 and the 1S1-18 allele in C2. Likewise, 19 out of 24 of the other PMB resistant
isolates yielded PCR products with analogous amplification boundaries to C1 or C2 (Fig. 3-5C).
The remaining 5 isolates that failed to produce junction PCR products were therefore whole
genome sequenced. While once again all had increased read coverage encompassing the arn
operon, only a single boundary involved one of the above IS1 elements (Fig. 3-5D). These isolates
either represent minor amplification pathways, or more likely underwent further rearrangement
through recombination events which is often observed with long segments of tandemly amplified
DNA (42-44). In either case, all isolates acquired PMB resistance through arn operon

amplification mediated by flanking IS1 elements.
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Figure 3-5: Insertion sequence flanked chromosomal amplifications found in the PMB resistant
mutants. A) lllumina NGS read fold coverage over the genome obtained by normalizing coverage
to the mean read count across the entire chromosome excluding the amplified region for C1
(pink) and C2 (light blue). Parent fold coverage (dark green) obtained by normalizing coverage to
the mean read count across the entire chromosome. Amplified region of chromosomal DNA is
highlighted with the flanking IS elements indicated (bottom inset). The arn operon and its
location in the genome is indicated (top inset). B) Diagram of the junctions formed via tandem
amplifications involving IS1-17/1S1-18 (top) and IS1-16/ 1S1-18 (bottom). Relative locations of the
IS1 elements, arn operon, and primers used for multiplex junction PCR are indicated. C) Multiplex
Junction PCR check for the Parent strain and the PMB resistant mutants C1-C26. Break indicates
rearrangement of the gel to place Parent and C1-C2 samples first. Primers for pykA were used as
a control for successful reactions and the product sizes of the IS1-16/1S1-18 and 1S1-17/1S1-18
junctions are indicated. D) Diagram of the amplified regions among the 26 isolates. Boundaries
of the C1 and C2 mutants are displayed as well as the boundaries of the 5 amplified regions
bounded by only one IS element. E) IS-flanked amplifications in mutants are unstable and result
in a transient polymyxin resistance phenotype. Ratio of Polymyxin B resistant colonies (PMB
plate colony count: LBA plate colony count) in parent (green open circles) and mutant (pink
circles, C1 and blue circles, C2) strains over 10 days of passaging in the presence (solid circles) or
absence (open circles) of 1 pg/mL polymyxin Bsulfate (data representative of three
independent experiments).

To determine the stability of the amplifications, we performed outcrossing experiments where
the parent, C1, and C2 isolates were passaged in the presence or absence of PMB over 10 days.

Aliquots were plated daily on LB agar plates with and without PMB. In the absence of PMB, the
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population of PMB susceptible cells increased, whereas mutants passaged in the presence of
PMB largely retained the resistant phenotype (Fig. 3-5E). PMB resistance was also unstable to
varying extents among the broader panel of 24 isolates (Fig. 3-6). The slow depletion of the PMB
resistant subpopulation is consistent with a modest fitness cost for amplifying 145-kb (C1) and
264-kb (C2) genome segments flanking the arn operon. Indeed, growth rate defects were

minimal in LB media in comparison to the parent strain (Fig. 3-7).
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Figure 3-6: Majority of the 24 PMB resistant isolates revert to PMB sensitive phenotype in the
absence of PMB. Ratio of PMB resistant colonies in the PMB resistant isolates C3-C26 on day 10
after passaging cells in the absence of PMB challenge. The majority of isolates have lost PMB
resistance.
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Figure 3-7: C1 and C2 IS1-18 dependent chromosomal amplifications impart minimal fitness cost.
Growth curves of the Parent strain versus C1 (panel A) and C2 (panel B) are plotted where each
fit represents the average of three biological replicates with error bars indicating standard
deviation. The C1 ~145 kb amplification imparts a lower fitness cost than the C2 ~264 kb
amplification which displays a longer lag phase.

I1S1-18 is necessary for amplification and associated resistance

To investigate the role of IS1 elements on HR we constructed several AlSI-18 strains in
the E. coli B background (AIS1-18, AeptA AIS1-18, AarnA AIS1-18, AlpxT ApagP AeptA AIS1-18) and
calculated FOR as previously described. In the Parent background deletion of IS1-18 alone
decreased overall FOR by ~70-fold (Fig. 3-8A and 3-8B), FOR could be restored by reintroduction
of 1S1-18 back into the same chromosomal position. Overall deletion of IS1-18 resulted in

significant decreases in FOR whenever coupled with an eptA deletion (Figs. 3-8A and 3-9).
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Figure 3-8: IS1-18 mediated chromosomal amplifications containing the arn operon lead to
increased frequency of resistance. A) Frequency of resistance was determined for parent strain
(# indicates re-plotting of previously shown data for comparison with relevant strains), parent
strain lacking 1S1-18, and with 1S1-18 reinserted. FOR of 10 separate cultures per strain was
obtained by plating dilutions of exponential growths (ODeoonm 0.2 to 0.7) on LBA containing 1
ug/mL PMB, then measuring the ratio of resistant CFUs to total plated cells. Significant values
based on Student’s t-test (***p <0.001, NS not significant). B) Fold change in median FOR when
deleting 1S1-18 was quantified for the Parent, E. coli BL21 (DE3) wt, AeptA, and AarnA strains.
Error bars derived from propagating median absolute deviation of values in the interquartile
range. C) The percentage of resistant colonies containing the amplification junction was plotted
for multiple strains with 1S1-18 (filled circles) and with 1S1-18 deleted (open circles). Up to 100
resistant colonies per strain derived from the FOR experiments were checked via multiplex PCR
for the presence of the IS1-16/ 1S1-18 or IS1-17/ 1S1-18 amplification junctions.
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Quantifying the fold change in FOR in isogenic strains with and without /S1-18 revealed no change
in FOR for the wildtype and AarnA backgrounds but an ~15-fold higher FOR in the AeptA
background (Fig 3-8B). The data thus far would suggest that /S1-18 plays a significant role in
facilitating PMB resistance in strains that maintain a functional arn operon and lack the ability to
modify lipid A with PEtN. To tie this phenotypic resistance with chromosomal amplification we
utilized the above-mentioned multiplex junction PCR to screen resistant colonies, derived from
the FOR experiments, for the presence of a tandem amplification (Fig 3-8C). In all strains lacking

IS1-18 or a functioning arn operon (AarnA) the presence of amplification could not be confirmed
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in any tested resistant colonies. In the wildtype background, resistance could be attributed to
chromosomal amplification in roughly 30% of cases, suggesting that amplification still occurs but
is one of multiple mechanisms of resistance. Hence the minimal effect on overall FOR for eptA*
strains. However, in the case of the Parent background, where resistance is almost entirely
dependent on the levels of AradN modification, chromosomal amplification was found in
approximately 90% of resistant isolates suggesting that in this background amplification is the

predominant mechanism of resistance.
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Figure 3-9: Deletion of 1IS1-18 primarily alters frequency of resistance in strains lacking eptA but
containing the arn operon. I1S1-18 was deleted in E. coli BL21 (DE3) wt, AeptA, and AarnA
backgrounds and logio frequency of resistance plotted. # represents re-plotting of previously
shown FOR data for comparison with relevant strains. Frequency of resistance was determined
from 10 separate cultures per strain by plating dilutions of exponential growths (ODeoonm 0.2 to
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0.7) on LBA containing 1 pg/mL PMB (6 pug/mL PMB for wt PMB 6), then measuring the ratio of
resistant CFU to total plated cells. Significance values based on Student’s t-test (*p< 0.05, **p<
0.01, ***p <0.001, NS not significant).
IS1 mediated PMB resistance is conserved in E. coli B lineages

Thus far we have evaluated the role of the arn operon and IS1 in driving PMB resistance
in a lab strain of E. coli BL21(DE3). We predicted that if we would see this effect of IS1 mediated
PMB resistance in other wildtype E. coli B lineages provided similar positioning of the IS1
elements. While IS1 elements flank the arn operonin E. coli BL21(DE3) these elements are absent
in E. coli K-12. A search of the NCBI database revealed E. coli ATCC11303, another B lineage strain,
shares a similar distribution of IS1 elements with BL21(DE3) (Fig. 3-10A) and most importantly
contains I1S1-16, I1S1-17, and 1S1-18 (40). PMB FOR was determined in isogenic strains of ATCC
11303 E. coli B strains (Fig. 3-10B). Indeed, there was a larger decrease in FOR in the AarnA
mutant as compared to the AeptA mutant, supporting that ArnA is involved in HR. As observed
in E. coli BL21(DE3) (Figs. 3-8 and 3-9), the removal of 1S1-18 in the AeptA mutant background
resulted in a ~15-fold FOR decrease but a change was not observed in the wildtype and AarnA
backgrounds (Fig. 3-10B and 3-10C). These results point to the significance of the positioning of
insertion sequence elements in the chromosome and their involvement in the chromosomal

amplification driven HR phenotype.
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Figure 3-10: Role of IS1 mediated chromosomal amplifications is maintained in a more wildtype
E. coli B strain. A) Relative positioning of IS1 elements across the genome of E. coli B ATC11303
(light blue), E. coli BL21 (DE3) (green), and the K-12 strain E. coli BW25113 (pink) with 28, 29, and
7 1S1 elements respectively (black dashes). The location of eptA and the arn operon are indicated
by larger purple dashes. The locations of IS1-16, I1S1-17, and 1S1-18 are indicated, and relative
positioning shared between both E. coli B strains but not the K strain. B) In the E. coli B ATC11303
background frequency of resistance was determined for wt, AeptA, and AarnA each with and
without IS1-18. FOR was determined from 10 separate cultures per strain by plating dilutions of
exponential growths (ODgoonm 0.2 to 0.7) on LBA containing 1 ug/mL PMB (8 pg/mL for wt and
AIS1-18), then measuring the ratio of resistant CFUs to total plated cells. Significance values
based on Student’s t-test (***p <0.001, NS not significant) C) Fold change in median FOR when
deleting /1S1-18 was quantified for E. coli B ATC11303 wt, AeptA, and AarnA with fold changes of
approximately 1, 14, and 1 respectively. Error bars derived from propagating median absolute
deviation of values in the interquartile range.
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DISCUSSION

As antimicrobial resistance (AMR) concerns increase over the coming decades it is
imperative that we gain a better understanding of bacterial resistance mechanisms. Of particular
concern is bacterial HR, as it provides a pathway for bacteria to undermine treatment with even
our drugs of last resort. Polymyxins have come back into use as a drug of last resort against AMR
gram-negative bacteria including Enterobacteriaceae such as E. coli (3). E. coli BL21 (DE3), despite
being a strain used to evaluate polymyxin resistance genes (45, 46), has had its polymyxin
sensitivity called into question with reports claiming that E. coli B strains are intrinsically resistant
while E. coli K-12 strains are sensitive (47). While many studies have investigated PMB resistance
mechanisms few have probed for HR in E. coli B strains (48—50). Our study demonstrates that an
IS1 driven chromosomal arn operon amplification in E. coli B strains facilitates PMB HR at least in
part by increased Ara4N modification of lipid A.

While working with strains of E. coli B (16), we noticed high levels of intrinsic Ara4N
modification when compared to E. coli K-12 despite wildtype alleles for all known regulators. As
expected the MIC to PMB was also higher, albeit highly variable indicating HR, but intriguingly
the FOR at ~8x their respective MICs was nearly 100 fold higher in E. coli B (Fig. 3-1). The FOR in
E. coli B was unaffected by deletion of eptA alone or in conjunction with /pxT [increases negative
charge by adding phosphate (51)] and PagP [decrease outer membrane permeability by adding
an acyl group to LPS (52)]; in the Parent strain (Fig. 3-1). Contrastingly deletion of arnA resulted
in a significant 10-fold drop in FOR (Fig. 3-1), suggesting that the arn operon plays a significant

role in PMB resistance among the resistant sub-population.
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This PMB resistant sub-population was found to be easily selected for from our Parent
strain in a single selection step, suggesting they preexisted in cultures. While expecting to find
mutations in the two component regulatory systems governing the arn operon, whole genome
sequencing for two representative isolates (C1 and C2) revealed genomes identical to parent,
except for two regions with nearly 2 and 3 times higher read counts respectively (Fig. 3-5A). Both
amplified regions included the arn operon and were ‘bookended’ by insertion sequences (IS1),
located either 170- (IS1-16 in C2) or 51- (1S1-17 in C1) kb upstream and 90-kb downstream (IS1-
18) of the arn operon (Fig. 3-5B and 3-5D).

Chromosomal tandem duplications are one of the most common class of mutations and
yet are hard to characterize due to their fleeting nature (53). Tandem amplifications are thought
to arise from unequal DNA exchange between sister chromosomes, either through homologous
recombination (in Rec+ hosts) or single stranded DNA exchange via cross annealing (54). In either
case, a head-to-tail duplication with an intervening third copy of the repeat element results as
we observed with our IS junction PCR checks (Fig. 3-5B and 3-5C). Insertion sequences, a large
class of small DNA elements flanked by inverted terminal repeats encoding a transposase for self-
transposition (55-57), are thought to be involved in chromosomal tandem duplications in part
by providing an extend stretch of homology for strand exchange. While the mechanism by which
IS1 elements promote tandem duplication is not fully understood, our data clearly show the
importance of IS1 for amplification. Deletion of 1S1-18 resulted in a 15- to 70-fold drop in FOR
which could be restored by reintroducing 1S1-18 (Fig. 3-8A and 3-8B), demonstrating how 1S1
elements located hundreds of kb away can alter the PMB FOR by an order of magnitude.

Furthermore, in strains lacking arnA the deletion of IS1-18 had no significant effect on FOR,
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highlighting that within the amplified regions the arn operon was the key factor leading to
resistance.

Despite the large size of the amplifications the C1 and C2 arn operon amplified clones
were relatively stable, with a resistant population surviving without PMB challenge for nearly 200
generations (Figs. 3-5E and 3-7). Analysis of the LPS structure by 32P-lipid A radiolabeling and ESI-
MS showed a bulk increase in LPS Ara4N content (Fig. 3-3), suggesting that arn operon duplication
produces a highly modified LPS subpopulation. Different levels of Ara4N will not only impart
resistance to PMB, but also to cationic antimicrobial peptides, trigger different innate immune
responses, and present different outer membrane permeabilities. 1ISI mediated chromosomal
amplification of the arn operon thus could contribute to many scenarios involving bacterial
survival and should thus be considered. This becomes starkly clear as we consider that the
amplified regions are a strong driver of heterogeneous gene expression.

Heterogeneous gene expression levels in bacterial populations are well documented (58,
59) but the potential contribution for IS elements has so far not been explicitly investigated.
When just considering E. coli BL21 (DE3) there are 29 IS1 elements across the genome (Fig. 3-10)
resulting in multiple combinations of I1SI elements that can interact and give chromosomal
amplifications with varied recombination/outcross rates and different amplification numbers all
of which drives cell-to-cell variation. RNA-seq analysis of our C2 amplicon demonstrated general
upregulation of genes within the amplified segment, including the arn operon, as well as
genes/operons located outside of it being both down and upregulated [Meredith Lab (Aditi

Ranade), unpublished]. In addition, volcano plots indicated changes in the glycerophospholipid
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degradation (glp) pathway whereby genes, in the multiple involved operons, across the genome
were upregulated [Meredith Lab (Aditi Ranade), unpublished].

Altogether, our data suggests a model where a major driver of E. coli B PMB HR is tandem
chromosomal amplification. Whereby amplification is ISI mediated in an incompletely
understood mechanism worthy of further investigation. The sub-population with amplicons
containing the arn operon have distinct LPS chemotypes with increased AradN modification
resulting in PMB resistance. This study highlights the importance of considering IS element

content and location along the genome when evaluating AMR.

MATERIALS AND METHODS

Bacterial strains and growth conditions

E. coli BL21(DE3) and ATCC11303 strains used in this study were grown in LB (10 g
tryptone, 10 g NaCl, 5 g Yeast Extract, pH 7.0) only or in LB supplemented with appropriate
antibiotics. Standard culture conditions were defined as 2-mL cultures in 14-mL Falcon snap cap
culture tubes, grown at 37 °C with aeration (250 rpm). Where noted, cultures were grown in 96-
well plates, 24-well plates, with or without shaking. Plasmids and strains used in this study are

listed in Table 3-2.



Table 3-2: Bacterial strains and plasmids

Bacterial Strain

or plasmid

E. coli strains

TXM338
TXM319
TXM322
GKM329
TXM331
TXM333
AR2206
AR2207
AR2208
AR1972

AR1973
(Parent)

MM2028
MM2165

TXM2253

TXM2197
TXM2222
TXM2223
MM2176
TXM2233
TXM2234
Plasmids
pKD46
pKD4
pSET152
pKD3

pUC19-oriT-hyg

pKFC
pCP20
pCL25

Relevant Genotype/Phenotype

Wildtype BW25113; K-12 lineage

Wildtype BL21 (DE3); B lineage

BL21 (DE3) arnA::kanR; Kan"

BL21 (DE3) eptA::catR; Cat"

BL21 (DE3) eptA::catR arnA::kanR; Cat" Kan"

BL21 (DE3) eptA::catR arnA::kanR IpcA::gentR; Cat" Kan" Gent"
BL21 (DE3) IS1-18::aprR; Apr”

BL21 (DE3) arnA::kanR IS1-18::aprR; Kan" Apr"

BL21 (DE3) eptA::catR 1S1-18::aprR; Cat" Apr'

BL21 (DE3) IpxT::kanR pagP::hygR; Kan" Hyg"

BL21 (DE3) eptA::catR IpxT::kanR pagP::hygR; Cat" Kan"Hyg"
BL21 (DE3) eptA::catR IpxT::FRT pagP::hygR arnA::kanR; Cat"
Kan"Hyg"

BL21 (DE3) eptA::catR IpxT::kanR pagP::hygR 1S1-18::aprR;
Cat" Kan"Hyg" Apr"

BL21 (DE3) eptA::catR lpxT::kanR pagP::hygR 1S1-18::aprR +
IS1-18 specR; Cat" Kan"Hyg" Apr" Spec’

Wildtype E. coli (Migula) Castellani and Chalmers ATCC11303
ATCC11303 eptA::catR; Cat"

ATCC11303 arnA::kanR; Kan'

ATCC11303 I1S1-18::aprR; Apr’

ATCC11303 eptA::catR I1S1-18::aprR; Cat" Apr'

ATCC11303 arnA::kanR 1S1-18::aprR; Kan" Apr"

A-Red recombinase expression plasmid; Carb"
Kan" template

Apr" template

Cat" template

Hyg" template

Vector for construction of LHA IS1-18::aprR
FLP recombinase plasmid, Carb"
Spec’template
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Source or
reference

Lab Stock
Lab Stock
(16)
(16)
(16)
(16)
This study
This study
This study
This study

This study
This study
This study

This study

ATCC
This study
This study
This study
This study
This study

(60)
(63)
Lab Stock
(63)
Lab stock
Lab stock
(63)
Lab Stock

Kan'- kanamycin; Cat"- chloramphenicol; Spec'- spectinomycin; Carb'- carbenicillin; Apr'- apramycin; Hyg'-
hygromycin, Gent®- gentamicin.
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Strain and plasmid construction

Gene or IS1-18 deletions along with the 1S1-18 knockin back complement were
constructed using the Red recombinase system (60). Gene specific P1 and P2 primers, along with
the antibiotic resistance gene marker template used for selection, are listed in Table 3-3. In the
case of AISI-18, an apramycin (apr) marker was amplified by PCR (primers MM2891-2892) and
flanked by DNA cassettes located up- (primers MM2896-2897) and downstream of 1S1-18
(primers MM2898-2899). PCR products were assembled in the plasmid pKFC, which was then
used as template for PCR amplification (primers MM2900-2901) of the integration cassette. For
IS1-18 knockin to make the back complemented strain, splice overlap PCR was used to assemble
the upstream DNA homology arm (primers TM3013-3018), 1S1-18 (TM2983-2984), a
spectinomycin resistance selection marker (TM3055-3056), and a downstream homology
corresponding to the apr marker (TM3014-2019). All constructs were checked by PCR using
primers annealing outside the integration locus for the correct size before verification by Sanger

sequencing.

Table 3-3: Primers used in this study

Primer Name Primer Sequence

IS1-18 KO

MM2896-P1 Ins18 pKFC EcoRl | GACGGCCAGTGAATTCATGGAATAAAATCATGCTACC

MM2897-P2 Ins18 pKFC TCGCTTTTCCCGCTCTCATCAAATTCCGTTACCG

MM2898-P3 Ins18 pKFC AATCGCCAGGCGAAATATCAAAATGAAATTAATCAAC

MM2899-P4 Ins18 pKFC TGATTACGCCAAGCTCGGATGGTCTTTACCCGGTTC

Hindlll

MM2891 - Ins18 aprR P1 GAGCGGGAAAAGCGAACCAACGGACTTATTTACCTGGTACGGTCACCTAG
ATCCTTTTGG

MM 2892 - Ins18 aprR P2 TTTCGCCTGGCGATTTTGAAGTCTTTTTTCAACGTTATCTTCCGTTCTCCGC

TCATGAGC



MM2900-Ins18::aprR pKFC
for

MM2901-Ins18::aprR pKFC
rev

MM2927-LHA Ins18 upcheck
MM2928-LHA Ins18
downcheck

I1S1-18 KI

TM3018- yfdF P1

TM3013- yfdF P2
TM2983- Ins18 Kl for
TM2984-Ins18 Kl rev
TM3055- speclIS18 for
TM3056- specIS18 rev
TM3014- apr P3

TM3019- apr P4

arnA KO
GK425-ArnA::KanR-P1
GK426-ArnA::KanR-P2
GK433-ArnA-check for
GK434-ArnA-check_rev
eptA KO
TM448-EptA::catR-P1

TM449-EptA::catR-P2

GK435-EptA-check for
GK436-EptA_check rev
IpxT KO

MAMZ2381- New P1 lpxT
pKD4 KanR

MAM?2382- New P2 |pxT
pKD4 KanR

MM2579- IpxT upcheck v2
MM2580- IpxT downcheck v2
pagP KO

Tm748- PagP hyg P1

Tm749- PagP hyg P2

Tm750- PagP hygcheck for
Tm751- PagP hygcheck rev
Junction PCR

TM2872- Ins17 rev (P17)
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CAATACCAGCGCTGCTTACACAGA

CGATGTCTGTGGGTAAATGGACGC

GCTTACCCTTTCAAATCAATCAGTG
GTCCAGTTACCGTTCTACGGTAGC

GAAGTTAATGGATTAGTACAAGAGTTC
AACCAGTTGCAAATGCGAAGATAAAACCAGG
CATTTGCAACTGGTTCCGATCATC
CCCGTTGAGCTCGTTTAC
AACGAGCTCAACGGGTTCCCCTGCTCGCGCAG
GGTTTGCGAATCCGTGCTTGAACGAATTGTTAG
ACGGATTCGCAAACCGATATCACACAAACTCAGAC
CAGTCCAAGTGGCCCATCTTCGAG

GGTGACCTGCCTTACCACAAC
TCGTGATGTTTAGCCGCTTC
CGAGCGTGAGTTTGGTGAATCC
CCGATCCCAGTTACCGCTAC

GTTGGCCGCTTTTTATATCTCTATCTGCCTGAATATTGCCTTGCGCCTACCT
GTGACGGA
TGTTGCGTTTGCGCCTGTTTTTGCAGGCAGTTCTGGTCAACCCTTACGCCC
CGCCCTGCC

AAACCCGTATCCCTTAGATGCACC

CTCAAGGCTTTGTTCCGCCATC

AGGTTGCCTGCGTTTTTCAGTAAGATAATTAGAGAAAATATGGTAGGCTG
GAGCTGCTTC
GATGATGTTAATTACTGTGAGTTATTTGTTTTGGAAATGTTTTATGAATATC
CTCCTTAG

CTGATTTCCAGCAGCGAAGCTGAC

GATAGATGAAAGCACGGTGCGCAT

GTTTTATGGTCACAAATGAACGTGAGTAAATATGTCGCTATCCTATGACCA
TGATTACGC
ACTAAAACTTCATTTGTCTCAAAACTGAAAGCGCATCCAGGCACGTTGTAA
AACGACGGC

GTAGCTTTGCTATGCTAGTAGTAG

GTGGTACGCTTTGTCCAGTGTAAC

GTTGGGACTGACGTTGCCGGTAATCG
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TM2873- Ins18 for (P18) CGGAAATGATTACTTATCTCTCGGTTACTACG
TM2874- Ins16 rev (P16) CTCTTCAGAGACTGCCACATTAGCG
TM2862- Ins18 upcheck CACACAAACTCAGACATACGGTAACGG
(P18’)

AR2883 - pykA upcheck ACGCGAAAACGACGCCATGGTGATTG

AR2884 - pykA downcheck GCGGCGGATGAATGAAGAAGTCGAG

Population Analysis Profile (PAP)

Single colonies of wildtype E. coli BL21(DE3) (TXM319) were inoculated in 2 mL LB in 15
mL culture tubes. From the overnight culture, 3 mL LB was inoculated with 100 pL of a 10° -fold
dilution and incubated at 37 °C with shaking till cells reached early exponential phase (ODggonm of
0.15-0.3). Cells were harvested by centrifugation (2 min at 5000 xg) and resuspended in an equal
volume of LB with PMB (1 pg/mL). Aliquots containing 107, 10, and 10° cells were plated on LBA
(1.5% agar) with varying concentrations of PMB (0, 0.5, 1, 2, 4, 6 ug/mL). Colony counts were
obtained after an overnight incubation at 37 °C and used to calculate the FOR at the

corresponding concentration of PMB.

MIC and growth curve measurements

For MIC measurements, a low CFU input was used to minimize the effect of resistant
subpopulations. Single colonies of strains isolated on LBA or LBA supplemented with 0.5 ug/mL
PMB (for PMB resistant isolates) were cultured overnight under standard culture conditions in 2
mL LB or LB supplemented with 0.5 pg/mL PMB (late stationary phase ODsgonm ~ 2). A 100 plL
aliquot of a 10°-fold dilution of overnight cultures in LB was mixed with 100 pL of LB media with
increasing concentrations of PMB (2-fold increments) for a final concentration of ~103 total CFU

per well in a 96-well microplate for overnight incubation at 37 °C without shaking. The minimum
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concentration of PMB with no visible growth was scored as the MIC after 18-20h of incubation.
For growth curve measurements, overnight cultures of parent and mutant strains were diluted
1:1000 in 2 mL of fresh LB in 15 mL culture tubes and incubated at 37 °C with aeration by shaking

(250 rpm). Growth was measured at ODgoonm With readings taken every 30 min.

Frequency of Resistance determination

For each strain, glycerol stocks were struck out on to LBA with required antibiotics for
marker selection. Ten single colonies were used to inoculate separate LB cultures and grown
overnight. The next morning, 100 uL of a 10° dilution was used to inoculate a fresh 3 mL LB culture
and cultures were incubated at 37 °C until an ODeoonm between ODsoonm 0.2 to 0.7. Cells were
pelleted (2 min at 5000 xg) then resuspended in an equal volume of LB containing either 0.5
ug/mL or 1 pug/mL PMB (the latter was used for strains with MIC values consistently above 1
ug/mL). Each resuspension was serially 10-fold diluted, and 100 pL of each was plated on
separate LB agar plates containing PMB at 4 to 8-fold higher than the MIC. The fold change is
approximate as replicate MIC measurements for PMB were highly variable (See Table 3-1). The
FOR was calculated based on the ratio of CFU on PMB containing plate over total CFU plated

(based on LBA only plate).

Single-step derivation of independent PMB resistant isolates
To derive PMB resistant isolates, single colonies of the parent strain AR1973 (E. coli
BL21(DE3) eptA::catR IpxT::kanR pagP::hygR) were used to start independent overnight cultures.

Cultures were diluted into LB supplemented with increasing concentrations of PMB (final
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concentration range in culture was 0.03125 pg/mL to 0.5 pg/mL) in a 24-well microplate, with a
final culture volume of 3 mL at 10® CFU/mL to enrich the PMB HR subpopulation. The plate was
incubated at 37 °C with shaking (250rpm) for 24h. Growth was observed for all cultures at the
highest concentration (0.5 pug/mL). Cultures were colony purified on LBA with PMB (0.5 pug/mL)
and used to make glycerol stocks. In all cases, phenotypic PMB resistance was stable provided
cultures were maintained on PMB, as determined by MIC measurements (2-4 ug/mL PMB) and

FOR (1 pug/mL PMB) performed as described above.

LPS Purification

Bacteria were harvested from stationary phase cultures grown at 37 °Cin Lysogeny Broth
(10 g tryptone, 5 g yeast extract, 10 g NaCl per liter) supplemented with necessary antibiotics.
Dried biomass was gathered by stirring with ethanol overnight followed by two 12-hour rounds
with acetone at 4 °C. From dried biomass LPS was extracted via the phenol chloroform petroleum
ether method (61). Briefly, dried biomass was suspended in 30 mL of PCP solution (90% phenol:
chloroform: petroleum ether in 2:5:8 v/v/v ratio) and incubated with flipping for 1 hour. Biomass
was pelleted with centrifugation (10 minutes at 3000x g) and supernatant collected in a round
bottom flask. Extraction with PCP solution was repeated twice more. Pooled extract was
rotovaped for removal of chloroform. To the remaining viscous phenol phase 100 ulL of 3M
sodium acetate (pH 7.0) was added followed by water dropwise until LPS precipitated. LPS was
pelleted via centrifugation (10 minutes at 3000x g) and the pellet washed with 80% phenol and

a final wash with acetone.
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From the PCP extracted LPS, coextracting phospholipids were removed by a modified
chloroform methanol wash (62). Briefly, pellet was suspended in chloroform/methanol/ 3M
sodium acetate (pH 7.0) (85:15:1, v/v/v ratio). LPS was precipitated via the addition of 2-3
volumes of methanol and collected by centrifugation (10 minutes at 3000x g). The wash was
repeated twice more before lipoprotein contamination was removed following the
phenol/sodium deoxycholate extraction as described by Hirschfeld et al (63). Briefly, LPS was
resuspended in tris buffered TEA-DOC solution (0.5% sodium deoxycholate (w/v), 0.2%
triethylamine (v/v), in 20 mM Tris-HCI, (pH 7.0)) An equal volume of water saturated phenol was
added and mixed by inversion. Phase separation was induced by centrifugation (10 minutes at
3000x g) and upper aqueous phase containing LPS was removed. Extraction of lower phenol
phase was repeated twice more and aliquots of aqueous phase pooled. Pooled aqueous phase
was back extracted with fresh water saturated phenol before collection of aqueous phase and
addition of 3 M sodium acetate (pH 7.0) until final concentration of 30 mM. Ethanol was added
until a final concentration of 75% to precipitate LPS, sample was kept at -20 °C for 2 to 4 hours
before LPS was pelleted.

Finally nucleic acid contamination was removed via ultracentrifugation. LPS pellets were
resuspended in 3 mL of water and diluted with 30 mL of Tris saline buffer (50 mM Tris-HCI, 100
mM NaCl, 1 mM MgCly, (pH 7.0)) before centrifugation at 100,000x g for 4 hours. Supernatant
was decanted and the remaining translucent pellet was suspended in miliQ water before transfer
to 500-1k Da MWCO dialysis tubing. LPS was dialyzed against four 5-L portions of miliQ water at

4 °C for 48 hours. Finally LPS was lyophilized providing a fluffy white powdered LPS sample.
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Mass Spectrometry

Analysis of purified LPS was performed as has been described (see (16) and Chapter 2).

32p_|abeled lipid A labeling and analysis via thin-layer chromatography (TLC)

Radio-labeled lipid A was extracted from strains via the Trent methodology (64) on a
reduced scale. Overnights for each strain were prepared in LB with antibiotics as required, in the
case of isolates C1 and C2 they were grown without PMB challenge and used to inoculate 7 mL
of LB 1:100. Inorganic 3’P was added to 2.5 pCi/mL and cells grown for ~4 hours at 37 °C with
shaking at 250 rpm. Cells were harvested by centrifugation at 2,000x g for 10 min and washed
with water before resuspension in 1 mL of single phase Bligh-Dyer mixture
(chloroform:methanol:water (1:2:0.8, v/v)). Suspended cells were allowed to incubate at room
temperature with flipping for 15 minutes before pelleting (6,000x g for 2 minutes) and
resuspension with a second aliquot of single-phase Bligh-Dyer mixture. Incubation period was
repeated, LPS pelleted, and resuspended in 450 pL of 300 mM sodium acetate, pH 4.5; 1% SDS
buffer by pipetting. Lipid A hydrolysis was achieved by incubating samples at 95 °C for 45 minutes.
After hydrolysis samples were allowed to cool then the solution converted to a two-phase Bligh-
Dyer mixture via the addition of 1 mL of chloroform:methanol (1:1, v/v) for a final
chloroform:methanol:aqueous (2:2:1.8 v/v) mixture. The two-phase Bligh-Dyer was vortexed and
phases separated via centrifugation, 3,000x g for ten seconds. The lower phase containing 32P-
labeled lipid A was extracted into a clean Eppendorf tube and allowed to dry overnight.

To visualize 3?P-labeled lipid A, samples were dissolved in 50 pL of 4:1

chloroform:methanol (v/v) and 5 uL spotted on a silica gel 60 TLC plate. The plate was run in a
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TLC tank using a pyridine/chloroform/formic acid/water (50:50:16:5, v/v/v/v) mobile phase and
allowed to air dry overnight. A storage phosphor screen [BAS-IP MS (Multipurpose Standard)]

was exposed to the plastic wrapped TLC plate for ~24 hours before scanning to obtain an image.

Genome sequencing

From 1 mL of overnight cultures in LB, genomic DNA was extracted using guanidium
thiocyanate as described (65). Genomic DNA was submitted to SeqCenter (Pittsburgh, PA) for
[llumina next generation sequencing (1.33 million reads per sample using paired end 151 bp long
short end reads). Reads were mapped to the reference genome of E. coli BL21(DE3) (NCBI

Reference Sequence: NC_012971.2) using Geneious Prime.

Outcrossing experiment

Single colonies of parent and PMB resistant isolates were isolated on LBA or LBA
supplemented with 0.5 pg/mL PMB respectively and were inoculated in 200 pL LB media either
without (for parent) or with 1 pg/mL PMB in a 96-well microplate. Cultures were incubated
overnight at 37 °C, without shaking. For passage 1, a 10°-fold dilution of overnight culture was
made into 2 mL LB or LB supplemented with 0.5 pg/mL PMB in 15mL culture tubes and incubated
overnight at 37 °C, with shaking (250 rpm). After 2 hr of incubation, each sample was plated on
LBA and LBA containing 0.5 pg/mL PMB to verify the corresponding homogeneous susceptible
(parent) or resistant PMB (C1 and C2) phenotypes. For passage 2 onwards, replicate (+/- 1 ug/ml

PMB) 10’-fold dilutions were performed to a final 2 mL culture volume. The proportion of PMB
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resistant colonies was calculated as the ratio of colony counts from LBA + 1 ug/ml PMB plates to

colony counts from LBA only plates for each sample per passage per day.

Junction Multiplex PCR

Presence of the tandem chromosomal duplication was checked with a multiplex PCR.
Template DNA was mixed with Thermo Scientific Phire Plant Direct PCR Master Mix and primers
as follows: P18 - 5-CGGAAATGATTACTTATCTCTCGGTTACTACG-3’, P17 - 5-
GTTGGGACTGACGTTGCCGGTAATCG-3’, P16 — 5’-CTCTTCAGAGACTGCCACATTAGCG-3’, pkyAfor —
5’-ACGCGAAAACGACGCCATGGTGATTG-3, and pykArev— 5-
GCGGCGGATGAATGAAGAAGTCGAG-3'. In AIS1-18 strains primer P18 was replaced with primer
P18’ —5-CACACAAACTCAGACATACGGTAACGG-3’. Template DNA was prepared via genomic DNA
extraction as described above or directly from isolated single colonies as followos: colonies were
resuspended in lysis buffer (10 mM Tris-HCl, 0.1 mM EDTA, 0.1% Triton X-100 (pH 8.0)), incubated
for 5 min at 95 °C, then centrifuged for 10 min at 13,000x g, 0.5 uL of resultant supernatant was
used as template. PCR conditions followed recommendations proved for Thermo Scientific Phire
Plant Direct PCR Master Mix with an annealing temperature of 60 °C, and extension time of 40

seconds.

SDS-PAGE/Silver Stain
Whole cell lysate preparation: Whole cell lysates were prepared in the manner of
Hitchcock and Brown (66) with a few modifications. Briefly bacteria were grown overnight in 2

mL lysogeny Broth with required antibiotics, c1pl and c5pl isolates were grown in the absence
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of PMB. From the overnight growth 100 pL was taken and cells pelleted. Pellet was solubilized in
50 pL of lysing/loading buffer (0.5 mM EDTA, 2% SDS, 2% 2-mercaptoethanol, 0.1% bromophenol
blue, 10% glycerol, 50 mM Tris (pH 7.5)). Lysates were incubated at 95 °C for 10 minutes, cooled,
and proteinase K (PK) was added to a final concentration of 1 pug/uL. To degrade protein lysates
with PK were incubated at 60 °C for 60 minutes. Lysates were then either immediately run on
SDS-PAGE gels or frozen for later use.

Purified LPS preparation: LPS from E. coli B strains was purified as described above. Purified LPS
powder was resuspended in lysing/loading buffer to a concentration of 20 pug/mL. Sample
treatment followed that as described for whole cell lysates after pellet solubilization.

SDS-PAGE: Gels were prepared as described by Lesse et al (67), with slight modification. Briefly,
two acrylamide and bisacrylamide stock solutions of 30% T, 6% C and 30% T, 2.6% C were
prepared where T represents the total percentage of acrylamide and C represents the percentage
of the cross-linker (bis) to the total concentration of acrylamide. The resolving gels were prepared
via the addition of 30% T, 6% C stock acrylamide solution (5.44 mL), gel buffer (3 M Tris-HCI, 0.3%
SDS pH 8.5)(3.3 mL), glycerol (1.3 g), and water (160 pL). Gels were polymerized with the addition
of ammonium persulfate (100 puL 10% APS) and TEMED (10 pL). Stacking gels were layered on top
of the polymerized resolving gels and were prepared by the addition of 30% T, 2.6% C stock
acrylamide solution (0.666 mL), gel buffer (3 M Tris-HCI, 0.3% SDS pH 8.5)(2 mL), and water (4
mL) before initializing polymerization via the addition of 10% APS (66 pL) and TEMED (6.6 uL).
Final gels consisted of 16.5% T, 6% C lower resolving gel overlayed with a 3% T, 2.6% C upper

stacking gel.
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Either whole cell lysate sample or purified LPS samples, prepared as described above, were
heated at 95 °C for 5 minutes before loading onto gels. Electrophoresis was carried out in a
BioRad” Mini-PROTEAN Tetra Vertical Electrophoresis Cell with a Tris-Tricine run buffer (0.1 M
Tris, 0.1 M Tricine, 0.1% SDS), and run at a constant 50 V until the dye front was at the resolving
gel after which the voltage was increased to 150 V and the gel run until ~1 hour after the dye
front ran off the gel.

LPS silver staining: After electrophoresis gels were washed with water and left to shake in a
solution of 40% ethanol and 5% acetic acid overnight. The next morning gels were oxidized by
shaking in a solution of 40% ethanol, 5% acetic acid, and 0.7% periodic acid followed by four to
six 30-minute washes in water. Gels were silver stained with ammoniacal silver in the fashion of
Hitchcock and Brown by a 10-minute incubation in freshly prepared staining solution (0.67%
silver nitrate, 0.1 M ammonium hydroxide, and 18 mM sodium hydroxide). Stain was discarded
and gel was washed four times in water, 10 minutes each. Finally, gels were soaked in developer
solution (0.26 mM citric acid and 0.019% formaldehyde, pre-warmed to 37 °C) until bands were

visible, typically 5-15 minutes, before quench by shaking in 1% acetic acid solution.
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Chapter 4

Development and Evaluation of Assays for Lipopolysaccharide Degradation

Activity Among Gut Commensal Bacteria
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INTRODUCTION

A number of chronic epidemic diseases such as atherosclerosis (1), non-alcoholic fatty
liver disease (NAFLD) (2, 3), and type 2 diabetes mellitus (4—7) are at the forefront of public health
concerns. Indeed around 6% of the world’s population lives with diabetes (8), nearly 32% of
adults suffer from NAFLD (9), and cardiovascular disease is the leading cause of death in the
world. With obesity being an established predisposing risk factor for developing these diseases
(10, 11), and the typical western high-fat/simple carbohydrate diet and sedentary lifestyle
becoming more prevalent around the globe methods of managing these chronic metabolic

conditions will only become more critical to lessen the burden on our healthcare system.

A common feature that accompanies metabolic diseases is a low-grade systemic
inflammation (1) whereby metabolic endotoxemia (ME), a condition defined by elevated levels
of lipopolysaccharide (LPS) in the blood, is a source of said inflammation that is exacerbated by
high-fat diets (1, 12). As discussed in chapters 1 and 2, once in the blood LPS acts as a microbe
associated molecular pattern (MAMP) and is recognized by the pattern recognition receptor
(PRR) Toll-like receptor 4/myeloid differentiation factor-2 (TLR4/MD2). Recognition of LPS by the
TLR4/MD2 complex results in a release of proinflammatory cytokines setting a low-grade
inflammatory tone (13, 14). The role of LPS, and thus ME, in promoting metabolic disease is
highlighted by its ability to induce both obesity and insulin resistance when injected
subcutaneously in mice (5, 15). While LPS and other byproducts of the gut flora are normally
contained within the lumen by the intestinal epithelium, high-fat diets are thought to induce

structural changes to the epithelium allowing for the translocation of LPS to the bloodstream
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(Fig. 4-1) (12). This hyperpermeability of the intestinal epithelium is itself a condition referred to
as leaky-gut syndrome and has been demonstrated to additionally be induced by dysbiosis, an

imbalance in the gut microbial community (16—-21).
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Figure 4-1: Diagram of lumenal content translocation to the bloodstream. The left side represents
functioning epithelial barrier action with bacteria and MAMPs sequestered to the lumen. The
right side represents increased permeability of the lumen and the translocation of lumenal
contents across the epithelial barrier. Recognition of LPS by TLR4/MD2 expressing macrophages
results in pro-inflammatory cytokine release.

Provided the link between LPS, ME, and metabolic disease one method of managing these
disease states is through preventing elevated serum LPS levels (22, 23). LPS detoxification as a
method of combating ME has been explored in multiple clinical trials, where exogenous intestinal

alkaline phosphatase (IAP) was administered to detoxify LPS via cleavage of the 1- and 4'-



156

phosphates bound to lipid A (24-27). The work done in Chapter 2 demonstrates that IAP lacks
the ability to detoxify immunogenic chemotypes of LPS and thus other avenues of LPS
detoxification must be explored. While chapter 2 focused on the application of host derived
mechanisms of detoxifying LPS, here we hypothesize that ME and the resulting inflammation can
be lessened by discovering and exploiting microbiota mediated LPS degradation enzymes or “LPS-
ases.” Among environmental bacteria, the most intensive effort to find LPS-ases occurred before
the structure of LPS had been determined and focused on environmental bacteria (28).
Interestingly, no candidate enzymes capable of extensive LPS degradation were identified in this
initial study or in subsequent investigations to date (29). LPS is apparently unlike other abundant
macromolecules (DNA/RNA/protein/phospholipids) that bacteria synthesize in lacking cognate
degradation pathways. However, it would seem unlikely that all Gram-negative bacteria would
invest so much energy into a metabolically dead-end product that all bacteria have failed to
evolve mechanism to exploit. Thus, the discovery of bacteria capable of extensive LPS
degradation would not only further our understanding of LPS catabolism but provide insight into

potential probiotic applications for management of ME and its associated disease states.

One of the major barriers to identifying LPS-ase activity has been the lack of robust assays.
Herein | describe the development and evaluation of assays for LPS-ase activity among a panel of
test bacteria in a pilot screen. Three assays were developed consisting of an enzyme-linked
immunosorbent assay (ELISA), a SDS-PAGE silver stain analysis, and an autoradiographic thin
layer chromatography (TLC) assay. The bacterial panel consists primarily of strains representative
of the four largest phyla of gut commensals (proteobacteria, actinobacteria, firmicutes, and

bacteroidetes) (30). Gut commensals were chosen as they could more readily be applied as
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probiotics to manage ME. For each assay test strains were grown in media supplemented with
LPS purified from Escherichia coli BW25113 (K-12 lineage) and the three assays used to detect
remaining intact LPS and or LPS degradation products. Since naturally occurring LPS is
heterogenous in structure, LPS test substrate was purified and thoroughly characterized from a
strain established to mainly produce a single chemotype (see Chapter 2). LPS from this strain was
used as its chemotype is highly immunogenic, being hexa-acylated and bis-phosphorylated (31—
33), and thus any LPS-ase activity observed would indicate selectivity for a known immunogenic

chemotype.

RESULTS

LPS sandwich ELISA development

LPS can be difficult to assay given its heterogenous state, tendency to adsorb to surfaces,
and propensity to aggregate. Despite these challenges we developed a sandwich-based ELISA
assay using monoclonal anti-LPS antibodies (Fig. 4-2A). The system functions in a way that test
strains are grown in the presence of a purified K-12 LPS and after incubation the supernatant is
collected and the remaining intact LPS is detected by sandwich ELISA giving a signal. A decrease
in signal compared to a no bacteria control indicated loss of LPS and potential for LPS-ase activity.
A panel of commercially available LPS antibodies were initially evaluated. The antibody pair
chosen for further development consisted of the monoclonal antibody mAB 26-5 (mouse), used
as an immobilized capture antibody, and the secondary rAB WN1 222-5 (rabbit) antibody. This

pair has the benefit of non-overlapping epitopes that can report on major changes to either lipid
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A or the core region of K-12 LPS (Fig. 4-2A) (34-37). Additionally, this system provides little to no
background signal when LPS, capture antibody, or secondary antibody is omitted from the

sandwich (Fig. 4-2B).
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Figure 4-2: K-12 LPS Sandwich ELISA. A) Schematic of monoclonal Ab binding sites to the hexa-
acylated K-12 LPS chemotype. The truncated chemotypes of RE-LPS, lipid A and lipid IVa are
indicated where lipid IVa is the lipid A structure without the secondary acyl chains shown in red.
B) ELISA signal is only observed when all components of the complex are present (100 ng mAb-
26, 50 ng LPS, and 100 ng rAb WN1 222-5 per well). Signal was generated using anti-rabbit Ig-
HRP and ABTS colorimetric substrate.

Due to the secondary antibody recognizing the core sugars of K-12 LPS, the system can
discriminate between LPS chemotypes that display sufficiently different core configurations (Fig.
4-2A). Thus, any other Gram-negative bacteria tested for degradation producing their own LPS
chemotypes with a differing core structure should display minimal cross reactivity. Indeed,

examples include LPS from E. coli 0111, Pseudomonas aeruginosa, or Salmonella enterica all of
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which were not recognized by the sandwich ELISA (Fig. 4-3). Importantly LPS structures mimicking
degradation of the core oligosaccharide were not recognized by ELISA (lipid IVa, Re-LPS, lipid A);
however chemotypes mimicking degradation products resultant from removal of secondary acyl
chains or lipid A bound phosphates were still detected (Fig. 4-3). Additionally, the system was
able to detect K-12 LPS alone or when added in conjunction with equal mass amounts of differing
chemotypes, indicating that LPS-ase degradation products or LPS released from test strains

would not interfere in detecting fed intact K-12 LPS (Fig. 4-3).
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Figure 4-3: ELISA LPS chemotype specificity. Signal using purified LPS samples (50 ng/well) was
normalized to K-12 LPS when added alone (blue bars) or with an equal mass amount K-12 LPS.
No interference was observed (orange bars). *HF-treated: K-12 LPS treated with hydrofluoric acid
(HF) for removal of lipid A phosphate groups.

Key features of the ELISA protocol that enable efficient recovery of nondegraded LPS post-
culture include the addition of low levels of the detergent deoxycholate and EDTA to prevent
aggregation and non-specific adsorption; disruption of LPS-protein complexes via a proteinase K
treatment; and a 1:50 (v/v) dilution of the culture supernatant to minimize the amount of

potentially interfering substances released during incubation with test strains. All above steps
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are done before addition of the sample to mAb 26-5 coated ELISA plates and subsequent
formation of the ELISA sandwich. Utilizing this system, a variety of bacterial strains (n=93) were
tested in at least duplicate, and a relative percent signal for each strain, when compared to
control, was gained. An example of this data can be seen in Figure 4-4, where a variety of
Bacteroides and Bifidobacterium species are tested along with a few Enterococcus faecalis
strains. Among this sub panel no strains demonstrated a greater than 50% decrease in signal and
thus non were considered candidates for containing LPS-ase activity. The summation of the ELISA
assay data can be found in Figure 4-5, where each point represents a bacterial strain tested. A
list of strains tested can be found in Table 4-1 with sample ID’s corresponding to those plotted in
Figure 4-5. While most strains tested demonstrate little to no signal loss compared to control, 15
strains demonstrated a greater than 50% signal loss and were treated as candidate strains used

for further investigation. Candidate strains are highlighted in green in Table 4-1.



Table 4-1: Full list of strains tested via LPS ELISA

Sample #
1

O 0N OO U1 B W N

R N
w N R O

14
15
16
17

18
19
20
21
22
23
24
25

ASource
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI

BEI
BEI
BEI
BEI

BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI

Source ID
HM-1036
HM-1049
HM-1051
HM-1055
HM-1056
HM-106
HM-109
HM-111
HM-1120
HM-115
HM-116
HM-1189
HM-13

HM-147
HM-154
HM-158
HM-173

HM-176
HM-178
HM-179
HM-20
HM-200
HM-201
HM-204
HM-209

Genus
Bacteroides
Paenibacillus
Peptostreptococcus
Rothia
Ruminococcus
Lacticaseibacillus
Corynebacterium
Deinococcus
Bifidobacterium
Neisseria
Rhodococcus
Bifidobacterium
Oribacterium

Actinomyces
Lachnospiraceae
Ralstonia
Clostridium

Coprobacillus
Eubacterium
Phascolarctobacterium
Bacteroides
Enterococcus
Enterococcus
Enterococcus
Propionibacterium

Species
stercoris
barengoltzii
sp.
mucilaginosa
gnavus
rhamnosus
amycolatum
grandis
breve
flavescens
erythropolis
angulatum
sinus

cardiffensis
sp.
sp.
innocuum

sp.
sp
sp
fragilis
faecalis
faecalis
faecium
propionicum

Strain
CC31F
CC33_002B
CC14N
CC87LB
CC55_001C
LMS2-1
SK46
SK125
JCP7499
SK114
SK121
F16_22
F0268

FO333
2_1 58FAA
5_2_56FAA

6_1 30
8_2_54BFA

A

3131
3 1 synd

3.1.12

HH22

TX0104

TX1330

F0230

B Growth
Temp

37
30
37
37
37
35-37
37
30
37
37
30
37
37

37
37
30
37

37
37
37
37
37
37
37
37

BO2
Anaerobic
Aerobic
Anaerobic
Facultative anaerobe
Anaerobic
Aerobic
Aerobic
Aerobic
Anaerobic
Aerobic
Aerobic
Anaerobic
Anaerobic

Facultative
Anaerobe

Anaerobic
Aerobic
Anaerobic

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Facultative anaerobe
Facultative anaerobe
Facultative anaerobe
Anaerobic

162

€% Rel.

Signal
70
53
86
39
33
42
80
59
99
62
64
90
77

61
79
57
77

93
58
83
82
95
88
97
89



26
27
28
29
30

31
32

33

34

35
36
37
38
39
40
41
42
43

44

45
46
47
48
49
50

BEI
BEI
BEI
BEI
BEI

BEI
BEI

BEI

BEI

BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI

BEI

BEI
BEI
BEI
BEI
BEI
BEI

HM-210
HM-22
HM-220
HM-222
HM-223

HM-260
HM-262

HM-299

HM-30

HM-300
HM-304
HM-307
HM-308
HM-309
HM-310
HM-315
HM-318
HM-333

HM-411

HM-412
HM-473
HM-480
HM-633
HM-634
HM-710

Bacteroides
Bacteroides
Anaerostipes
Bacteroides
Klebsiella

Fusobacterium
Streptococcus

Citrobacter
Bifidobacterium

Dorea
Collinsella
Clostridium
Hungatella
Clostridium
Clostridium
Clostridium
Clostridium
Kroppenstedtia

Bifidobacterium

Bifidobacterium
Faecalibacterium
Stomatobaculum
Bifidobacterium
Clostridium
Bacteroides

eggerthii
sp
sp
ovatus
sp.
nucleatum
subsp.
polymorphum
mitis

freundii

sp

formicigenerans
sp.
aldenense
hathewayi
symbiosum
perfringens
citroniae
bolteae
eburnea

breve

breve
prausnitzii
longum
adolescentis
sp.
fragilis

1_2_48FAA
1130
3 2 56FAA
3 8 47FAA
4_1_44FAA

F0401
F0392
4_7_47CFA
A
12_1_47BFA
A
4_6_53AFA
A
4_8_47FAA
WAL-18727
WAL-18680
WAL-14163
WAL-14572
WAL-17108
WAL-14578
8437
EX336960VC
18
EX336960VC
19

KLE1255
ACC2
L2-32
L2-50

CLO7T12C05

37
37
37
37
35-37

37

37

37

37

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Facultative anaerobe

Anaerobic
Aerobic

Facultative anaerobe

Anaerobic

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Aerobic

Anaerobic

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
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81
72
61
80
91

94
79

56

85

97
88
96
41
77
49
57
78
96

92

83
45
66
93
74
57



51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66

67

68

69
70
71
72
73
74
75
76
77

BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI

BEI

BEI

BEI

BEI
BEI
BEI
BEI
BEI
BEI
BEI
BEI
JCM

HM-717
HM-720
HM-725
HM-726
HM-727
HM-728
HM-729
HM-730
HM-731
HM-758
HM-780
HM-784
HM-79
HM-81
HM-818

HM-845

HM-846

HM-847

HM-848
HM-853
HM-856
HM-868
HM-875
HM-877
HM-882
HM-97
1134

Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Bacteroides
Parabacteroides
Parabacteroides
Parabacteroides
Fusobacterium

Lachnoanaerobaculum

Corynebacterium

Ruminococcaceae

Acidaminococcus
Rothia

Bifidobacterium
Bifidobacterium
Bifidobacterium

Bifidobacterium
Acidaminococcus
Bifidobacterium
Bifidobacterium
Fusobacterium
Olsenella
Shuttleworthia
Actinomyces
Lacticaseibacillus

dorei
vulgatus
salyersiae
cellulosilyticus
finegoldii
caccae
merdae
merdae
johnsonii
nucleatum
sp
sp
sp.
sp
aeria
longum subsp.
longum
longum subsp.
longum
longum subsp.
longum
longum subsp.
longum
sp
breve
sp
sp.
uli
sp
gerencseriae
casei

CLO2TO0C15
CLO9TO03C04
CL02T12C01
CL02T12C19
CLOSTO03C10
CLO3T12C61
CLOSTO0C40
CLO3T12C32
CL02T12C29
FO419
OBRC5-5
HFHO082
D16
D21
FO474

44B

1-6B

35B

2-2B
HPAO509
HPHO0326
MSTE12
OBRC1
MSTES
MSX8B
FO344

37
37
37
37
37
37
37
37
37

37
37
37
37

37

37

37

37
37
37
37
37
37
37
37
37

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
anaerobic
Anaerobic
Aerobic
Anaerobic
Anaerobic
Aerobic

Anaerobic

Anaerobic

Anaerobic

Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Anaerobic
Facultative anaerobe
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76
91
91
72
85
77
76
91
82
61
97
83
88
77
64

88

73

102

99
87
88
86
79
103
99
77
37
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78 JCM 11572 Micrococcus lylae 30 Aerobic 74
79 JCM 1233 Cronobacter sakazakii 37 Facultative anaerobe 31
80 JICM 1327 Brevibacterium linens 30 Aerobic 80
81 JICM 14341 Microbacterium oleivorans 28 Aerobic 52
82 JICM 20315 Lacticaseibacillus paracasei 37 Facultative anaerobe 94
83 ICM 2427 Staphylococcus saprophyticus 37 Facultative anaerobe 40
84 ICM 2512 Bacillus firmus 30 Aerobic 34
85 JICM 2592 Brevibacterium epidermidis 30 Facultative anaerobe 29
cloacae subsp.
86 JICM 8580 Enterobacter Kobei 37 Facultative anaerobe 54
87 BEI NR-2490 Paenibacillus macerans NRS 888 30 Aerobic 31
88 BEI NR-36443 Lachnospiraceae sp Strain 3-1 37 Anaerobic 34
89 BEI NR-43503 Peptoclostridium difficile CD169 37 Anaerobic 34
90 BEI NR-50118 Sphingomonas sp Agl 30 Aerobic 46
91 BEI NR-50119 Leucobacter sp Agl 30 Aerobic 77
92 BEI NR-681 Bacillus circulans Ford 26 30 Aerobic 60
Lab
93 stock TXM 333 Escherichia coli BL21 DE3 37 Facultative anaerobe 106

A BEI: Strains obtained through BEI Resources, JCM: Strains obtained through the Microbe Division in RIKEN-BRC (Japanese collection of
microorganisms).

B Growth temp and O, indicate culture growth conditions (facultative anaerobes grown in aerobic environment).

¢ % Rel. Signal indicates percentage of ELISA signal relative to control; strains that display greater than 50% signal reduction are highlighted in
green.
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Figure 4-4: Example sample set for LPS ELISA assay. A variety of Bacteroides (Bact.),
Bifidobacterium (Bif.), and Enterococcus strains were tested for LPS-ase activity. ELISA signal
relative to phosphate buffered saline is plotted for each strain and a media only control.
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Figure 4-5: Summation of LPS ELISA data. Percent relative signal for all test strains compared to

control. All strains tested were assigned a sample ID number and plotted with associated ELISA
signal. Full list of strains tested with corresponding sample ID numbers can be found in Table 1.

LPS SDS-PAGE and Silver stain analysis

One candidate strain, Lacticaseibacillus rhamnosus LMS2-1, was chosen for further
screening. Firstly the ELISA assay was repeated with extended incubation periods as we
hypothesized that LPS-ase activity would display a time-dependent signal loss whereas non-
specific loss of K-12 LPS would remain constant over the incubation period. Incubations were
extended to 8 days (from 2 days) and supernatant was collected immediately after set-up for a
0-day sample along with a 2-, 4-, and 8-day sample collection. ELISA data suggested a time-
dependent loss of signal nearly approaching signal from a LPS"/bacteria* background control (Fig.
4-6A). This data would suggest that the LPS is being lost, a substance is being produced that

interferes with ELISA detection, or LPS feedstock is adsorbed to proteins/assay containers, so we
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sought to confirm this observation via additional methods. We thus utilized an SDS-PAGE/silver
staining method of analyzing the test incubations for the presence of feedstock LPS. In this
method the whole culture is collected, and cells lysed before proteinase K treatment. The LPS
containing sample is then subjected to gel electrophoresis and LPS detected via silver stain.
Benefits of this methodology is that we can avoid loss of LPS, via non-specific binding of fed K-12
LPS to the test strain, by testing the whole culture as opposed to only testing the culture
supernatant as in the ELISA assay. In addition, this assay provides information about the core
oligosaccharide as loss of the core sugars would result in variable electrophoretic movement. In
contrast, a major downside to this methodology is the inability to test Gram-negative strains as
both the feedstock LPS and LPS derived from the test strain would be detected via silver staining.
In the case of L. rhamnosus LMS2-1 the silver stain assay from 4-day incubation samples displayed
minimal if any loss of LPS compared to the media control (Fig. 4-6B) and did not align with signal
loss observed in the ELISA assay. Thus far the data would suggest that L. rhamnosus LMS2-1 does
not degrade E. coli K-12 LPS. However, a common con to consider for both the ELISA and silver
stain assays is their poor ability to inform on changes to the lipid A structure, especially those
that may contribute to detoxification of LPS, such as loss of the 1- and 4’- phosphates or de-

acylation (Fig. 4-3) (31-33) and thus additional assays are needed to discern lipid A degradation.
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Figure 4-6: Time-dependent loss of ELISA signal observed for L. rhamnosus LMS2-1 (HM-106). A)
L. rhamnosus LMS2-1 (HM-106) was incubated with (orange bars) or without (blue bars) K-12 LPS
for 0-, 2-, 4-, and 8- days before analysis via ELISA. ELISA signal relative to a PBS control is plotted
(100 ng/well LPS). B) L. rhamnosus LMS2-1 (HM-106) was incubated for 4-days with K-12 LPS
before the whole culture was taken, cells lysed, electrophoresed, and LPS detected via silver
stain. Samples include L. rhamnosus LMS2-1 (HM-106), a no bacteria control, and purified K-12
LPS (100 ng and 50 ng).

LPS autoradiographic TLC

Given the inability of the ELISA and silver stain to confidently discern changes in the lipid
A region of LPS we developed an autoradiographic LPS TLC assay. This assay utilizes *C-labeled
feedstock LPS purified from a strain of E. coli BW25113 (AnagB, AlpxT, AeptA, AarnA, ApagP) that
| engineered to produce a single LPS chemotype that was specifically radiolabeled. This strain has
NagB (glucosamine-6-phosphate deaminase) removed to allow for !*C-labeling of the
diglucosamine backbone of lipid A by preventing labeled glucosamine from being shunted into

glycolysis (38). In addition, it produces LPS with minimal structural heterogeneity by removing
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lipid A modification enzymes (see chapter 1), simplifying analysis of the assay results. As with the
previous two assays K-12 LPS is fed to test strains and post-incubation presence of LPS is
analyzed. In order to migrate and thus analyze by TLC, the core oligosaccharide region must first
be removed from lipid A. Labeled lipid A is freed from the saccharide core via mild-acid hydrolysis
before chromatography and visualization. Lipid A that has been dephosphorylated or had acyl
chains removed migrate differently compared to intact lipid A, allowing for degradation products
to be identified (Fig. 4-7A). Meanwhile complete degradation of lipid A due to LPS-ase activity
can be readily detected as loss of the lipid A spot when compared to a no bacteria control. Unlike
the silver stain assay, an advantage of the autoradiographic assay as a follow-up to the ELISA is
the ability to test Gram-negative strains without interference. Using this methodology candidate
strains grown under aerobic conditions, as identified by the ELISA assay (Table 4-1), were
screened. None of the strains tested here, including L. rhamnosus LMS2-1, displayed significant

loss of lipid A signal or appearance of new signals when compared to control (Fig. 4-7B).



171

A. B
- . * *® ~ - s - - -~ - ™ ~ - — ~ ~ -
N ~ ~ - (T e~~~
. rrYY\VYYYVYY Y ¥ = - Y
s ® = 9 - - - - * - res
L (' J L b J L T J L T J L T J Co L J \ Y J \ T J L T J CO,’{
A < e, R 3, toy
%, ”» “ o, 5 o/ 7%, %
% Oy ey, ey oy %y, Poce, Ty, P, g,
& %, % 0, ; %, %, %o, 7, )
KW ”t‘% ., Sets , oy, 4 Vg, 25, o By g,
Y, "%y M & ¢ S %
9(@0 /Q(@ ‘9(9¢ 2. ¥4 c(? )( 88(9 491

Figure 4-7: Autoradiographic TLC analysis of K-12 LPS. A) TLC analysis of *C-labeled lipid A from
E. coli BW25113 mutants producing hexa-acylated (AnagB, AlpxT, AeptA, AarnA) penta-acylated
(AnagB, AlpxT, AeptA, AarnA, ApagP AlpxM) and tetra-acylated (AnagB, AlpxT, DAeptA, AarnA,
ApagP AlpxM AlpxL) lipid A. Samples were prepared from whole cells using the methods as
described by Trent et. al (39) and in chapter 3. B) TLC analysis after 48-hour incubations of
purified *C-labeled K-12 LPS with multiple strains. Strains capable of growth under aerobic
conditions and displaying a 50% or more decrease in ELISA signal compared to control were
tested with the autoradiographic TLC assay. Control was purified labeled LPS incubated in media
without bacteria.

DISCUSSION

Together the three assays described here provide a methodology by which LPS-ase
activity can be screened for in a variety of bacteria. The systems work best as a whole, where the
high throughput nature of the ELISA assay can report on large changes to K-12 LPS after
incubation with test strains (Figs. 4-3 and 4-5) and is high throughput. The silver stain (Fig. 4-6)
or autoradiographic TLC (Fig. 4-7) assays are utilized to inform on changes to the core

oligosaccharide and lipid A regions of K-12 LPS respectively. However, throughput is much lower
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than in the other assays. No individual assay provides all the information needed to confidently
identify LPS-ase activity in a test strain. For example, a bacterium that deacylates exogenous LPS
in a fashion similar to acyloxy acly hydrolase (40) would not be discovered by the ELISA or silver
stain assays but such activity would readily be observed via the autoradiographic TLC assay. It is
this covering of short-comings that allows these systems to thoroughly screen for LPS-ase activity
when utilized together. The lactic acid bacteria, L. rhamnosus LMS2-1 then provides an
interesting test case and highlights the need to consider additional factors when utilizing any one
assay of the screen. In particular, the time dependent decrease in ELISA signal would suggest that
through some mechanism LPS was lost (Fig. 4-6A) but it was not due to degradation of either the
core sugars or lipid A as determined by the silver stain and autoradiographic assays (Figs. 4-6B
and 4-7). It is then possible that L. rhamnosus sequesters LPS in some complex formed over time
that is then removed from the tested supernatant upon centrifugation. It has been reported that
lactic acid bacteria produce heat shock proteins capable of binding to LPS (41), and this activity

may be one such mechanism by which LPS is lost in the ELISA assay.

Ultimately, utilization of this screen will allow us for the first time to identify microbial
mediated LPS degradation and elucidation of this activity will not only progress our
understanding of LPS catabolism but also allow for testing of novel strategies to combat ME.
Given the strong associations with ME and a variety of chronic diseases (1-7, 12), methods of
attenuating or even preventing the inflammation it produces are highly sought after. For example
the use of antibodies that bind and sequester cytokines is a common anti-inflammation strategy.
Of note, the most widely prescribed antibody based therapeutic class (represented by Humira)

adsorbs and prevents the proinflammatory signal of the cytokine TNF-a (42, 43). TNF-a is a
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dominant TLR4 induced cytokine, produced upon binding with LPS (44). Immunosuppression by
anti-TNF-a therapy does have side effects, however, including increasing patient susceptibility to
opportunistic infections (45-47) and potential for anti-drug antibody response (48). In contrast,
the use of LPS-ase activity either produced by probiotic strains or through recombinant protein
technology represents an orthogonal strategy that would not have these drawbacks since it
blocks an inflammatory signal at the source. The existence of LPS-ases is without question given
the inherent nature of the carbon cycle, and the assays developed here thus far suggest the
feasibility of finding them using our screening assays provided the right organisms are tested (see

Chapter 5, Conclusions and Future Directions).

MATERIALS AND METHODS

Bacterial strains and growth conditions

All strains utilized for screening are listed in Table 4-1. Screened strains were grown in
YCFA (DSMZ : Deutsche Sammlung von Mikroorganismen und Zellkulturen, Germany)
(https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1611.pdf) with growth
temperature and oxygen availability as listed in Table 4-1. For all assays cultures were grown in
96-well plates without shaking. Additional strains utilized for LPS purification are listed in Table

4-2.
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Bacterial Strain Source or
. Relevant Genotype/Phenotype
or plasmid reference
E. coli strains
TXM338 Wildtype BW25113; K-12 lineage Lab Stock
MM1879 BWr2511r3 na;qB::FRT/pr::FRT eptA::.catR arnA::kanR pagP::hygR; This Study
Cat" Kan"Hyg
TXM331 BL21 (DE3) eptA::catR arnA::kanR; Cat” Kan’ (49)
TXM333 BL21 (DE3) eptA::catR arnA::kanR IpcA::gentR; Cat’ Kan" Gent’ (49)
AR1776 BW25113 nagB::FRT IpxT::FRT eptA::catR arnA::kanR; Cat" Kan" Lab Stock
AR1863 BW25113 nagBr::FRTr/pr;:FR7r'eptA::catR IpxM::kanR pagP::hygR Lab Stock
arnA::tetR; Cat' Kan" Hyg' Tet
BW25113 nagB::FRT IpxT::FRT eptA::catR IpxM::kanR pagP::hygR
AR1868 arnA::tetR IpxL::aprR [pMMW52-msbA]; Cat" Kan"Hyg' Tet" Apr' Lab Stock
Carb'
Plasmids
pKD46 A-Red recombinase expression plasmid; Carb" (50)
pKD4 Kan" template (50)
pkD3 Cat" template (50)
pUC19-oriT-hyg Hyg" template Lab stock
pCP20 FLP recombinase plasmid, Carb’ (50)

Kan'- kanamycin; Cat'- chloramphenicol; Carb'- carbenicillin; Hyg"- hygromycin, Gent®- gentamicin Carb'-

carbenicillin; Apr’- apramycin; Tet" - tetracycline.

Strain and plasmid construction

Gene deletions were constructed using the Red recombinase system (50). Gene specific

P1 and P2 primers, along with antibiotic resistance gene marker template used for selection are

listed in Table 4-3. All constructs were checked by PCR for the correct size, check primers listed

in Table 4-3, and verified by Sanger sequencing.
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Table 4-3: Primers used in this study

Primer Name

arnA KO
GK425-ArnA::KanR-P1
GK426-ArnA::KanR-P2
GK433-ArnA-check_for
GK434-ArnA-check_rev
eptA KO
TMA448-EptA::catR-P1

TM449-EptA::catR-P2

GK435-EptA-check_for
GK436-EptA_check_rev

IpxT KO

MAM?2381- New P1 |pxT pkD4
KanR

MAM?2382- New P2 |pxT pKkD4
KanR

MM2579- IpxT upcheck v2
MM2580- IpxT downcheck v2
pagP KO

Tm748- PagP hyg P1

Tm749- PagP hyg P2

Tm750- PagP hygcheck for
Tm751- PagP hygcheck rev
nagB KO

MAM1824 — nagB catR-P1

MAM1825 — nagB catR-P2

MAM1826 — nagB upcheck
MAM1827 — nagB downcheck

LPS purification

Primer Sequence

GGTGACCTGCCTTACCACAAC
TCGTGATGTTTAGCCGCTTC
CGAGCGTGAGTTTGGTGAATCC
CCGATCCCAGTTACCGCTAC

GTTGGCCGCTTTTTATATCTCTATCTGCCTGAATATTGCCTTGCGCCTACCT
GTGACGGA
TGTTGCGTTTGCGCCTGTTTTTGCAGGCAGTTCTGGTCAACCCTTACGCCC
CGCCCTGCC

AAACCCGTATCCCTTAGATGCACC

CTCAAGGCTTTGTTCCGCCATC

AGGTTGCCTGCGTTTTTCAGTAAGATAATTAGAGAAAATATGGTAGGCTG
GAGCTGCTTC
GATGATGTTAATTACTGTGAGTTATTTGTTTTGGAAATGTTTTATGAATAT
CCTCCTTAG

CTGATTTCCAGCAGCGAAGCTGAC

GATAGATGAAAGCACGGTGCGCAT

GTTTTATGGTCACAAATGAACGTGAGTAAATATGTCGCTATCCTATGACCA
TGATTACGC
ACTAAAACTTCATTTGTCTCAAAACTGAAAGCGCATCCAGGCACGTTGTAA
AACGACGGC

GTAGCTTTGCTATGCTAGTAGTAG

GTGGTACGCTTTGTCCAGTGTAAC

AGACTGATCCCCCTGACTACCGCTGAACAGGTCGGCAAATGGTATGAATA
TCCTCCTTAG
TCTTAAAGTCTTAACTTTCAGCTCCATGGTGGAAGGTTCATCGTAGGCTGG
AGCTGCTTC

GCCAACGGCTTACATTTTACTTATTG
CAGGGCAGGGATAACAATTACAGACC

LPS was purified from E. coli BW25113 (K-12 lineage) as described in chapters 2 and 3.
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Sandwich ELISA

Test strain incubation: Primary cultures of test strains were prepared in a 96-well plate
format with 200 pL of YCFA (DSMZ) per well. An additional secondary plate was prepared with
media alone and supplemented with 50 pg/mL purified K-12 LPS but was not inoculated. Both
primary and secondary plates were incubated overnight in required growth conditions for test
strains (aerobic /anaerobic, 30 °C / 37 °C). The next morning cultures on the primary plate were
homogenized by pipetting and 10 pL used to inoculate corresponding wells on secondary plate.
Primary and secondary plate layouts were designed in a manner to allow for at least two cultures
of each strain in both growth conditions (with or without LPS). The secondary plate was then

incubated for 48 hours before sample collection.

Sample collection: After incubation all 200 pL of the culture from each well was
transferred to individual 1.7 mL Eppendorf tubes. The wells were washed with 200 pL of wash
buffer (200 mM Tris-HCI, 10 mM EDTA, 0.02% sodium deoxy cholate w/v, pH 8.0) and used buffer
was transferred to corresponding sample Eppendorf tubes to collect residual culture and
minimize LPS loss due to adsorption to the wells. Samples were vortexed lightly before
centrifugation at 4,000x g for five minutes. 300 uL of the resultant supernatant was collected and
transferred to fresh Eppendorf tubes before addition of proteinase K, final concentration of 0.02
mg/mL, and incubation at 60 °C for one hour. Proteinase K was heat killed via incubation at 95 °C

for 10 minutes and samples allowed to cool before freezing.

Sandwich ELISA: Immulon 4HBX plates were coated with 100 uL/well of a 1 pg/mL solution

of monoclonal mouse Ab 26-5 (HYCULT HM6009) in 0.1 M acetate buffer (pH 5.0). The plate was
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sealed with adhesive cover and stored at 4 °C overnight. The next day the plate was brought to
room temperature before washing wells 3 times with 200 uL of PBS solution (LONZA, #17-516F).
The final wash was aspirated and 150 pL/well of PBS casein blocking solution (ThermoFisher,
#37582) was added and plate incubated for one hour at room temperature with shaking (150
rpm). Blocking solution was aspirated and wells washed five times with 200 uL/well PBS solution.
After plate washing, previously prepared samples were thawed and diluted 1:50 (v/v) with PBS
solution containing 1 mM EDTA. Diluted samples, 100 uL/well, were added to the ELISA plate
before sealing and incubating again for two hours at room temperature with shaking (150 rpm).
Unbound LPS was removed by washing twice with 200 uL/well PBS solution with 1 M NaCl and
three final washes with 200 uL/well PBS solution. The second monoclonal antibody, Ab WN1 222-
5 (Absolute Antibody, #AB00141-23.0) was diluted to 1 pg/mL in PBS with 1 % Ficoll400 and 0.5%
polyvinylpyrrolidone (w/v) before addition to wells (100 pL/well). The plate was sealed and
incubated for 2 hours. Secondary antibody was removed with 3 washes (200 pL/well) with PBS-
Tween 20 (0.01% w/w), and two final washes with PBS. The secondary anti-rabbit Ig-HRP
conjugate (A0545, Sigma) was diluted 1:500 (v/v) in a solution of PBS-0.1% casein before addition
to wells (100 pL/well) and incubated for one hour. The plate was washed five times with PBS to
remove unbound antibody before addition of 150 uL/well of ABTS detection substrate.

Absorbance was read at 0-, 2.5-, 5-, 7.5-, and 10-minute intervals.
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SDS-PAGE/Silver Stain

For the silver stain assay sample incubations were prepared as described above for the
ELISA assay. Samples were collected by transferring 100 pL of homogenized culture to fresh 1.7
mL Eppendorf tubes. Cells were then lysed via addition of a lysis buffer (100 mM Tris-HCI, 5 mM
EDTA, and 0.01% sodium deoxycholate (w/v) final concentrations) and an enzyme master mix
(285 pg/mL lysozyme, 48 pug/mL achromopeptidase, 0.5 U/mL mutanolysin, and 2 U/mL DNase |
final concentrations) before incubation at room temperature for one hour. After cells were lysed,
samples were prepared for SDS-PAGE by addition of loading buffer and proteinase K treatment
in the manner of Hitchock and Brown (51). Gel electrophoresis and silver staining were carried
out as described in Chapter 3, where approximately 80 ng (24 uL of prepared sample) of K-12 LPS

was loaded assuming no degradation or non-specific loss occurred.

14C-labeled LPS purification

Overnight of the E. coli BW25113 AnagB, AlpxT, AeptA, AarnA, ApagP mutant was
prepared in LB with antibiotics as required and used to inoculate 15 mL of LB 1:100. #C-(U)-
glucosamine hydrochloride (VWR# 102655-786) was added to 0.25 pCi/mL and cells grown for 4
hours at 37 °C with shaking at 250 rpm. Cells were harvested by centrifugation at 2,000x g for 10
minutes and washed with water before solubilization of LPS by resuspending pellet in
TEA/EDTA/Doc solution (250 mM EDTA, 0.7% sodium deoxycholate (w/v) titrated with
triethylamine until pH 7.5). Cells were allowed to incubate at 37 °C for 30 minutes before

centrifugation at 10,000x g for five minutes. Supernatant was collected and the remaining pellet
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was again incubated in TEA/EDTA/Doc solution. Centrifugation was repeated and supernatants
combined and transferred to a Thermo Scientific™ Slide-A-Lyzer™ mini dialysis device (500-1k
Da MWCO). The LPS containing solution was dialyzed against five 1-L portions of miliQ water at
room temperature for five days. LPS was captured from the solution via addition of Bio-Rad Affi-
Prep polymyxin resin (#1560010). The solution was incubated with resin for 4 hours at room
temperature with flipping. Resin was pelleted by centrifugation at 10,000x g for 2 minutes and
supernatant removed. Resin was washed 3 times with wash buffer (10 mM phosphate, 100 mM
NaCl, pH 6.0). Finally, LPS was eluted in three rounds of incubation in elution buffer (1% sodium
deoxycholate (w/v), 10 mM phosphate, pH 7) at 70 °C for 20 minutes per round. Elutes were

combined and samples frozen until needed.

Autoradiographic TLC assay

Sample bacteria incubation for the autoradiographic TLC assay was carried out as
described for the LPS ELISA with the exception that purified '4C-labeled LPS was used as
feedstock. Post the 48-hour incubation in the 96-well plates the full sample cultures were
collected and transferred to individual Eppendorf tubes. Collected samples then underwent a
mild-acid hydrolysis to free labeled lipid A by addition of sodium acetate and sodium dodecyl
sulfate until a final concentration of 300 mM sodium acetate, pH 4.5; 1% SDS (w/v) and
incubation at 95 °C for 45 minutes. After hydrolysis samples were treated in a similar manner as
described in Chapter 3, utilizing the method as described by Trent, et al. (39). Briefly, samples

were converted to a two-phase Bligh-Dyer mixture and lipid A was collected with the lower
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organic phase. Samples were allowed to dry overnight to concentrate labeled LPS before
analyzing via TLC. Samples were dissolved in 10 pL of 4:1 chloroform:methanol (v/v) and all 10 pL
spotted on a silica gel 60 TLC plate. The plate was run in a TLC tank using a
pyridine/chloroform/formic acid/water (50:50:16:5, v/v/v/v) mobile phase and allowed to air dry
overnight. Visualization was achieved by exposing a storage phosphor screen [BAS-IP MS
(Multipurpose Standard)] to the plastic saran wrapped TLC plate for 24 hours before scanning to

obtain an image.
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Chapter 5

Conclusions and Future Directions
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OVERVIEW AND DISCUSSION

Lipopolysaccharide (LPS), also commonly referred to as endotoxin, is a major component
of the outer membrane (OM) of Gram-negative bacteria. It plays a variety of critical roles for the
bacterium and in its interactions with its environment and hosts. These roles include structural
stability of the bacterium, membrane permeability, antibiotic resistance, and immune
recognition (1). Given the essentiality of said roles in bacterial physiology, pathogenicity, and
interactions with the host, LPS remains a key area of research in microbiology and immunology.
This dissertation investigates host-microbe interactions as well as the role modifications to lipid
A, the most conserved region of LPS, play in antibiotic resistance and immune recognition.

The gut microbiome is a primary example of the importance of host-microbe interactions
where mutualism between the host and microbiota is key (2). Part of maintaining this balance is
the detoxification of LPS released by the microbiome (2, 3), where in the absence of such activity
immunogenic chemotypes of LPS would be recognized by TLR4/MD2 and induce the release of
pro-inflammatory cytokines (4). On the hosts side, one method of detoxification of LPS has been
the dephosphorylation of the lipid A bound phosphate groups. The longstanding paradigm in
literature holds that this activity is carried out by intestinal alkaline phosphatase (IAP) (5-9).
However, the work described in (10) and chapter 2 of this dissertation refutes this. We
demonstrated that IAP is not active on the immunogenically relevant chemotypes of LPS (bis-
phosphorylated and hexa-acylated lipid A) but rather can only directly dephosphorylate lipid A
when O-linked acyl chains on the lipid A backbone have already been removed.

Dephosphorylation of an already detoxified chemotype of LPS would thus play little role in
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decreasing the overall impact of LPS induced cytokine release. Further investigation revealed that
the previously observed link between IAP and decreased LPS toxicity (8, 9) was due to
concomitant loss of spontaneously hydrolyzed phosphoethanolamine modifications on lipid A
during incubations. Indeed, PEtN modifications were observed to increase hTLR4 signaling,
especially in underacylated chemotypes. We describe a model where PEtN modification on the
1 and 4’- phosphates of lipid A provide steric bulk preventing LPS from burying too far into the
MD?2 pocket, especially in undereacylated chemotypes, and thus maintaining key interactions on
the interface of MD2 and TLR4. While the data thus far supports this model future work could
investigate if any sufficiently bulky modifications to the lipid A phosphates would provide similar
increase to TLR4 signaling, for example 4-amino-4-deoxy-L-arabinose (Ara4N) modifications. In
addition, our modeling studies have suggested key residues in human and mouse TLR4/MD2 that
are important in differentiating detection of modified lipid A chemotypes. Experimental
validation to test these models using point mutants is warranted.

The role of lipid A modification and antibiotic resistance was explored in chapter 3 of this
dissertation. Therein we describe a mechanism of polymyxin B (PMB) heteroresistnace (HR), in
Escherichia coli B strains, dependent on insertion sequence elements. Understanding driving
forces of HRis of increasing importance as HR can undermine our utilization of drugs of last resort
like PMB (11, 12). Investigation of a pre-existing subpopulation of E. coli B cells phenotypically
resistant to PMB, revealed increased Ara4N modification of lipid A. Sequencing did not reveal
typical mutations in AradN regulators but instead demonstrated that large regions of the genome
where amplified. Amplified regions were found to contain the arn operon (responsible for Ara4N

modification) and were flanked by insertion sequence elements (IS1). Further investigation
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revealed that the presence of the flanking 1S1 elements was necessary for amplification.
Altogether we demonstrate that IS elements can play a significant role in modulating gene
expression and bacterial survival and highlight the importance of understanding how IS
placement around the genome alters phenotypes. In the case of PMB resistance, frequencies of
resistance were increased by up to 100-fold with the presence of a single IS1 element located 90-
kb away. IS number and genomic location is rarely considered in genome sequencing data of
phenotypically resistant clinical isolates, but this work clearly demonstrates the potential of IS
content to make an outsized contribution. While the data presented herein demonstrates IS1
mediated chromosomal amplification in E. coli B strains, many factors of IS-mediated tandem
amplification remain open for investigation. Including how amplification frequency among the
population is affected by distance between IS1 elements, what genetic/environmental/stress
factors control IS mediated chromosomal amplification, and to what extent this process
contributes generally to single cell gene expression heterogeneity among bacterial populations.

Finally in chapter 4 of this dissertation development of a screen for LPS degrading activity
(LPS-ase activity) derived from gut commensals is described. Bacterial derived LPS-ase activity is
hitherto unknown and represents a gap in our understanding of LPS catabolism. The screen as
described utilizes three orthologous assays (LPS sandwich ELISA, SDS-PAGE silver stain, and
autoradiographic TLC) that together detect degradation of an E. coli K-12 LPS chemotype.
Degradation of either the core oligosaccharide or lipid A structure can be determined by the
combination of assays. Discovery of LPS-ase activity in any bacterium opens potential for various
therapeutic strategies to degrade immunogenic LPS. Intralumenal degradation of LPS may

provide particular benefits in managing metabolic endotoxemia (ME) and its associated disease
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states (13—-21). While the panel of bacteria used in this work is representative of the gut
microbiome (22) it is by no means exhaustive, and future utilization of this screen would be
benefited by expanding the panel to more diverse gut bacterium as well as including a stronger
representation of environmental bacterium. Once more, utilizing different growth media (i.e.
minimal media) and other deaggregating additives to help present LPS substrate for catabolism
should be explored. The radiolabeling assay described here may also be used to feed heat-killed
whole cells pre-labeled with LPS, which may be necessary to more closely mimic degradation
conditions in complex bacterial communities. Likewise, this assay will allow investigation of

complex mixtures of bacterial cultures and extracts.
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