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DISSERTATION HYPOTHESIS, AIMS, AND PREVIEW OF CHAPTERS

The overarching goal of this research is to Identify signals and mechanisms of regulation to
“break” the virulence cascade and attenuate uropathogenic Escherichia coli (UPEC)
infections in vivo. This dissertation aims to address the following questions: What is the
mechanism of regulation between two, non-cognate two-component systems (TCSs)? What
are the signals and what are the responses that activate the TCSs PmrAB and QseBC? How

can we take advantage of this system to decrease virulence and/or attenuate infection?

Hypothesis

Non-cognate partner signaling is necessary for signal integration and response expansion in
uropathogenic Escherichia coli and that the sensor kinase QseC is physically required to
control these interactions; either by physically sequestering QseB or by controlling the

PmrB sensor on the protein level.

Aims

In this thesis, we look at the interactions of PmrAB and QseBC in the E. coli strain UTI89 (1).
to address the following aims: Aim 1. Identify molecular level determinants of QseB
specificity and regulation: Cognate partner specificity is, in part, dictated by a co-evolving,
sensor/responder interacting surface. PmrB activates its cognate partner PmrA and non-cognate
partner QseB similarly, but is unable to de-phosphorylate QseB in a physiologically relevant
timeframe. This indicates that molecular determinants allowing for QseC-mediated bi-directional

regulation of QseB are absent in PmrB. Herein, I describe how we: A.1.a. Determined the role



of co-evolving residues in regulating QseB activation by swapping the co-evolving residues of
PmrB and QseC and evaluating the interactions of the resulting variants with QseB using in vitro
phosphotransfer approaches. PmrB and QseC harboring alanines or the co-evolving residues of an
unrelated sensor kinase will be tested as controls. A.1.b. Dissected the role of known, critical,
QseC residues. Three independently isolated QseC variants, with mutations changing the
conserved phospho-accepting histidine 246, complemented the gseC deletion mutant in vivo,
despite loosing their phospho-activity. I will: (i) test how K205E and H246A/D/L. QseC variants
regulate QseB activity in the presence and absence of Fe’", using qPCR and Phos-tag gels, and (ii)
probe in vivo variant interactions with other proteins by cross-linking/co-immunoprecipitation
experiments. (iii) Parallel studies will assess the expression of fTADC, which is a target of QseB to
evaluate how each QseC variant influences target gene expression. In silico sequencing revealed
additional clade specific residues that may alter PmrAB-QseBC signaling. Future studies will
elucidate residues that dictate specificity and identify cross-interaction specific regulation.

Aim 2. Delineate the mechanism of signal-mediated responses within and between
QseBC and PmrAB: Studies in enterohemorrhagic E. coli (EHEC) identified epinephrine,
norepinephrine, and bacterial autoinducer-3 as signals that activate QseC. However, these putative
ligands do not elicit a QseC mediated response in UPEC under several conditions tested. Thus,
the UPEC QseC ligand remains unknown. To further probe the difference in QseC response and
identify ligands and growth conditions that activate UPEC QseC we: A.2.a. Identified a role of
QseB in biofilm formation on solid agar. Future studies will elucidate niche and
environmental specific stimuli that alters QseBC-PmrAB regulation of colony biofilm
morphology. A.2.b. Dissected the integrative outputs of QseBC and PmrAB in response to

multiple input signals. I tested the effects of identified QseC and PmrB signals (Fe’* and Zn®")



Future studies will focus on identifying signals that directly activate QseBC. Combined, we show
here the importance of cross interaction between two two-component systems that regulate
virulence and transient resistance to polymyxin B. We will continue to identify ways to test and
target the mechanism of regulation within the four-component system to attenuate UPEC as an

alternative therapeutic to antibiotics.

Preview of the Chapters

Chapter I provides a background on Escherichia coli, focuses on pathogenic E. coli with an
emphasis on extraintestinal pathogenic E. coli. Chapter II introduces two-component signal
transduction systems and describes a four-component interaction between the two-
component systems PmrAB and QseBC. Chapter III discusses the interaction of PmrAB and
QseBC with respect to ferric iron and polymyxin B resistance. Chapter IV discusses the role
of the conserved histidine in UPEC QseC with respect to regulating the four-component
system. Chapter V introduces the role of co-evolving residues in mediating interactions
between cognate and non-cognate proteins in our four-component system. Chapter VI

outlines potential future directions for this work.



CHAPTER 1

INTRODUCTION TO THE DIVERSITY OF ESCHERICHIA COLI AND RELATED
INFECTIONS WITH AN EMPHASIS ON EXTRAINESTINAL INFECTIONS

Portions of this introduction have been adapted from Breland et al. “An overview of two-
component signal transduction systems implicated in extra-intestinal pathogenic E. coli
infections”. Review in Frontiers in Cellular and Infection Microbiology. (2017). PMID:
28536675

Escherichia coli, discovered in 1885 by Theodor Escherich, is perhaps one of the most well
characterized, genetically tractable organisms. The species belongs to the Gammaproteobacteria
class and the Enterobacteriaceae tamily and was named E. coli for its location in the colon. E.
coli colonize the gastrointestinal (GI) tracts of humans, other warm-blooded mammals, and birds
and in this context, they comprise part of the organism’s normal flora (2, 3), or microbiome. To
date, over 3,600 E. coli genomes have been sequenced in part or in full, revealing seven major
phylogenetic groups—A, B1, B2, C, D, E, and F—with the remaining unclassified subtypes
placed in an eighth group, Escherichia cryptic clade I (4, 5). The acquisition of genetic elements,
primarily through horizontal gene transfer, gives rise to the several different clades including
pathogenic E. coli with distinct virulence strategies. Figure one shows the phylogeny of 49
sequenced E. coli strains in the 5 major clades in which they cluster (Fig. 1). Pathogenic E. coli
involved in food intoxication and infection separated from a K-12 ancestor more than 4.5 million

years ago (6). Gastrointestinal or diarrheagenic E. coli pathotypes include diffusely adherent

(DAEC), enteroaggregative (EAEC), enterohemorrhagic (EHEC),
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Figure 1: Phylogenetic tree of 49 E. coli strains. Figure depicts a phylogenetic tree of E. coli
strains by clade. The phylogeny was based on alignments of 2679 single-copy core
orthogroups, constructed using Fasttree with the mid-point rooted. Bootstrap values for all
nodes were >90%, except for the nodes with values indicated on the tree. This figure was
provided by Ashlee Earl and Abigail Manson from the Broad Institute of MIT and Harvard.



enteroinvasive (EIEC), enteropathogenic (EPEC), and enterotoxigenic (ETEC), which primarily
cluster in clade E and B1. However, extra-intestinal pathogenic E. coli (EXPEC) pathotypes,
which emerged 32 million generations ago (7, 8), primarily include avian pathogenic E. coli
(APEC), neonatal meningitis causing or meningitis-associated E. coli (NMEC/MAEC), and

uropathogenic E. coli (UPEC), and cluster in clades B2 and D.

1.1 ExPEC and related diseases

The human ExXPEC strains predominantly cluster in the B2 and D phylogenetic groups and
typically infect the nervous system and urinary tract; while APEC strains have also expanded into
C and F groups and primarily infect the avian respiratory system (Fig. 2, (9-12). Infections by
emerging avian pathogenic E. coli (APEC) strains (13) cause high morbidity and mortality in
flocks of birds and account for considerable economic lossesin the poultry industry (14).
Interestingly, recent studies show that human consumption of infected poultry meat or eggs can
result in food-borne extra-intestinal diseases in humans (15), which adds an additional concern for
the poultry industry regarding food safety. APEC are the etiologic agent associated with
colibacillosis, however severity of disease increases with co-morbid viral infections, such as
Newcastle virus and avian infectious bronchitis virus, as well as with bacterial infections by
Mycoplasma gallisepticum (16). Disease manifestations include colibacillosis, an infection that
includes acute fatal septicemia or colisepticemia, sub-acute pericarditis, airsacculitis, salpingitis,
and peritonitis (14). Current treatment relies on the use of antibiotics, as well as some

commercially available heat-killed vaccines (16).



Figure 2: Schematic of typical EXPEC pathogeneses. Schematics depict a generalized view of
the route of infection for APEC (top left) infecting an avian respiratory tract, MAEC/NMEC
(bottom left) infecting the human meninges, and UPEC (right) infecting a human urinary tract. In
the different panels, the infection progresses from green to purple (top left), blue to green (bottom
left), and blue to green to purple (right).



Cats and dogs are susceptible to urinary tract infections (UTIs) and recurrent UTIs (rUTIs)
(17, 18). In dogs, EXPEC strains are most commonly associated with uncomplicated UTIs, but
have also been the cause of pyometra, mastitis, otitis, prostatitis, bacteremia, skin diseases,
cholecystitis, and pneumonia (19, 20). Interestingly, while cats experience idiopathic lower UTI
symptoms, no known association with UPEC or UPEC-like strains has been established to date
(21). However, bronchopneumonia caused by E. coli harboring o-hemolysin and cytotoxic
necrotizing factor (CNF) has been reported in cats and dogs (22, 23). Finally, recent reports have
documented UTIs in big cats such as snow- and black-leopards, indicating that animals in
captivity (such as zoo animals), and potentially in the wild, are susceptible to infections by
ExXPEC (24).

Studies have shown that calves and cows are both likely to develop UTIs, and E. coli is
the most predominant etiologic agent (25). UTI symptoms in cattle include depression, muscle
wasting and weakness, reduced feed intake, reduced milk production, and weight loss (25), all of
which impact the dairy and meat industries. Additionally, cows are frequently catheterized to
collect total urine for nutritional analyses. This repetitive catheterization results in increased risk
for ascending UTIs (26). In addition to UTIs, another costly disease in cows is clinical mastitis
(27). Clinical mastitis is an inflammation of the udders due to blockage or infection that results in
visually abnormal milk production (28). The mammary pathogenic E. coli or MPEC are the
predominant bacteria in clinical mastitis (29).

Horses have been reported to have both hemorrhagic pneumonia and soft tissue EXPEC
infections (20, 30). Clinical symptoms of infection include animals lying on their side, abdominal
breathing, shaking, convulsion, lameness, and death (31). Recently, Liu et al. (31) performed the

first genomic analyses of a porcine-specific EXPEC, PCNO033, isolated from the brain of a pig



(suggesting a meningitis-causing isolate; (32)). The genomic data placed PCNO033 in the D
phylogeny group and studies using an ear vein piglet (4—5 weeks) infection model demonstrated
the pathogenic potential of this strain (31).

The steady, yet up until recently under-appreciated, rise in antimicrobial resistant E. coli
in farming practices has played a significant role in the increasing incidence and lethality of extra-
intestinal E. coli infections (33). Zoonotic transmission of ExPEC from animals to humans
through the consumption of infected animal products is a newly identified route of transmission
(34). One such example is the zoonotic potential of foodborne UTIs (FUTIs) in humans. A study
published in 2015 shows that 129 out of 282 E. coli isolates sequence-typed as EXPEC strains.
Status was determined by isolates containing two or more of the following ExPEC-associated
genes: adhesins (afaES, bmaE, fimH, gafD, hra, papA, papC, papEF, papG, sfa, and/or focDE,
sfaS), toxins (cdtB, cnfl, astA, hlyA, hlF, pic, tsh, sat), siderophores (fyud, ireA, iroN, iutA),
protectins (cvaC, iss, kpsM K1, K2, and/or K100, kfiC K5, rfc, traT), and miscellaneous genes
typically associated with extraintestinal E. coli (H7 fliC, ibeA, ompT, malX, usp; (15)). The mcr-1
gene has also been isolated from E. coli found in pigs and chicken raised for retail meat
consumption (35). Increased antibiotic use in feed or antibiotic misuse in treating bacterial disease
in farm animals will increase the likelihood of transmission of antibiotic resistant E. coli (36).
While not harmful in the human intestine, these EXPEC may cause subsequent infections if they
enter different niches.

The most common diseases caused by EXPEC in humans include neonatal meningitis,
UTlIs, sepsis, pneumonia, and surgical site infections (37-40). NMEC is the leading Gram-
negative cause of neonatal meningitis cases (41), while UPEC strains are the leading cause of

both uncomplicated and catheter-associated UTIs, responsible for up to 80% community acquired



and 65% hospital acquired UTIs (42, 43). In addition, UTIs are a leading cause of E. coli
bacteremia (44, 45). UTIs encompass infection anywhere in the urinary tract, urethra, bladder,
ureters, or kidneys. Infections can range from asymptomatic bacteriuria (ASB) to systemic
bacteremia. The timeline of infection ranges from self-limiting to chronic infection. The most
common clinical symptoms for UTIs, as is reported in college age women, include increased
frequency and urgency of urination, abdominal discomfort, dysuria, nocturia, and hematuria (46).
Infections of the bladder are called cystitis. The most common symptoms include frequency,
urgency, dysuria and less frequently suprapubic pressure, malaise, nocturia, and incontinence in
children and the elderly (42). Pyelonephritis is an infection of the kidneys. In a UTI, this occurs as
the infection ascends to the kidneys. The most common symptoms including frequency, urgency,
dysuria, back pain, flank pain, fever, chills, malaise, nausea, vomiting, anorexia, abdominal pain
(42). When bacteria are introduced into the urinary tract by a urinary catheter, these UTIs are
considered catheter-associated (CA-UTI). These infections result in fever, chills, altered mental
state, malaise or lethargy with no other identified cause, flank pain, costovertebral angle
tenderness, acute hematuria, and pelvic discomfort. However if the catheter has been removed,
the signs and symptoms will mirror those of cystitis or pyelonephritis (42). While multiple
exposures to different strains do occur, UTIs caused by the same strain, can recur. This is the
result of re-exposure to the same strain or more commonly a resurgence of an unresolved
infection within the urinary tract (see section 1.2 UPEC transient intracellular lifecycle). Within 6

months of initial infection, there is a 20-30% chance women will experience a rUTI (47).
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1.2 UPEC transient intracellular lifecycle

As a component of the human gut microbiome, UPEC typically cause ascending infections,
exiting through the anus, entering the urinary tract through the urethra, and colonizing the bladder
and kidneys (Figs. 2 and 3). In addition to emerging fUTI, direct person-to-person transmission
results from fecal oral spread or sexual activity (42), and catheterization introduces periurethral
bacteria into the urinary tract.

In order to cause infection in the bladder, there are many obstacles that UPEC must
overcome (Fig. 3) (48). After exiting the colon, UPEC must first transverse to the urethra. From
here, UPEC must ascend the urethra and resist the mucous barrier and the bladder’s natural
defense of urination, and antimicrobial factors (48, 49). UPEC able to bind uroplakin and resist
being washed out must then overcome the host innate immune response including Toll-like
receptor 4 (TLR4), which senses LPS and results in upregulation of proinflammatory interleukin
6 (IL-6) in response to UTI (50, 51). Nutrient acquisition and intracellular survival is imperative
for successful infection. To bypass these bottlenecks of infection, the transurethral model of
inoculating 10" CFU of bacteria directly into the bladder allows for researchers to identify
additional aspects that are important during UTI (52).

Studies utilizing human bladder cell lines and the murine infection models have revealed
that during the initial stages of infection, UPEC use type 1 pili to bind to uroplakin and integrins
on superficial umbrella cells that line the bladder (53-59). These same pili are subsequently
utilized to form intracellular bacterial communities (IBCs), which are biofilm-like structures
within the bladder cell during early and middle stages of infection (Figs. 2 and 4), between 2 and

8 hours in the C3H/HeN and C3H/HeJ mouse models (48, 60, 61). Responding to yet
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— Gastrointestinal Tract Urinary Tract

Figure 3: Schematic following UPEC from colonization of the colon to urinary tract
infection. E. coli, including UPEC, exists as part of the microbiome in the gastrointestinal (GI)
tract shown as green rod-shaped bacteria. Additional members of the microbiome are depicted in
different colors and shapes. The first bottleneck to infection is transversal from the anus to the
periurethral space. The second bottleneck is ascension of the urethra. Subsequent bottlenecks
include resisting urination, antimicrobial agents, and exfoliation of bladder cells. Intracellular
escape from fusiform vesicles and survival are imperative for acute cystitis. Once established in
the urothelial cells, UPEC is able to colonize and infect the bladder.
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Figure 4: UPEC infection strategy. Diagram depicts a generalized schematic of the UPEC
bacterial lifecycle. The leftmost green arrow depicts the typical route of infection from point of
entry. UPEC attach to urothelial cells in a type 1 pili-dependent manner. UPEC are then
endocytosed and escape into the cytosol where they replicate into intracellular bacterial
communities (IBC). UPEC escape the IBC state by filamenting and fluxing out of the infected
host cell. Dispersing UPEC can infect neighboring or underlying transitional cells, and/or can
ascend the ureters to colonize and infect the kidneys.
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uncharacterized signals, UPEC can egress from the transient intracellular state by filamenting and
fluxing out of the infected host cell (61). The bladder cell can alternatively trigger an apoptotic-
like cell death (55, 62) and become exfoliated prior to UPEC filamentation, shedding the IBC into
the bladder lumen. Bladder cell exfoliation exposes underlying host cell layers to invasion by
UPEC that can remain quiescent for prolonged periods of time (1, 63, 64). Quiescent intracellular
reservoirs (QIRs) can cause recurrent infections ((1), Figs. 2 and 4). UPEC cells egressing from
non-exfoliated bladder cells can re-initiate infection by engaging neighboring, naive bladder cells,
or by ascending to and colonizing the kidney (Figs. 2 and 4). Studies with murine mouse models
of UTI have also elucidated that UTI leads to urothelial remodeling and may fail to regenerate
even weeks after treatment. Transcriptome sequencing (RNA-seq) revealed that immune-related
pathways, as well as pathways pertaining to tissue morphology, cellular development, and cellular

growth and proliferation were significantly enriched (48, 65).

1.3 Diagnosis and treatment in the human population
Traditional diagnosis of UTI relied on bacterial urine counts of 10> colony-forming units (CFUs)
of bacteria per milliliter of urine and positive bacterial culture (66). If bacteria are present along
with clinical symptoms, it is labeled as a UTI. The immune system, in most cases, is effective at
clearing UTI. There are many innate factors in place that eliminate bacteria such as, detection
through toll-like receptors, exfoliation of epithelial cells, and secretion of antimicrobial factors
(67). Home remedies including cranberry supplements are widely advertised, but as of yet show
little efficiency.

Treatment relies predominantly on antibiotics. The Infectious Diseases Society of America

(IDSA) and the European Society for Microbiology and Infectious Diseases (ESCMID)
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established new treatment guidelines in 2010 (68). Nitrofurantoin monohydrate/macrocrystals,
trimethoprim-sulfamethoxazole, fosfomycin and fluroquinolones, respectively, are the preferred
methods of treatment for cystitis. In the last 10 years, an alarming rise in multi-drug resistant
isolates has further complicated treatment strategies (12, 69, 70).

Currently, there are no approved human vaccines against EXPEC; however vaccines are
used in farming practices against E. coli (71). EXPEC infections in all afflicted populations are
typically treated with antibiotics. Although this practice has been effective for many years both in
the healthcare setting and in the poultry/farm industry, overuse, and misuse of antibiotics in the
twentieth century has led to the emergence of multi-drug resistant EXPEC strains that are
extremely difficult to eradicate. A recently emerged antibiotic resistant ST131 isolate harbors the
blaCTX—M—15 gene producing extended spectrum beta-lactamases. ST131 isolates also harbor
H4 serotype flagellar antigen, which augments adherence and invasion of bladder cells, and
stimulation of IL-10 (72). In addition to the multi-drug resistant ST131 isolates, cases of colistin-
resistant uropathogenic and avian pathogenic E. coli are also emerging (73, 74). The first
United States report of a colistin-resistant E. coli was released in early 2016, with a ST457 urine
isolate from a Pennsylvanian woman with a UTI (73). In the farm/poultry industry, a classic
example of antibiotic resistance emergence is highlighted in the Yeruham study (25): a short 3-
day antibiotic treatment resulted in many recurrent cases of UTIs in cattle, indicating the
presence or the emergence of a resistant EXPEC population (25). In addition, the administration of
antibiotics to farm animals increases the likelihood for asymptomatic colonization of animals by
multidrug resistant EXPEC that can then colonize humans who come into contact with the cattle.

Finally, thought-provoking studies by the Blaser group and colleagues are beginning to elucidate
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possible correlations between antibiotic use in farm animals and increasing obesity in humans

(75), raising concerns about continued use of antibiotics in livestock.

1.4 In search of therapeutic targets: virulence factors are not conclusively predictive,
expression patterns are

EXPEC colonize and infect a wide range of host species, using an armamentarium of virulence
factors that are not restricted to the ExPEC pathotype (Fig. 5). The presence of certain
combinations of virulence factors can result in extra-intestinal pathogenesis, but among the
different EXPEC pathotypes, there is little or no distinct set of virulence factors that is specific to
UPEC, APEC, or NMEC. Rather, differential regulation of common virulence factors may be a
key driver in the hierarchical expression of specific gene sets that enable/enhance colonization in
distinct extra-intestinal niches (Fig. 5).

The difference in host and infection environment between gastrointestinal E. coli and
ExPEC, indicate that different virulence factors are required or utilized under different conditions.
There are factors commonly associated with UTI including chaperone usher pathway pili, protein
adhesins, toxins, iron acquisition systems, transport systems, and other non-essential factors (7).
However, these virulence factors are subject to distinct regulation depending on the host niche
that each ExPEC pathotype harbors. The sequence types associated with UTI are ST 69, 73, 95,
and 131 (76), the serotypes commonly associated with UTI are O1, O2, 04, 06, O16, O18, 025,
and O75 (77). Similarly to APEC and NMEC, the presence of K1 capsule plays a role in
pathogenesis during IBC formation (78). Increased production of type 1 pili corresponded to an
increase in bladder colonization (79). In addition to type 1 pili, curli amyloid fibers, and P pili

are critical for pathogenesis (80-83), along with other potentially uncharacterized adhesive
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Figure 5: Virulence Factors Involved in ExXPEC Infections. The Venn diagram represents the
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(orange). (84-95).
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fibers. UPEC strains can harbor more than one dozen different types of CUP pili, each with
distinct adhesion specificities and differential regulation patterns (90, 96, 97). The function and
regulation of these fibers during UTIs are beginning to be elucidated (90). In addition to
adherence factors, iron acquisition and acid tolerance and osmotic stress is critical for UPEC
pathogenesis, as is for almost all bacterial infections (77, 98, 99). Several toxins, such as
hemolysin A and vacuolating autotransporter toxin, have been associated with fine-tuning host
cell exfoliation during infection (77). Several recent studies have revealed that despite being
facultative anaerobes, UPEC require aerobic respiration during acute UTIs (100-103), indicating
the presence of oxygen-sensing mechanisms that modulate virulence by production of type 1 pili,
and possibly other factors, in response to altered oxygen levels. Furthermore, Shepherd et al.
demonstrated that in addition to aerobic respiration, cytochrome bd oxidase is required for
alleviating nitrosative stress during infection in the hypoxic bladder (104). There are putative
urovirulence factors present in many strains of E. coli; however, it is expression of these genes
that is associated with pathogenic risk and not carriage alone. In a study by Schreiber et al. (79) a
phylogenetic comparison of 89 E. coli isolates showed that 60-75 % of the core genome was
conserved. This left 25-40% of the genome to vary among strains. It may be non-traditional
virulence factors including differential expression patterns of flagella, pili, maltose transport, and
chemotaxis machinery for example (79) and regulatory factors such as two-component systems
(described in the next chapter) that drive UPEC pathogenesis. Ultimately, the ability for UPEC to
cause disease is a combination of the transcriptome, and ability to overcome host resistance.
Notably, numerous studies use laboratory strains of E. coli for comparative and analytical
studies, sometimes over-simplifying the complexity and diversity of the E. coli species. Despite

its frequent use in research, E. coli still possesses many secrets. Of the published research, most
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studies have been done in decendents of a laboratory strain isolated from human feces (105).
These strains are considered non-pathogenic, are in the A phylogenetic group, and are designated
K-12. Studies reveal pathogenic E. coli deviate functionally and phenotypically from previously
published K-12 results ((106-109) and unpublished data). The adaptation to host environments is

eloquently nuanced, but allows for expansion of the limited core and pan genome.

1.5 A brief overview of targetable regulatory pathways

Current antibiotics used to treat UTIs target cell membrane synthesis, DNA replication, protein
synthesis, and folic acid metabolism (110). Antibiotic exposure, overuse, misuse, or abuse, can
result in antibiotic resistance; almost as quickly as new drugs are released resistance is identified
(111). Current research focuses on finding new or alternative antibacterials as well as identifying
new targets that reduce the likelihood of generating antibacterial resistance.

There are many regulatory processes within bacteria that result in virulence, targeting
these pathways may alter the infectivity of the cell. Regulatory pathways such as: virulence gene
regulation, quorum sensing, central metabolism, biofilm formation, DNA repair, stress response,
and phosphorelay are all candidates for alternative therapeutics (112-116). The phosphorelay
events of two-component systems described in the next chapter are an intriguing target for
antibacterials, as there are many steps in the regulatory process that can be targeted in

combination to change the infectious activity of a given bacterial population.
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CHAPTERII

INTRODUCTION TO TWO-COMPONENT SIGNAL TRANSDUCTION SYSTEMS IN
EXTRAINTESTINAL ESCHERICHIA COLI

Portions of this introduction have been adapted from Breland et al. “An overview of two-
component signal transduction systems implicated in extra-intestinal pathogenic E. coli
infections”. Review in Frontiers in Cellular and Infection Microbiology. (2017). PMID:
28536675

Bacterial signal transduction

Concerns about increased resistance are beginning to shift the focus of current research, not only
to the development of new antibiotics, but also to the generation of agents that will have anti-
virulence potential by targeting bacterial behavior as opposed to bacterial viability. For such
agents to be effective, information about how bacteria, such as ExXPEC, behave in response to
environmental stimuli is crucial. Perhaps the most critical element in successful colonization and
persistence in a specific niche is the ability of a pathogen to appropriately coordinate production
of relevant virulence factors. This regulation must occur simultaneously with repression of other
genes, the products of which are not needed in the particular environment. Bacteria are constantly
bombarded with changing stimuli from within and outside the host. Within the host, these stimuli
may come from innate immune defenses such as bursts of reactive oxygen species (117), cationic
polypeptides and metal sequestration (118, 119), as well as exogenous stressors such
as antibiotics (117). In addition, the different stages of each infection cascade are accompanied
by niche-specific changes in oxygen levels, nutrients, osmolality, and temperature (120). Each of
these cues is sensed by one or more bacterial signaling systems that will then coordinate bacterial

behavior.
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As is true for all bacteria, EXPEC deftly sense environmental stimuli using several
signaling pathways that elicit downstream responses. These include one- and two-component and
phosphorelay signal transduction systems, extracytoplasmic sigma factors, and second
messengers. This chapter focuses on two-component systems that contribute to the pathogenesis

of UPEC and the cross interactions of two distinct signaling networks PmrAB and QseBC.

2.1 Two-component signal transduction

Although eukaryotic-like serine/threonine kinases (121) are found within bacterial species, the
majority of two-component system (TCS) receptors are histidine kinases (122-124). Two-
component systems regulate functions such as quorum sensing, chemotaxis, sporulation, biofilm
formation, and membrane stress response (116, 125-127).

Prototypical TCSs comprise a membrane-embedded bacterial signaling receptor that is
responsible for intercepting one or more specific stimuli or ligands. Signal transduction from the
membrane-embedded receptor to the response regulator occurs via a phosphorelay event to a
cognate partner protein, termed the response regulator, which carries out the response (123, 128-
130). The response regulator almost always resides in the cytoplasm and, in the majority of
documented examples, acts as a transcriptional regulator (122, 123).

The subfamilies of histidine protein kinases (HPK) include HPK,.;; and were named for
the variation in conserved homology boxes located in the kinase and catalytic domains. (Table 1)
(131). Histidine kinases typically function as dimeric membrane receptors and consist of a
sensing domain, a kinase domain, and a catalytic domain that binds and hydrolyzes ATP (131).
Sensing domains can be extracellular, membrane embedded, or intracellular (132). The three main
structural classes of extracellular sensing domains include, a-f folds, all a-periplasmic binding

protein folds, and a non-structural all-B fold domain (132).
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Table 1: HPK subfamilies and commonly associated RR receiver and output domains

(131)

™1

Periplasmic Sensing

domain

T™M2

Dimerization, Histidine,
Phosphotransfer domain

Catalytic, ATP binding

domain

the conserved phosphor-accepting histidine

COOH

Schematic of HK domains with conserved homology H, N, G, F boxes and a star representing

F box contains one F

HPK Identifiable Examples in E. RR receiver RR output
Subfamilies Features coli domain domain
Most common type, BaeS Null
la Contains all homology KdpD Ra OmpR
box regions PhoR P
ArcB
Similar to 1a with an BarA Null
1b invariant KFT motif in the EvgS Rg m
N box ResC
TorS
BasS (PmrB) (2a)
Alterations of residues in Cops (2a)
the H box CpxR(2b)
2 . . ’ EnvZ (2b) Ra OmpR
Diagnostic R downstream
of conserved H box P RstB (2b)
YgiY (QseC)
(2a)
Similar to 1 and 2 with
slight changes in H box, OmpR
Specific residues R. R R FixJ
3a-i downstream of the CreC (3¢) RA, (21’ RF, H2
conserved H and G anc B NtrC
corresponding RR Null
determine 3,
Null
4 Slight Vgriations in H. box, HA“;ZIS{ R, R and Ry Il\jl?r(é
Lacking KFT motif, NtB e Null
PFX-TTK motif in F box
ActR
H box lacks F and P,
. : DcuS .
5 Alterations in N box, . Rc CitB
DpiB

22




Not represented Not Not
6 Found in Archaeoglobus - rep . represented in | represented in
in E. coli 3 3
E. coli E. coli
Alterations to H box,
Nepbebdhued | g
7 P ’ NarX Reand Rg FixJ
No H box P, UhoB
N box lacking one N, p
F box missing
P precedes H in H box,
8 Unusual N box sequence, YehU (BtsS) Rc LytR
F box is not conserved
No H box P
cpe Null
9 DHG rnpt1f n N bO.X’ CheA Ra and R¢ Tandem
Three residue spacer in F
CheB
box
Kinases that regulate
competence for genetic
10 transfer in Streptococcus Not‘ represer}ted Rp ComE
spp-, in E. coli
No H box proline,
No D box
Not represented Not Not
11 Methanobacteria kinases  represen represented in | represented in
in E. coli 3 i
E. coli E. coli
Receiver Output
domain domain
NH, ﬁ COOH

Schematic of RR domains with the star representing the conserved phosphor-accepting aspartic

acid residue

*Bolded systems are discussed for their involvement in pathogenesis below.
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Membrane-embedded sensors appear to rely on the transmembrane regions to sense and respond
to signal (132). Finally, many cytoplasmic sensing domains exhibit conserved structural domains
with five-stranded antiparallel B-sheet flanked by a-helices; others have a six-stranded antiparallel
B-sheet; the third classical cytoplasmic sensing domain is found in phytochromes, these contain a
phytochrome domain, which is similar in nature to the five stranded B-sheet domain (132).

Upon signal interception, the histidine kinase hydrolyzes ATP and undergoes auto-
phosphorylation at a conserved histidine residue within the kinase domain (Fig. 6). Histidine
kinase auto-phosphorylation stimulates the transfer of the phosphoryl group to a conserved
aspartate residue on the cognate response regulator (Fig. 6), thus activating function. Many sensor
kinases are bi-functional, having the ability to also act as phosphatases or reverse
phosphotransferases, dephosphorylating the response regulator. Response regulator de-
phosphorylation by the cognate sensor histidine kinase “resets” the signaling cascade, allowing
the bacteria to respond again to the same stimulus upon re-exposure. Swift de-phosphorylation of
the response regulator by the cognate histidine kinase also prevents aberrant activation of the
response regulator by non-cognate kinases or other phosphor-donor molecules.

Response regulators belong to eight receiver domain subfamilies (133) and are typically
categorized by the similarities of their output domain to well characterized RRs such as ActR,
AmiR ArcB, CheB, CitB, ComE, OmpR, FixJ, LemA, LytR and NtrC (131, 134, 135). The
majority of RR output domains are helix-turn-helix DNA binding domains; however, a subset of
output domains bind RNA, ligands, or proteins, some are enzymatic in nature, while others have

output domains of unknown functions (DUF) (135).
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Figure 6: Two-component system transduction schematic. In most cases studied to date, the
sensor histidine kinase is membrane-embedded. The sensor kinase detects signals or stimuli and
undergoes auto-phosphorylation at a conserved histidine residue. The phosphoryl-group is then
transferred to the cognate cytoplasmic response regulator at a conserved aspartate residue.
Phosphorylated response regulators form an active dimer that can then regulate gene transcription.
Following the appropriate cellular response, the sensor exhibits phosphatase or reverse
phosphotransferase activity removing the phosphoryl-group from the response regulator to “reset”
the system. While most kinases are found as a dimer in the membrane, dynamic interactions
between the mono- and di-meric states may occur.
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RRs catalyze the phosphotransfer to the conserved residue, this allows for some RRs to obtain a
phosphoryl-group from additional sources like acetyl-phosphate (136). Table 1 shows a general
relationship between HPK and RR receiver and output domains (131).

Of the 62 conserved TCSs genes harbored by E. coli strains (137), only a handful have
been studied in the context of pathogenesis. Notably, there also are strain-specific TCSs, harbored
only by certain strains or pathotypes, which are of particular interest, such as the KguRS TCS
(138). Key TCSs that have been shown experimentally to be important for UPEC pathogenesis

are discussed below.

2.2 Two-component system signaling networks involved in ExXPEC pathogenesis

ArcA/B

When deleted for arcA and arcB E. coli are sensitive to hydrogen peroxide stress and exhibit
compromised respiratory activity in low oxygen compared to wild-type strains (139, 140). The
aerobic respiratory control system, or ArcA/B TCS, is a global regulator that facilitates adaptation
from anoxic to aerobic conditions and mediates defense against reactive oxygen species (139).
Unlike other TCSs, arcB, and arcA are not co-transcribed; ArcB is a tripartite sensor kinase that
undergoes a phosphorelay event under anaerobic conditions. ArcA represses expression of many
genes involved in aerobic respiration. In most cases, ArcA acts as a transcriptional repressor of
enzymes involved in aerobic carbon metabolism. ArcA is a positive regulator of cytochrome d
and pyruvate formate lyase involved in fermentation (141, 142). Oxidation of cytosolic cysteine
residues found within the ArcB histidine kinase, results in the formation of disulfide bonds,
resulting in reverse phosphotransfer under aerobic conditions, de-activating ArcA (142, 143).

While most TCSs contain a large periplasmic sensing domain for the detection of stimuli, the
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short sensing domain of ArcB is necessary for detection of the physiological redox state of
quinones in the electron transport chain in the cytoplasmic membrane (142). In APEC, loss of the
ArcA response regulator severely attenuates virulence, due to loss of flagellar motility,

chemotaxis, and proper metabolic function (144).

BarA-UvrY

Deletion of barA or uvrY results in a similar hydrogen peroxide hypersensitivity (145, 146). The
BarA-UvrY TCS regulates the expression of the carbon storage regulation system, a master
regulator between glycolysis and gluconeogenesis, which is necessary for bacterial function and
long-term survival (146). The BarA (bacterial adaptive response) tripartite sensor is involved in
protection from hydrogen peroxide stress through the activation of RpoS sigma factor.
Functioning slightly differently from typical TCSs, tripartite sensors undergo a phosphorelay
event: the phosphate group is transferred from the histidine residue to an aspartate residue to a
second histidine residue, all of which are located in different domains of BarA, before
transferring the phosphoryl-group to UvrY, the cognate partner (147). UvrY, while part of the
uvrYAC operon has no apparent role in DNA repair (147). UvrY does, however, activate the
CsrB protein, which increases biofilms formation. Similarly to ArcA/B the genes coding for
BarA-UvrY are not located on the same operon (145). In a macaque cystitis model, competition
profiles between wild-type (WT) E. coli strain DSI7 and a uvrY::Kan" deletion strain suggest that
the BarA-UvrY TCS is crucial for the switch between different carbon sources present in the
urine (148). In both chicken embryos and a murine model of acute UTI, UPEC strain CFT(073
with a barA or uvrY deletion displayed reduced virulence through decreased production of

hemolysin and LPS (149).
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CpxAR

CpxAR system was one of the three TCSs shown to be indispensable for E. coli fitness in the
murine gut (150). The CpxAR system is comprised of the sensor kinase CpxA and the response
regulator CpxR and is one of the E. coli systems responsible for sensing and coordinating the
response to cell envelope stress (151, 152). In UPEC, CpxAR has been shown to play multiple
roles in pathogenesis. Originally identified by the Silhavy group, CpxAR activation was shown to
occur upon binding of commensal E. coli to hydrophobic surfaces (153). CpxAR activation was
shown to depend on the presence of the outer membrane lipoprotein NIpE, and this was the first
demonstration of a function for NIpE (153). A follow-up study revealed that activation of the Cpx
system can occur in an NIpE-independent manner by inducing cues other than surface attachment
(154). CpxAR was also shown to sense and respond to misfolded pilin subunits during the
assembly of P pili, which are adorned with the adhesin protein PapG that binds glycolipid
receptors on urothelial cells lining the kidney (155, 156). Joint collaborations from the
Silhavy and Hultgren groups showed that the N-terminal extension of the PapE pilin subunit
activated CpxAR (156). Misfolded PapE and PapG also activate the CpxAR system; upon
activation, the periplasmic protein CpxP is upregulated to alleviate membrane stress by guiding
mis-folded proteins to be degraded by proteolysis (154, 157). Most recently, the CpxAR system
has been implicated in responding to antibiotics by altering the membrane integrity and increasing
antimicrobial resistance (158). CpxA has also been shown to sense high osmolality conditions and
result in the repression of curli expression, an important component in the production of biofilms
(159). In UPEC, deletion of cpxAR impairs UPEC colonization of the murine bladder (160). More
recent studies demonstrated that CpxAR regulates expression of a-hemolysin (HlyA), though only

about 50% of UPEC isolates encode this pore-forming toxin. HlyA causes cytotoxicity in
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urothelial cells (62). Nagamatsu ef al. showed that loss of CpxR unleashes expression of HlyA
and increases exfoliation of the host urothelium during infection, suggesting that CpxAR exerts a
negative effect on hlyA4 expression, possibly fine-tuning cytotoxicity in urothelial cells for HlyA-

harboring UPEC strains (62).

EnvZ-OmpR

In a murine model of UTI, deletion of ompR in the UPEC clinical isolate NU149 had a
significant, two-log reduction in colony forming units in both the bladder and kidney, indicating a
role of EnvZ-OmpR in pathogenesis (161). EnvZ-OmpR has been coined the “prototypical” TCS,
owing to its early characterization (162). The sensor kinase EnvZ is phosphorylated under hypo-
osmotic conditions and phosphotransfers to the response regulator OmpR. Activation of OmpR
leads to upregulation of outer membrane porin proteins, such as OmpF or OmpC (163-165).
OmpR has been shown to influence the expression of type 1 pili through transcriptional regulation
of fimB, one of the site-specific recombinases that control the orientation of the type 1 pili
promoter (166). UPEC encounter a significant change in extracellular osmolality as they exit the
gut and ascend the urethra, so one can extrapolate that EnvZ-OmpR function is important during

the early stages of infection (161).

KguRS

In a mouse model, deletion a CFT073 mutant deleted for kguRS colonized the urinary tract less
efficiently (138). A more recently discovered, primarily UPEC-encoded system is KguRS. The
KguS sensor kinase was reported to sense the presence of a-ketoglutarate in the UPEC strain
CFTO073 (138). Given that a-ketoglutarate is primarily utilized in the tubules of the kidneys, the
studies by Cai et al. implied that utilization of a-ketoglutarate enhances the ability of UPEC to

adapt to the urinary tract environment (138).
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PmrAB (BasRS)

Originally named for the polymyxin resistance phenotype observed in Salmonella enterica
Typhimurium (167, 168), the PmrAB system has been shown to be involved in antibiotic
resistance. The PmrB sensor is known to directly bind ferric iron (Fe*") and mediates alterations
to the lipopolysaccharide (LPS)layer of the outer membrane to protect the cell against
cationic polypeptide stress (169-171). A constitutively active PmrA variant showed intrinsic
resistance to polymyxin B (PMB) yet, conferred susceptibility to an anionic compound
deoxycholic acid (172). PmrAB is required for virulence in a murine model of infection (173,
174). PmrAB is also indirectly involved in altering LPS in response to low levels of magnesium
(Mg*"). PhoQ, a HK from the PhoPQ system, directly senses the extracellular decrease of Mg*"
and activates the accessory protein PmrD which binds and stabilizes PmrA~P, in addition to PhoP
the cognate partner, that activates expression of pmrAB (175). The PmrD protein in E. coli

however, does not activate PmrAB in response to PhoPQ activation (176).
QOseBC

In UPEC, deletion of gseC results in severe attenuation of infection due to reduced expression of
motility genes, several CUP systems including type 1 pili, curli fibers, and several metabolic
pathways (101, 177). This misregulation of virulence factors occurs only in the absence of QseC,
but not in the absence of QseB or the entire QseBC system (177). The QseBC system, comprised
of the sensor kinase QseC and the response regulator QseB, was reported to be involved in
quorum sensing in enterohemorrhagic E. coli (EHEC; (178)). EHEC QseC was shown to respond
to norepinephrine, epinephrine, and autoinducer-3 (179) and this deletion severely attenuates
EHEC virulence (180). In vitro studies show phosphotransfer and desphosphorylation of QseB by

QseC (177), the underlying mechanism of this regulation is unknown.
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2.3 Evidence of cross interaction between closely related systems

Gene duplication of TCS may result in overlapping recognition of signals, phosphor-relay events,
and outputs (Fig. 7). Cross interactions between two-component systems are thought to occur
infrequently. Cross-talk is described to result in negative effect for the bacterium, while cross-
regulation is said to enhance physiologic function (181). There are several cases where cross-
regulation has been identified between TCSs. These include the nitrogen sensing pathways
NarLX-NarPQ in K-12 E. coli (182), CpxAR-EnvZOmpR in E. coli (183), PhoPQ-PmrAB in
Salmonella enterica (184), HssRS-HitRS in B. anthraces (185), and now PmrAB-QseBC in
UPEC (186). Understanding how these bacterial networks communicate during infection will

elucidate new avenues for targeting bacterial virulence without applying selective pressure.

BtsS/R (YehU/T) and YpdA/B

Originally referred to as YehUT, this two-component system was recently renamed due to its role
in metabolite sensing. Named Bts for Brentztraubensiure, the original name given to pyruvic acid
when it was first synthesized in 1835, BtsS has been shown to directly bind extracellular pyruvate
(107). This HK also detects changes in external L-serine and is repressed in the presence of high
levels of extracellular serine (> 50 uM) (107). The RR, BtsR has been shown to activate the only
known target YjiY, a transmembrane protein with putative peptide transport activity (187).
Expression of the sole target steady state transcript yji¥ was elevated during the acute and
chromic murine model of UTI (107). It is presumed that the role of BtsS/R in sensing

extracellular concentrations of serine and pyruvate may play a role in the infection process (107).

The YpdA/B TCS is reported to respond to high levels of extracellular pyruvate and
augment activation of BtsRS (188). The only known downstream target of the RR, YpdB, is yAjX,

a putative transporter in major facilitator superfamily (188). Like for the BtsRS system, during
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chronic and acute infection, the steady state transcript for yAjX is increased in the murine model of
UTI (unpublished).

QOseBC and PmrAB

Recent studies have uncovered non-partner interactions that occur between the QseB response
regulator and another TCS, PmrAB (186). PmrB constitutively phosphotransfers to QseB in the
absence of the QseC sensor (Fig. 7C, (186)). This constitutive activation leads to aberrant gene
repression by QseB and attenuation of virulence, making the QseBC system an excellent target
for anti-virulence strategy development. QseC and PmrB are both classified as class I, HPK2a
histidine kinases (131, 189). The response regulators QseB and PmrA both have an R receiver
domain and are categorized to have OmpR like-output domains (131). There is 33.53% protein
sequence identity between the kinases and a 45.21% sequence identity between the response

regulators. This similarity is presumed to be the result of a genetic duplication event.
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Figure 7: Schematic depicting two-component system duplication and cross-interaction. (A)
Represents two independent (orange and green) cognate two-component systems sensing and
responding independently. (B) When gene duplication occurs (blue from green) a new two-
component system arises (blue) that may have cross-interaction prior to divergence (gray arrows).
Following divergence, these systems will no longer recognize one another and the cross-talk or
cross-regulation will disappear (gray arrows). (C) In UPEC, the PmrAB (green) and QseBC
(blue) are still shown to cross-interact under physiologic conditions.
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The interactions between QseBC and PmrAB were described by Kostakioti and
Hadjifrangiskout et al. and Guckes et al. (177, 186). These data show that deletion of gseC results
in global changes in UPEC cystitis isolate strain UTI89 (1). Microarray analysis revealed 443
genes are significantly altered in the absence of QseC, which is equivalent to almost 8% of the
genome (101). These genes fall into ten primary categories, metabolism, membrane transport,
genetic information processing, translation, regulators, signal transduction, fimbriae, stress
response, plasmid, as well as hypothetical proteins and others (101). Deletion of gseC results in
decrease in biofilm formation, IBC formation, curli production, and motility (177). This
suppression of virulence traits was discovered to be a result of the constitutive phosphorylation of
QseB by non-cognate partner PmrB in the absence of QseC regulation (186). It was also shown
that PmrA is involved in inducing gseBC expression in the presence of ferric iron (186). Under
non-inducing conditions PmrB acts as a delayed phosphotransferase to QseB with no in vitro
phosphatase activity (186). While it is known that these two TCSs interact, the amount of cross-
regulation is unknown. The relationships between the sensors, the responders, and non-cognate

partners are still to be elucidated.
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CHAPTER III

PMRAB-QSEBC NON-COGNATE PARTNERS PROMOTE TRANSIENT POLYMYXIN B
RESISTANCE IN UPEC

This chapter has been adapted from Guckes* and Breland* et al. “Signaling by two-component
system noncognate partners promotes intrinsic tolerance to polymyxin B in uropathogenic
Escherichia coli”. Science Signaling. (2017). PMID: 28074004

*Both authors contributed equally to this work

Typical TCSs include a sensor histidine kinase (HK) that acts as a receptor coupled to a partner
response regulator (RR) that coordinates changes in bacterial behavior, often through its activity
as a transcriptional regulator. HK:RR interactions are typically confined to cognate pairs. This
work describes how two distinct TCSs in uropathogenic Escherichia coli (UPEC) interact to

mediate a cellular response to ferric iron, which results in transient resistance to polymyxin B.

3.1 Introduction

Constant sensing of the environment via the use of TCSs affords bacteria the ability to quickly
adapt to change. In all reported cases, TCSs become activated in response to specific signals,
which may act as ligands that activate the histidine kinase receptor either via direct binding (190,
191) or via indirect and oftentimes uncharacterized mechanisms (192-195). Upon signal
detection, the histidine kinase dimer auto- phosphorylates at a conserved histidine residue located
in the cytoplasmic portion of the protein (123, 196). The histidine kinase then transduces the
signal by transferring this phosphoryl group to a conserved aspartate residue on its cognate
response regulator (122, 196, 197). Phosphorylation of the response regulator typically results in a

conformational change, leading to dimerization and a change in the activity of the response
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regulator (123, 125, 196, 198, 199). Most response regulators mediate output by acting as
transcription factors (123, 125, 196). Thus, in response to an incoming stimulus, there is a rapid
phosphotransfer event, leading to maximal phosphorylation of the cognate response regulator
within 5 to 10 min. For TCSs that autoregulate the expression of the genes that encode them, the
phosphorylated response regulator can act as an activator of transcription, and this series of events
is referred to as an activation surge (200, 201). In contrast to mammalian kinases, bacterial
histidine kinases can be bifunctional, exhibiting both kinase and phosphatase activities toward the
cognate response regulator (196, 199). The inherent phosphatase function of histidine kinases
prevents aberrant activation by non-cognate histidine kinases or other phospho-donor molecules,

which in turn ensures proper regulation of downstream targets.

Few examples of TCS non-cognate partner interactions have been described in the
literature (202-206). A review by Laub and Goulian has categorized non-partner TCS interactions
as beneficial or detrimental to the bacterium, defining these as cross-regulation or cross-talk,
respectively (181). In all reported cases of detrimental cross-talk to date, the non-cognate
interactions occur in the absence of one cognate partner, which is an artificial condition (129, 177,
183, 185, 186, 207). Very few studies have reported naturally occurring, beneficial, cross-
regulation (202-204). Previous studies in uropathogenic Escherichia coli (UPEC) determined that
cross-talk between the QseBC and PmrAB TCSs occurs in the absence of the sensor kinase QseC
(Fig. 8, (177, 186)). Specifically, deletion of gseC leads to deregulation of gene expression and
attenuation of virulence, due to an accumulation of phosphorylated QseB (QseB~P) as a result of
cross-activation from PmrB (Chapter II, Figs. 7, and Fig. 8) (101, 186). Consequently, deletion of

the pmrB gene in the gseC
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Figure 8: PmrB phosphorylates QseB in the absence of QseC (reprinted with permission
(186)) (A) Effects of inactivating PmrB kinase activity on the motility of
UTI89AgseCApmrB/pPmrB, UTI89AgseCApmrB and UTI89AgseCApmrB/pPmrB _H155A.
Motility diameters were measured after a 7h of incubation at 37°C. (B) Phosphotransfer assays
with PmrB-enriched membrane vesicles (MV) and purified QseB. Middle panel demonstrates
PmrB autokinase activity in the absence of QseB. The last panel depicts a mock phosphotransfer
assay using MV without PmrB to verify that phosphotransfer to QseB occurs specifically by
PmrB. A representative of 3 independent experiments is shown. (C-D) In vitro phosphatase
assays with PmrB-enriched membrane vesicles (MV) and in vitro phosphorylated QseB~P.
Percent QseB~P was calculated based on peak intensity analysis of each band normalized to the
sample at t=0, using the Image] software. A representative of 3 independent experiments is

shown.
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Deletion mutant suppresses all the adverse phenotypes associated with the absence of QseC (Fig.
8, (101, 177, 208, 209)), leading to the hypothesis that QseC phosphatase function is critical to the

ability of this sensor to control QseB.

In vitro kinetic profiling revealed the availability of PmrB to phosphorylate QseB in a
cognate-partner fashion, which is unlike other cases of reported cross-talk. The rapid kinetic
phosphotransfer activity of PmrB to QseB also suggests that the interacting surface of the QseC
and PmrB must be very similar indicating recent evolutionary divergence. Indeed, studies by Wu
et al. show that QseB diverged from PmrAB based on their hierarchical classification of evolution
(210). Here, we present evidence that PmrB and QseB physiologically interact in response to the
activating signal of PmrB. This cross-interaction leads to the upregulation of genes involved in
LPS modification, conferring transient resistance to polymyxin B, one of the last resort antibiotics

for treating multi-drug resistant E. coli (211).

3.2 Materials and methods

Bacterial strains and growth conditions

All bacterial strains are listed in Table 2. Cultures were grown in Lysogeny broth (Fisher) or N-
minimal broth (177) with or without 100 uM ferric iron (Fisher) or 100 uM epinephrine (Sigma)
at 37 °C with shaking. UTI89AgseC, UTI89ApmrBAgseC, and the corresponding pQseC, pQseC-
mycHis, pPmrB, and pQseC-mycHis plasmid constructs harboring the corresponding wild-type
gseC and pmrB gene sequences were created previously (177, 186) and are listed in Table 3.
Deletion constructs were generated using the lambda-red recombination method as described by
(212). Promoter activity for the gseBC operon was measured using a previously constructed

plasmid (177, 186), listed in table 3, in which the gseBC promoter region is fused to gfp.
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Table 2: Bacterial strains used in this chapter

Strain Source
Salmonella enterica .
Typhimurium 14028 Mark Goulian

UTI&9 (1)

UTI89AgseC (177)
UTI89AgseB (177)
UTI89AgseBC (177)
UTI89ApmrB (186)
UTI89ApmrA (186)
UTI89ApmrAB (186)
UTI89AgseBApmrA This study
UTI89AgseCApmrA This study
UTI89AgseBCApmrA This study
UTI89AphoPQ This study
UTI89AgseCApmrAAphoPQ This study
Table 3: Plasmids used in this chapter
Plasmid Source
pTrc99A pQseC (177)
pTrc99A pPmrB (177)
pBADmycHisA QseC (186)
pBADmycHisA QseB (177)
pBADmycHisA PmrB (186)
pBADmycHisA PmrA (186)
Pgse::gfp (186)
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Phosphotransfer assays

Membranes enriched for UTI89-derived PmrB or QseC (7 pg) were incubated with purified QseB
(14 pg), at protein concentrations of 25 uM and 0.7 uCi (y->°P)ATP, in the absence or presence of
signal. Each reaction solution includes 1 x tris-buffered saline (TBS), 0.5 mM dithiothreitol
(DTT), and 0.5 mM MgCl,. Aliquots (10 pl) were withdrawn from a 7 x master reaction mix at
different time points, mixed in a 1:1 ratio with 2 x SDS loading buffer, and kept on ice until SDS—
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Gels were dried and exposed to x-ray
film for 48 hours at —80 °C. Band intensities corresponding to QseB~P over time were quantified
using ImageJ software and normalized to QseB~P at t = 0. All experiments were repeated two to

four times.

Phosphatase assays

Glutathione Sepharose beads (GE Healthcare Life Sciences) bound to the cytosolic portion of
PmrB, as described previously (181), were prepared and used to in vitro phosphorylate QseB as
described in (184). QseB~P (0.2 nmol) was incubated at room temperature with 7 pg of
membrane vesicles in the presence or absence of 100 pM Fe*" with 1x TBS, 0.5 mM DTT, and
0.5 mM MgCl,. Aliquots (10 pul) were withdrawn from the reaction at different time points, mixed
in a 1:1 ratio with 2 x SDS loading buffer, and kept on ice until SDS-PAGE analysis. Gels were
dried and exposed to x-ray film at =80 °C. Band intensities corresponding to QseB~P over time

were quantified using ImageJ software and normalized to QseB~P at t = 0.

Preparation of HK-enriched membranes

UTI89AgseC/pQseC-mycHis and all UTI89ApmrB/pPmrB_mycHis were grown to an ODgoy =
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0.6, in LB with shaking at 37°C and induced with 0.02% arabinose for 2 h. Cells were broken by
French Press (1000 p.s.i.) and total membranes were isolated by 1 h ultra-centrifugation at
>1,000,000 x g, re-suspended in 20 mM Tris pH 8.0/1 mM MgCl, as we previously described

(177, 186).

Purification of tagged QOseB and PmrA

The pQseB-mycHisA and pPmrA-mycHisA plasmid constructs used for expression and
purification of tagged QseB and PmrA, respectively, were previously described (177). QseB or
PmrA expression was induced with 0.1% arabinose, and the tagged proteins were affinity-
purified using a TALON column (Clontech) followed by anion exchange chromatography

through a Mono Q column (GE Healthcare), as described (177).

Electrophoretic mobility shift assays

Purified QseB-mycHisA and PmrA-mycHisA were phosphorylated in vitro using glutathione
Sepharose beads fused to the cytosolic portion of PmrB, as described (186). Phosphorylated
QseB-mycHisA or PmrA-mycHisA (0 to 250 pmol per reaction) was incubated with about 6 fmol
of a 105-bp fragment of the yibD promoter region in binding buffer (final concentration: 20 mM
tris-HCl, 5 mM MgCl,, 5 mM KCl, 10% glycerol) for 20 min at room temperature. Reactions
were loaded onto a 5% acrylamide nondenaturing gel, and electrophoresis was performed for 2.5
hours at 50 V. Gels were dried at 80 °C for 2 hours before they were exposed to X-ray film at —80

°C for 2 hours to overnight.

qRT-PCR expression analysis

Cultures were grown to log phase at 37 °C with shaking, and samples were collected and flash-

frozen using dry ice and ethanol until RNA extraction. RNA was extracted using the RNeasy kit
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(Qiagen), deoxyribonuclease (DNase)-treated using TURBO DNase I (Ambion), and reverse-
transcribed using SuperScript II Reverse Transcriptase (Invitrogen). DNase-treated RNA samples
not subjected to reverse transcription were used as negative controls. Complementary DNA
(cDNA) was amplified using the gfp- and rrsH-specific primers listed in Table Al. qRT- PCR
was performed, using an ABI StepOne Plus Real-Time PCR machine and multiplexed TagMan
MGB chemistry, in triplicate with two different amounts of cDNA (50 or 25 ng per reaction).
Relative fold change was determined by the AACt method where transcript abundances were

normalized to rrsH abundance.

PMB sensitivity assay

Bacteria were grown overnight at 37 °C with shaking. Overnight cultures were then subcultured
into N-minimal medium with or without 100 uM ferric chloride (FeCls). Once N-minimal cultures
reached mid-logarithmic phase of growth, cultures were normalized to an ODgg (optical density
at 600 nm) of 0.3 in phosphate-buffered saline (PBS) and incubated with or without PMB (2.5
pg/ml) at 37 °C for 1.5 hours. Cells were plated on LB agar to determine colony-forming units per
milliliter. Percent survival was calculated by dividing the number of bacteria that grew after
exposure to PMB by the number of bacteria that grew after incubation in PBS alone and
multiplying the quotient by 100. The MICs for PMB without pretreatment of bacteria with ferric

iron were calculated using Etest strips (BioMérieux).

Statistics

All statistical analyses were performed using GraphPad Prism software. When calculating the
survival ratio in the PMB sensitivity assay, pre-conditioned and non-conditioned bacteria were

compared pairwise between strains and were shown to be statistically significant between the
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indicated strains using a nonparametric one-way ANOVA by the Kruskal-Wallis test, P < 0.01.
3.3 Results
All components of the QseBC and PmrAB TCSs are required for proper response to ferric iron

Previous studies had shown that when activated, QseB auto-regulates the gseBC regulon (213).
We therefore assessed gseBC auto-regulation to determine whether there is beneficial cross-
regulation between pmrB and QseB in response to a PmrB stimulus. Bacteria were grown in N-
minimal medium that contains low-levels of ferric iron (Fe’") (214) and were spiked with Fe**
during logarithmic growth. Samples were obtained at various time points from 0 to 60 min after
exposure to Fe’”, and qRT-PCR analysis was performed to measure the transcriptional surge of
the gseBC promoter over time (Fig. 9). In the UPEC strain UTI89, a robust surge in steady-state
transcript was observed at 15 min after the addition of iron (Fig. 9). These results indicated that
expression of the gseBC system is induced in response to activation of the PmrB sensor. In strains
lacking QseB, QseC, PmrB, or PmrA the transcriptional surge was abolished (Fig. 9), implying
that the components of both TCSs are required to drive the expression of gseBC in response to the

Fe' stimulus.

In Salmonella, PmrB binding to ferric iron promotes the expression of genes involved in
lipopolysaccharide (LPS) modification (170, 215). Other reported activators of PmrB include
Al**and mildly acidic pH (216, 217). Low concentrations of Mg®" as well as polymyxin B (PMB)
and other anti- microbial peptides activate PmrAB indirectly through the PhoPQ TCS (218-220).
Previous studies indicated that QseC kinase activity is enhanced in response to epinephrine,

norepinephrine, and autoinducer 3, a secreted bacterial signaling molecule of unknown structure
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Figure 9: All components of both PmrAB and QseBC are required for the gseBC
transcriptional surge in response to ferric iron. The abundance of green fluorescent protein
(gfp) transcripts from the Pgse::gfp fusion construct in UTI89 and in UTI89 deletion strains
lacking components of the PmrAB and QseBC TCSs was determined by qRT-PCR analysis.
Analysis was performed both in the absence and in the presence of ferric iron (Fe’"). Fold
changes were calculated using the AAC; method, with rrsH as an endogenous control, and

samples were normalized to time 0. Error bars indicate SEM, n > 3 for each mutant strain.
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(179). We have demonstrated that in the absence of signal, QseC readily autophosphorylates and
phosphotransfers to QseB (Fig. 10) (177, 186). In vitro phosphotransfer assays indicated that the
presence of epinephrine (Fig. 10), norepinephrine, or spent UPEC supernatant fractions (221) did
not increase the rate of QseC-mediated phosphotransfer under the conditions tested. On the basis
of the quantification of QseB~P (fig. S1, A and B), it appears that epinephrine either decreases the
rate of phosphotransfer to QseB or increases the rate of dephosphorylation of QseB by QseC (Fig.
10, A to C). Subsequent qRT-PCR analyses probing for changes in gseB transcript abundance in
the presence of epinephrine indicated no differences in gseB steady-state expression in the
presence or absence of epinephrine in the UPEC strain UTI89 or in UTI89 lacking the gseC gene
(Fig. 10). The gseC deletion mutant UTI89AgseC showed constitutively high amounts of gseB
transcript, which is the result of unregulated PmrB phosphotransfer to QseB (186). Together,
these results indicated that, in UPEC, epinephrine and norepinephrine do not stimulate the kinase
activity of the QseC histidine kinase and that QseBC is involved in proper stimulus response to

ferric iron in conjunction with PmrAB.

We then probed whether the activation surge we observed (Fig. 9) was specific to
stimulation with ferric iron or whether other cations would elicit the same response. To test the
specificity of the coordinated response to ferric iron, we used ZnCl, and CuSOy as sources Zn>"
and Cu®’. These metal cations were chosen on the basis of previous studies identifying high
concentrations of extracellular Zn®*" as a putative signal for E. coli PmrB (222) and
hypersensitivity to toxic ions, such as Cs’, Co>", Cu*", Ni*", and Ru’", in E. coli strains lacking
QseBC (223). We tested the steady-state transcript abundance of gseB using a qRT-PCR approach
similar to that which we used to measure the responses to Fe’" (Fig. 11). Only the presence of

Fe’" resulted in a typical transcriptional surge (Fig. 9), whereas Zn>" caused a modest and
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Figure 10: QseC activity is not enhanced in the presence of epinephrine. (A-B) Panels show
radiographs that track autophosphorylation and subsequent phosphotransfer of **P-yATP to QseB
by QseC in UTI89 membrane fractions in the absence (A) and presence (B) of epinephrine (Epi).
n = 3 biological replicates. (C) Representative quantification of phosphorylated QseB (QseB~P)
in the presence (filled circle) or absence (open circle) of epinephrine using Imagel. (D)
Representative qRT- PCR analysis tracking the relative fold change of gseB transcript in wild-
type UTI89 (squares) and UTI89A¢gseC (triangles) in the presence (filled shape) or absence (open
shape) of epinephrine. Fold changes are graphed on a Log, scale. n =2
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Figure 11: The gseBC transcriptional surge is specific to ferric iron. The graph depicts qRT-
PCR analysis of gseB transcript abundance in UTI89 in N- minimal medium (open circles),
UTISY in the presence of Cu" (blue circles), and UTI89 in the presence of Zn>™ (green squares).
Fold changes were calculated using the AACt method, where rrsH was used as an endogenous
control and samples were normalized to matching time points of UTI89 in the absence of added
metal cations. Fold changes are graphed on a Log, scale. Error bars indicate standard error of the

mean (SEM), n = 3 biological replicates.
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consistent increase in the abundance of gseB transcripts, which was maintained over time and did
not return to baseline (Fig. 11). Addition of copper Cu®" cations steadily increased the amount of
gseB transcript over time, reaching maximal transcription at 60 min after stimulation (Fig. 11),
suggesting that increased gseBC transcription in response to Cu’" may be due to a different
copper-responsive regulator and not QseB. On the basis of these observations, we evaluated

protein-protein interactions and downstream regulatory events in response to Fe’'.

PmrB phosphotransfers to PmrA and QOseB upon stimulation with ferric iron

The above experiments indicate a strong surge in gseBC transcript in response to Fe’' that only
occurs when the QseBC and PmrAB systems are intact. These studies also suggested that PmrB,
and not QseC, mediates the response to Fe*" by phosphorylating both PmrA and QseB. We thus
evaluated the kinase activity of PmrB toward PmrA and QseB, all isolated from strain UTI89, in
the presence and absence of ferric iron (216). For our studies, we used membrane fractions
enriched with PmrB from strain UTI89, which harbors 98% nucleotide identity and 99% protein
sequence identity to previously tested, non- pathogenic E. coli strain K12 (Table 5) (224). In the
absence of signal, UPEC PmrB exhibited strong phosphatase activity toward PmrA isolated from
UTI89 (Fig. 12A). This observation was consistent with previous reports evaluating PmrB
activity in nonpathogenic E. coli (224). PmrB indiscriminately phosphorylated QseB, isolated

from UTI&9, in the absence of signal (Fig. 12B).

When the phosphotransfer assays were repeated with 100 uM Fe’" added to the reaction
buffer, PmrB phosphotransfer to both PmrA and QseB increased (Fig. 2, C and D). On average,
maximal phosphorylation of the response regulators was observed 10 min after addition of the

stimulus, with the highest rate of phosphotransfer occurring within the first 2 min of the reaction
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Table 4: QseB and QseC protein sequence identity among E. coli strains and other enteric
bacteria. Clustal Omega was used to align and compare sequence. The percent identity was
reported from the percent identity matrix following alignment.

QseB QseC
protein GenBank protein GenBank
Clade Strain sequence accession sequence accession
identity number identity number
(%) (%)
E. coli
UPEC str.
B2 UTI80 100 ABE08897.1 100 ABE08898.1
B2 APECOIKT | 15600 | ABJ02530.1 | 10000 | ABJ02531.1
str. O1
B2
B2 phyg'r"flf;_e"c 100.00 | YP_006121348.1 | 98.89 | YP 0061213491
083:H1
D1
D1 ph-‘fgl:fj;_e"c 100.00 | YP 002414171.1 | 98.89 | YP 002414172.1
UMNO026
D2
D2 phylogenetic | 100.00 | YP 002409426.1 | 9822 | YP 002409427.1
group: IAI39
UPEC str.
B2 CFTOT3 99.54 AANS2208.1 98.89 AANS2209.1
K12 str.
A MC1655 99.54 | NP 417497.1 98.89 NP 417498.1
Bl
B1 phylogenetic | o5 54 | AFs72693.1 98.22 AFS72692.1
group:
0104:H4
EAEC str.
Bl £55989 99.54 CAU99558.1 98.22 CAU99560.
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EHEC str.

E EDL933 99.54 AIG70396.1 98.22 AIG70397.1
EPEC O55:H7
E str. CB9615 99.54 ADDS58237.1 98.22 ADDS58238.1
NP_3909913-
O157:H7 str. 97.13/ 3910437
E Sakai* 99.34 | NP_3LO34L 1 9o 55 | NP 3910431-
3911261
ETEC
B1 0139:H28 str. 99.07 ABV19769.1 98.22 ABV17955.1
E24377A
Additional enteric bacteria
Shigella sonnei |, EJL13232.1 99.11 EJL13233.1
str. Mosely
Salmonella
enterica
87.67 NP _462092.1 79.29 NP _462093.1
Typhimurium
str. LT?2
Salmonella
enterica
87.67 ACY90252.1 79.29 ACY90253.1
Typhimurium
str. 14028S
Klebsiella 83.11 ACI08570.1 67.04 ACI08526.1
pneumoniae
str. 342
Edwardsiella 74.89 ADO13165.1 56.35 ADQO24152.1
tarda

*Sakai has a stop codon in the middle of this putative QseC sequence rendering QseC non-

functional in this strain.
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Figure 12: Ferric iron enhances PmrB phosphotransfer activity. (A and B) Representative
radiographs tracking the autophosphorylation of PmrB in membrane fractions from UTI89 cells
and subsequent phosphotransfer of radiolabeled adenosine triphosphate (ATP) from PmrB to
PmrA (A) and QseB (B) in the absence of Fe’", n = 3. (C and D) Representative radiographs
tracking the autophosphorylation of PmrB and the subsequent phosphotransfer of radiolabeled
ATP from PmrB to PmrA (C) and QseB (D) in the presence of Fe’", n = 3. (E and F)
Representative quantification of phosphorylated forms of the response regulators (RR~P) PmrA
(PmrA~P, squares) and QseB (QseB~P, triangles) over time in the absence (E) or presence (F) of
Fe’". Abundance was normalized relative to abundance at t = 0.
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(Fig. 12, E and F). These data indicate that the presence of Fe’* changed the kinetic behavior of

PmrB  toward both  cognate  (PmrA) and non-cognate  (QseB)  partners.

QOseB and PmrA cooperatively control the expression of ferric iron-regulated targets

Given the activation of PmrA and QseB in response to Fe’“in vitro, we assessed whether PmrA
and QseB were both required for optimal induction of Fe*'—stimulated transcripts. YibD is a
glycosyltransferase, and PmrA stimulates yibD expression in response to ferric iron in Salmonella
enterica (225-227). The promoter of UPEC yibD also contains a PmrA binding consensus site and
is bound by PmrA in in vitro assays (186). Whereas ferric iron induced a surge of yibD expression
in the UPEC strain UTIS89, this surge was abolished in UTI89ApmrA and reduced by fivefold in
UTI89AgseB (Fig. 13A). Subsequent electrophoretic mobility shift assays (EMSAs) indicated that
PmrA and QseB each bound to the yibD promoter, albeit at different pmol concentrations (Fig.
13, B and C). Addition of in vitro phosphorylated PmrA (PmrA~P) caused a discernable mobility
shift of DNA corresponding to a portion of the yibD promoter at a concentration of 30 pmol of
purified protein per reaction, whereas in vitro QseB~P (177) caused a mobility shift only when

present at a concentration of 100 pmol per reaction (Fig. 13, B and C).

PmrA and QseB mediate UPEC transient resistance to polymyxin B

Studies in Sal/monella enterica established that the PmrAB TCS induces LPS modifications to
buffer against damage caused by antimicrobial peptides such as polymyxin B (225). In
Salmonella, the PhoPQ TCS cooperates with PmrAB to control LPS modifications in response to
increased ferric iron and decreased magnesium, as well as in response to cationic polypeptide

assault (215). However, the same coordination of the response to ions has not been demonstrated
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Figure 13: Additional targets directly controlled by both PmrA and QseB in response to
ferric iron. (A) yibD expression in response to Fe’* was measured in UTI89, UTI89ApmrA, and
UTI89AgseB using qRT-PCR. The abundance of yibD at each time point was normalized to the
abundance in each strain at t = 0, using gyrB as an endogenous control to calculate AACr values.
Error bars indicate SEM, n = 3. WT, wild type. (B) EMSA using a radiolabeled 105—base pair
(bp) fragment of the yibD promoter incubated with indicated amounts of in vitro PmrA~P or
QseB~P. (C) Mobility shift of radiolabeled yibD promoter induced by incubation with PmrA~P
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for PmrAB and PhoPQ in E. coli where pretreatment of E. coli with polymyxin B or similar
cationic polypeptides does not induce resistance (176). However, pretreatment with ferric iron
does. On the basis of the observation that QseB and PmrA co-stimulate the expression of yibD
(Fig. 13A), a target associated with LPS modifications, we tested the UPEC strain UTI89 and
UTI89 mutants harboring deletions of QseBC, PmrAB, and PhoPQ components for PMB
resistance after pretreatment with ferric iron. We grew the UPEC strain UTI89 and isogenic pmr
and gse deletion mutants in the presence or absence of ferric iron for 2 hours and then exposed the
cells to PMB (2.5 pg/ml) and subsequently assessed survival. As a control, S. enterica serovar
Typhimurium strain 14028 was included in the experiments because it has previously been shown
that Salmonella tolerance to PMB increases after incubation with ferric iron in a manner that is
dependent on PmrAB and PhoPQ (176). Consistent with previous observations, Salmonella
exhibited a higher overall tolerance to PMB, even in the absence of ferric iron conditioning.
Conditioning with ferric iron before exposure to PMB resulted in comparable survival for the
UPEC strain UTI89 and Salmonella, at about 75% (Fig. 14A). In UPEC, percent survival after
preconditioning was statistically significantly decreased in the absence of PmrA, declining to
20%. Strikingly, the AgseB mutant exhibited even greater reduction in survival after PMB
treatment despite ferric iron preconditioning, declining to about 10% compared to the pretreated
UPEC strain UTI89. The mutants lacking both pmr4 and gseB exhibited survival comparable to
that of the ApmrB mutant. Unlike what has been reported for Salmonella (176, 228), deletion of
phoPQ did not statistically significantly alter UTI89 survival, indicating that preconditioning with
ferric iron increases UPEC tolerance to PMB through coordinated regulation of downstream

targets by PmrAB and QseBC.

Examination of PMB MICs without pretreatment indicated overall sensitivity of WT and
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deletion strains, except for UTI89AgseCApmrA in which the PmrB to QseB reaction is favored
(Fig. 14A) To determine whether this phenotype was strain-specific, we tested various other
strains of extraintestinal pathogenic E. coli (EXPEC), including the well-characterized strains
EC958 and CFT073, as well as urinary isolates collected from the Vanderbilt University Hospital.
PMB tolerance after ferric iron preconditioning varied among the different strains. Vanderbilt
urinary tract isolates (VUTIs) 39, 47, 61, and 77 and CFTO073 exhibited increases in PMB
tolerance after ferric iron pretreatment, with VUTI77 and CFT073 having the highest tolerance
(Fig. 15). However, VUTI61 and EC958 exhibited no difference in PMB susceptibility with or
without ferric iron pretreatment, suggesting that the observed effects with PMB are neither strain-
specific nor universally shared among all urinary E. coli isolates. Such differences could be
attributed to the differential interactions between the TCSs driven by SNPs within key protein
interaction surfaces, differences in the carriage of genes dedicated to LPS modifications, or
variability in LPS constitution. Increase in mcr-1 carriage, a plasmid encoded colistin resistance
gene, and the idea that cross-regulation between PmrAB and QseBC increases UPEC tolerance to
PMB transiently, indicates need for better testing and alternative therapeutics. These differences
in LPS modification following pretreatment with ferric iron may lead us to better diagnostic

assessments of resistance to the last resort drugs such as colistin (211).
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Figure 14: Ferric iron enhances resistance to PMB in a manner that depends on both PmrA
and QseB. Tolerance of UTI89, indicated UTI8Y deletion strains, and S. enterica Typhimurium
14028 to PMB with or without Fe** preconditioning. Error bars represent SEM, n = 3; *p < 0.05,
**p <0.01, ***p < 0.001.
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Figure 15: PMB tolerance after ferric iron preconditioning varies between clinical urinary
isolates. Graph depicts tolerance of various clinically isolated E. coli strains to 2.5 pg/mL
polymyxin B with or without ferric iron preconditioning. “-Fe’ indicates cells grown in N-
minimal media without additional ferric iron before exposure to polymyxin B. “+Fe’™ indicates
cells grown in N-minimal media with ferric iron before exposure to polymyxin B. Survival was
calculated by dividing the number of colony forming units (CFUs) recovered after polymyxin B
incubation by the number of CFUs recovered after incubation in PBS alone, and multiplying by
100. Error bars represent standard error of the mean (SEM), n=3 biological replicates.
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3.4 Discussion

A handful of previous studies have described histidine kinases that are capable of phosphorylating
both their cognate partner and a non-cognate response regulator in bacterial cells (202, 204-206).
These examples can be found in multiple bacterial species, including cross-phosphorylation of
YycF by PhoR in Bacillus subtilis (203) and interactions between ArcB and OmpR in E. coli
(202). In these examples, cross-regulation between TCSs is critical for mediating appropriate
responses to environmental stress. However, in these cases, the presence of the two interacting
non-cognate partners is sufficient for the proper response, unlike the QseBC and PmrAB systems,

where all four components are required for appropriate responses to signal (Fig. 9).

In Rhodobacter capsulatus, interacting TCSs NtrBC and NtrXY have been reported to
mediate nitrogen responses. Bacteria lacking the NtrC response regulator, or both the NtrY and
NtrB histidine kinases, cannot properly use molecular nitrogen (N») or urea as a nitrogen source.
This suggests interactions between non-cognate partners NtrY and NtrC in wild-type cells (205).
However, unlike the PmrB non-cognate interaction described in this study, no specific signal that
initiates NtrY-NtrC interactions has been identified. NarPQ and NarLX are interacting TCSs that
control nitrate metabolism in the nonpathogenic E. coli strain K12. The histidine kinases NarQ
and NarX can phosphorylate both response regulators NarL and NarP both during in vitro assays
and under physiologic conditions within the bacterium. NarX preferentially senses nitrate, but
NarQ senses both nitrate and nitrite. To fine-tune responses to these stimuli, there is a kinetic bias
toward the different response regulators (182, 204). Whereas NarQ has a slight kinetic preference
for NarL, NarX has a very strong kinetic preference for NarL, which allows NarX to de-
phosphorylate NarL when nitrate is absent (182, 204, 229). In contrast, the QseBC-PmrAB

interactions described appear to be coordinated in response to a single stimulus, which culminates
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in the kinetically equivalent phosphorylation of two response regulators, at least based on in vitro

phosphotransfer assays (Fig. 12).

Although our transcriptional studies focused mostly on the gseBC operon, we observed
similar interactions for an additional shared transcriptional target, yibD. This target was
previously reported to be part of the extensive PmrAB regulon in Salmonella (225-227). To date,
the only direct transcriptional targets reported for QseB have been gseBC and fIhDC (178, 213).
Deletion of either pmrA or gseB diminished the yibD and gseBC transcriptional surge in response
to ferric iron (Fig. 13A), suggesting that both yibD and the gseBC operon are part of the QseBC-
PmrAB regulon in E. coli and that QseB augments transcription of yibD in the presence of PmrA.
In other reports, mutation of pmrA decreases the survival of E. coli MG1655 in the presence of
PMB by several orders of magnitude (176). Here, we show that the decrease in survival caused by
PMB is smaller for UTI89 than that reported for MG1655. This could be differences in the
QseBC/PmrAB residues important for this interaction; the expression carriage of genes that are
critical for LPS modification. Notably, differences in tolerance to antimicrobial agents were
highly variable in the VUTI strains we analyzed; this too supports the possibility that single-
nucleotide polymorphisms or other genomic variations in these strains, may be responsible for

altered stimulus response.

The involvement of QseC in mediating the proper surge and decline of the transcriptional
responses to ferric iron is not yet clear; when QseC is absent, any gseBC transcriptional surge is
obscured by constitutively high gseB expression (Fig. 12E). In silico sequence scanning reveals
that PmrB and QseC share 33.53% sequence identity. Other sensors with similarly high identity,
such as NarX and NarQ (28.5% identity) and AtoS and ZraS (27.6% identity), are known to

cross-regulate to allow cells to adjust to environmental stress (205, 224). The increase in PMB
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tolerance seen in UTI&9 after ferric iron conditioning (Fig. 16) suggests that the cross-interactions
between QseBC and PmrAB may aid the bacteria in fine-tuning responses to stress imposed by
cationic stress such as the last line of defense drug, colistin, which exhibits the same mechanism

of action as PMB.

One possible mechanism for QseC-mediated control of the ferric iron response is
heterodimerization of QseC with PmrB, which would prevent aberrant phosphotransfer between
PmrB and QseB until the presence of ferric iron favors the formation of homodimers.
Alternatively, QseC could sequester QseB and prevent QseB from interacting with and being
phosphorylated by PmrB in the absence of signal. Future studies will focus on delineating the
potential protein-protein interactions that could be contributing to the tight control of QseBC-

PmrAB responses to ferric iron. This hypothesis was tested as described in Chapter I'V.
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Figure 16: Model of PmrAB and QseBC signal transduction in response to ferric iron.
Ferric iron is sensed by the sensor kinase PmrB, which, in turn, phosphorylates both the cognate
response regulator PmrA and the non-cognate response regulator QseB. The phosphorylated
response regulators stimulate transcription from the gseBC promoter and alter the expression of
genes involved in modifying LPS. The role of QseC is ambiguous in the signaling cascade but is
required for physiologically relevant signaling in the UPEC strain UTIg9.
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CHAPTER IV

THE QSEC HISTIDINE KINASE CONTROLS PMRB-QSEB INTERACTIONS BY
SEQUESTERING QSEB AWAY FROM THE NON-COGNATE PARTNER

This chapter has adapted from Breland ef al. “The histidine residue of QseC is required for
canonical signaling between QseB and PmrB in uropathogenic Escherichia coli” in the Journal
of Bacteriology. (2017). PMID: 28396353

Our previous work demonstrated that response of uropathogenic E. coli to ferric iron requires
cross-regulation between QseBC and PmrAB (Chapter III, Fig. 16, (230)). The same studies
assigned a role for PmrB as the signal receiver/transducer and established that the bacterial output
response is coordinated via the action of both PmrA and QseB. However the contribution of QseC
was not elucidated. In this work, we present evidence indicating that QseC relies on reverse-
phosphotransfer to catalyze the de-phosphorylation of its cognate partner, QseB. This function is

essential for the proper stimulus response to ferric iron.

4.1 Introduction

As discussed in chapter II, bacterial histidine kinases comprise multiple domains, including
diverse extracellular sensing domains, a semi-conserved dimerization and histidine
phosphotransfer domain (DHp), and a well-conserved catalytic ATP-binding domain (Chapter 11,
Table 1) (123, 137). Conserved sequence motifs, or homology boxes, exist among all histidine
kinases and are termed the H, N, G1, F, and G2 boxes (Fig. 17, Chapter II, Table 1 (137, 231)).
Auto-phosphorylation, in response to signal, occurs on a conserved histidine residue located in
the “H box” of the cytoplasmic kinase domain (123). The C-terminal conserved catalytic domain,

common in ATPases, is a distinct o/ sandwich fold (137). The N, G1, F, and G2 boxes
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N Box G, Box F Box
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F Box G, Box G; Box
4 O‘@RFYRPPGQTAS IVQRIAKLHDMNVEFEAKVSW 449
ATP-lid

Figure 17: QseC amino acid sequence and defined domains. The QseC (UTI89 C3451) amino
acid sequence from UPEC strain UTI89. In gray boxes are well-defined domains, common to
many sensor histidine kinases. The H box is harboring the conserved phosphorylated histidine
residue (yellow).
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comprise a conserved ATP binding cavity and between the F and G2 boxes, a linker region can
adopt different conformations based on differential nucleotide binding; this linker is termed the
ATP lid (137). In most cases to date, the response regulator associated with a bacterial TCS
serves as a transcriptional regulator (232), the phosphorylation of which leads to dimerization
and exposure of a DNA binding domain that, in turn, leads to engagement of target promoters

and alteration of gene transcription (122, 123, 181, 196, 199).

Even though the structures of the catalytic and regulatory domains of histidine kinases and
response regulators are largely conserved across TCSs (233), numerous studies have revealed
distinct mechanisms by which TCS partners communicate to carry out proper stimulus responses.
Recent studies have also elucidated examples in which protein-protein interactions occur across
two TCSs, like in the case of the QseBC and PmrAB (230). Previous studies with several
bacterial pathogens identified that deletion of the gseC gene, which codes for the QseC histidine
kinase, attenuates bacterial virulence (101, 177, 221). Studies in uropathogenic E. coli (UPEC)
investigating the basis of bacterial attenuation in the AgseC mutant uncovered that loss of QseC
leads to a high abundance of phosphorylated response regulator (QseB~P), that aberrantly
regulates metabolic and virulence determinants (101, 177). Subsequent studies identified that
increased levels of QseB~P in the gseC deletion mutant were due to the interaction of QseB with
the PmrB sensor kinase of the PmrAB TCS (186). In vivo and biochemical studies demonstrated
that PmrB could indiscriminately phosphorylate QseB at rates comparable to QseC and that
deletion of the pmrB gene in the gseC deletion strain suppressed all the defective phenotypes
associated with the absence of QseC (101, 177, 186, 208, 209). The observation that PmrB -
QseB protein-protein interactions are nearly as robust as QseC — QseB interactions (186), raised

the hypothesis that PmrB and QseB physiologically interact to mediate stimulus responses in
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wild-type (WT) UPEC. Subsequent studies investigating the hypothesized PmrB-QseB
interaction in UPEC, revealed that presence of the PmrB-activating Fe’* leads to
phosphorylation of both PmrA and QseB by PmrB and results in elevated tolerance of UPEC to
polymyxin B (230). The same studies also elucidated that phosphorylated PmrA (PmrA~P) and
QseB (QseB~P) co-regulate downstream targets, that in Sal/monella spp. are exclusively
controlled by PmrA (230). Together, these studies provided evidence of two TCSs, whose partner
proteins interact to mediate a particular response. However, while these previous studies
established a clear role for PmrB in its molecular interaction with QseB, the precise molecular
function of QseC in the PmrAB-QseBC signal transduction circuitry remains elusive. Given that
deletion of the gseC gene leads to a constitutive interaction between PmrB and QseB that, in turn,
leads to high abundance of QseB~P, it was hypothesized that QseC acts as a bi-functional sensor
that maintains QseB in the de-phosphorylated, “OFF”, state in the absence of signal by mediating
QseB de-phosphorylation (177, 186). The mechanism by which QseC de-phosphorylates QseB~P
is unknown. In this work, we present evidence indicating that QseC-mediated de-
phosphorylation of QseB occurs via reverse phosphotransfer and that the conserved H246 residue

on QseC is required for proper stimulus response to Fe*".
4.2 Materials and Methods

Strains and constructs

UTI89AgseC, UTI89ApmrBAgseC, and the corresponding, pQseC, and pQseC-mycHis plasmid
constructs harboring the corresponding wild-type gseC gene sequences were described previously
(177, 186). QseC single-point mutation variants were constructed using site-directed mutagenesis

as described in the relevant section below. Recombination of constructs into the gseC
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chromosomal locus was performed following the protocol previously described (234).

Site-directed mutagenesis

Site-directed mutagenesis was performed on pQseC and pQseC-mycHis as we previously
described (177, 186) and using the primer sets listed in Table Al. Constructs were introduced
into UTI89AgseC via electroporation (101, 177, 186) and validated by plasmid isolation and

sequencing.

Motility assays

Motility assays were performed as previously described (235). Bacteria were picked from single
colonies and inoculated in Lysogeny Broth (LB) for overnight (18 h) static incubation at 37 °C.
Approximately 5 uL from each overnight were then stabbed into 0.25% LB agar supplemented
with 0.001% 2,3,5-triphenyltetrazolium chloride. Plates were incubated at 37 °C for 7 h. Motility
was evaluated by measuring the motility diameters. Experiments were performed a minimum of
three times with triplicate plates/strain. Statistical analysis was performed using one-way

ANOVA with a Dunnett’s multiple comparisons correction.

Preparation of OseC-enriched membranes

UTI89AgseC/pQseC-mycHis and all UTI89AgseC/pQseC_mycHis variants were grown to an
ODgoo = 0.6, in LB with shaking at 37°C and induced with 0.02% arabinose for 2 h. Cells were
broken by French Press (1000 p.s.i.) and total membranes were isolated by 1 h ultra-
centrifugation at >1,000,000 x g, re-suspended in 20 mM Tris pH 8.0/1 mM MgCl, as we

previously described (177, 186).
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Kinase and in vitro de-phosphorylation assays

Membranes from each strain (7 pg) were incubated in the absence or presence of purified QseB
(14 pg) with 0.7 puCi (y-32P)-ATP, in 1 x TBS/0.5 mM DTT/0.5 mM MgCl, per reaction. A 7-15
reaction master-mix (depending on the extent of the time-course) was prepared and 10 pl aliquots
were removed at different time points, mixed in a 1:1 ratio with 2 x SDS loading buffer and kept
on ice until SDS-PAGE. For the phosphatase assays, beads were prepared and used to in vitro
phosphorylate QseB according to (184). QseB~P (0.2 nmol, equal to 9,000 c.p.m) was incubated
at room temperature with 7 pg of membrane vesicles in 1 x TBS/0.5 mM DTT/0.5 mM MgCl,.
Aliquots (10 pl) were withdrawn from the reaction master-mix and treated as described above.
Gels were dried and exposed to X-ray film for 48 h at -80 °C. Band intensities corresponding to
QseB~P over time were quantified using ImageJ software and normalized to QseB~P at t = 0. All

experiments were repeated 2-4 times.
QOseB purification

The pQseB-mycHisA construct used for QseB expression and purification was previously created
(177). QseB expression was induced with 0.1% arabinose and QseB was affinity-purified using a
Talon column (Clontech), followed by anion exchange chromatography through a MonoQ

column (GE Healthcare), as described in (177).
Quantitative real time PCR expression analysis

Samples were collected at the specified time-points from cultures grown to exponential phase at
37 °C with shaking and samples were collected at the specified time-points. RNA was extracted
from bacteria using the RNeasy kit (Qiagen), DNase-treated using Turbo DNase I (Ambion), and

reverse transcribed using Superscript I Reverse Transcriptase (Invitrogen). DNAse-treated RNA
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samples not subjected to reverse transcription were used as negative controls. qPCR was
performed in triplicate using 50 ng cDNA per reaction. cDNA was amplified using gseB and rrsH
specific primers listed in Table Al. Relative fold change was determined by the AACr method
where transcript abundances were normalized to rrsH abundance. Quantitative real time PCR was
performed using an ABI StepOne Plus Real Time PCR machine, using multiplexed TagMan

MGB chemistry.

4.3 Results and Discussion

QOseC-mediated de-phosphorylation of OseB occurs via reverse phosphotransfer and requires the

QOseC H246 residue

Phosphorylation of QseC is predicted to occur at the conserved H246 residue. To begin
investigating the role of H246 in PmrAB-QseBC interactions, we performed site-directed
mutagenesis on the gseC gene sequence to alter the H residue into alanine (H246A), aspartate
(H246D), or leucine (H246L). These substitutions were selected so as to represent 1) non-charged
(A), 2) oppositely charged (D), and 3) a non-polar (L) alterations. As expected, each QseC_H246
variant was abolished for auto-kinase and kinase activities (Fig. 18), indicating that no other
residue is phosphorylated in QseC under the conditions tested. In UPEC, loss of QseC leads to
accumulation of QseB~P due to the ability of the PmrB kinase to phosphorylate QseB
indiscriminately (186). These past observations led to a model in which QseC is predicted to
regulate the level of QseB~P via de-phosphorylation (177). Interestingly, testing of the kinase-
inactive QseC_H246A/D/L variants for their ability to de-phosphorylate QseB~P in vitro revealed

that the QseC_H246 variants were unable to de-phosphorylate QseB~P in the in vitro
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Figure 18: QseC_H246 variants are kinase-inactive. Panels depict radiographs tracking the
kinase activity of QseC and QseC_H246A/D/L proteins. Top row, left: Purified QseC-enriched
total membranes incubated with y-**P-ATP over a period of 45 minutes to track QseC autokinase
activity. Samples were taken at the indicated time-points, quenched with the addition of 2 X SDS
sample buffer and stored on ice prior to loading. Top row, middle: Control kinase reaction using
purified QseC-enriched membranes and purified QseB protein. Reaction was set up as for the
autokinase reaction, but with QseB included in the reaction prior to addition of y->*P-ATP. Top
row, right: Control kinase reaction using purified QseB with total membranes from UTI89AgseC
to verify that the phosphotransfer observed comes solely from the action of QseC. Bottom panel:
Kinase reactions tracking the activity of QseC H246 variants. All images are representative of

at least 3 biological replicates.
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conditions used, with the exception of H246D, which facilitated partial QseB de-phosphorylation
by 30-45 minutes of incubation (Fig. 19). These data suggest that, at least in vitro, QseC mediates
de-phosphorylation of QseB~P via reverse phosphotransfer and not by exhibiting phosphatase
activity as it is typical for other sensor histidine kinases. Indeed, the wild-type QseC protein
begins dephosphorylating QseB~P as soon as the reaction is started (Fig, 19, top left panel) and
the phosphoryl group appears to be returned onto the QseC protein over the period tested (Fig, 19,

top left panel).

The OseC _H246 variants rescue the gseC deletion phenotype of UTI894qseC

Deletion of the gseC gene in UPEC leads to repression of motility via the action of QseB~P on
the expression of the fIhDC gene pair that codes for the master flagella regulator (177). Based on
the in vitro reaction observations, it is expected that the QseC_H246A/D/L variants would be
unable to suppress the motility defect of the AgseC deletion mutant. Surprisingly, all variants
rescued motility when introduced to UTI89AgseC (Fig. 20A). In order to eliminate the possibility
that copy-number effects associated with using plasmid constructs may be influencing our
observations, we employed a recently developed negative selection recombineering approach
(234) to reinsert the corresponding mutated gseC sequences back into the UTI89 chromosomal
locus. When tested, the resulting strains were as motile as wild-type UTI89 (Fig. 20B), indicating
that the QseC_H246A/D/L variants can indeed rescue the motility defect of UTI89AgseC, despite
their inability to de-phosphorylate QseB~P via reverse phosphotransfer. This finding suggested
that QseC does not need to phosphor-transfer to and from QseBC in order to regulate its function.
In the absence of QseC, QseB~P binds and induces the expression of gseBC resulting in
increased levels of gseB steady-state transcript (101, 186, 230). qPCR analysis demonstrated that

introduction of the mutated gseC sequences suppressed the aberrant expression of gseB

71



Time Time Time

. 0 2 5 10 15 30 45 . 0 2 5 10 15 30 45 Lo 0 2 5 10 15 30 45
(min): (min): (min):
QseC~P -_—- e . AQseC~P!
QseB~P Wil  QseBP amemw mmmpemesen 0SCBP oben o o @D
Time |y 2 5 1015 30 45 Time |\ 2 5 1015 30 45 Time |4 2 5 10 15 30 45
(min): (min): (min):
QseCyy4en~P QseCyyp46p~P' QseCyyp4p ~P

Figure 19: QseC H246 variants cannot mediate de-phosphorylation of QseB~P. Panels depict
the result of in vitro de-phosphorylation assays comparing the ability of QseC_H246A/D/L
variants to mediate the de-phosphorylation of previously in vitro-phosphorylated QseB
(QseB~"P). Top panel, left: Reaction containing purified, in vitro phosphorylated QseB~""P and
total membranes containing QseC. Samples were taken at the indicated time-points, quenched
with the addition of 2 x SDS sample buffer and stored on ice prior to loading. Top panel, middle
and right: Control reactions containing previously in vitro-phosphorylated QseB (QseB~"P)
incubated with total membrane fractions prepared from UTI89AgseC (to verify that QseC is the
only protein in the reaction mediating the de-phosphorylation of QseB~P) or with no membranes
(to indicate the extent of spontaneous loss of the phosphoryl group from QseB~*°P). Bottom
panels: Reactions containing purified, in vitro phosphorylated QseB~""P and total membranes
containing each of the QseC _H246 variants. Images are representative of at least 3 biological
replicates.
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(Fig. 20C), indicating that each QseC H246 variant has the ability to prevent QseB-mediated
activation of the gseBC promoter. Attempts to measure in vivo QseB~P levels in the strains
expressing the QseC H?246 variants using Phos-Tag were unsuccessful, therefore we were unable
to directly determine whether there are differences in the levels of QseB~P in the different strains.
We next employed a genetics approach to further investigate how the QseC_H246A/D/L variants
may be rescuing the motility defects of UTI89AgseC. We reasoned that, if QseC functions by
sequestering QseB away from PmrB, then over-expression of QseB should eventually saturate
QseC-QseB interactions in all strains and allow for PmrB-mediated activation of the extra QseB
copies. If QseC functions by physically sequestering PmrB away from QseB, then over-
expression of gseB will not have an appreciable phenotype, while over-expression of pmrB
should eventually lead to activation of QseB. Finally, if QseC exhibits in vivo phosphatase
activity that is independent of the H246 residue (and which may not have been captured in vitro),
then over-expression of QseB in either the WT or the strains harboring QseC_H246A/D/L
variants would not abolish motility. We thus introduced previously created and validated QseB
and PmrB plasmid constructs (177, 186) into WT UTI89, UTI89AgseC::QseCWT,
UTI89AgseC::QseC _H246A, UTI89AgseC::QseC _H246D and UTI89AgseC::QseC _H246L and
tested the resulting strains for their ability to swim. Consistent with our previous observation (Fig.
20B), UTI89AgseC::QseCwr exhibited wild type levels of motility, which was unaffected
upon introduction of QseB or PmrB extra-chromosomally (Fig. 20D, dark blue bars). This
demonstrated that QseC-mediated de-phosphorylation by reverse phosphotransfer is sufficient in
controlling the levels of multiple copies of QseB. Introduction of pPmrB into each of the strains
expressing QseC H?246-variants had little effect on motility, suggesting that QseC does not

function by sequestering PmrB away from QseB in the absence of
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Figure 20: The QseC-H246A/D/L variants rescue the motility defect of UTI89AgseC by
sequestering QseB. A-B and D) Graphs depict motility diameters of isogenic UTI89 strains
expressing different QseC variants. Motility diameters were measured after bacteria were stabbed
in soft agar supplemented with tetrazolium chloride and incubated at 37 °C for approximately 7 h.
Graph depicts the average of at least 3 biological replicates. ***, p<0.0001 by one way ANOVA.
(A) Motility of strains carrying empty vector (pTRC99A, designated as “pTRC”), or a vector that
harbors the wild-type gseC (pQseC) or corresponding mutated gseC sequences (designated as
pQseC_H246A, pQseC-H246D or pQseC-H246L. (B) Motility of strains in which the wild-type
(WT) gseC allele or the mutated sequences encoding the QseC-H246 variants was recombineered
into the chromosomal gseC locus. (D) Motility of strains in (B) harboring a plasmid that carries
the wild-type gseB or pmrB genes under their native promoters. (C) Quantitative PCR analysis
comparing gseB steady-state transcript in the strains expressing the QseC H246A and
QseC_H246L variants (designated as “::QseC_H246A” or “::QseC_H246L”) to the gseB
transcript levels in an isogenic gseC deletion strain (UTI89AgseC) and an isogenic strain
harboring the wild-type gseC allele (UTI89AgseC::QseC). Relative fold change was determined
by the AACr method where transcript abundances were normalized to rrsH abundance.
Quantitative real time PCR was performed using an ABI StepOne Plus Real Time PCR machine,
using multiplexed TagMan MGB chemistry.
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signal. In contrast, introduction of pQseB in each of the QseC H246 bearing strains led to
significantly reduced motility (Fig. 20D). These data suggested that QseC_H246 variants rescue

motility in the absence of signal by physically sequestering QseB away from PmrB.

The OseC H246 residue is required for proper stimulus response by PmrAB-QOseBC

The in vivo motility results demonstrated that the phospho-inactive QseC_H?246 variants rescue
the gseC deletion phenotype in UPEC AgseC by sequestering QseB away from PmrB (Fig. 20).
We have recently reported that in UPEC, there is coordinated regulation by QseB and PmrA to
control the expression of targets involved in tolerance to polymyxin B (230). Specifically,
activation of PmrB by Fe®" leads to a transient surge in gseBC transcription, which requires the
activation of both PmrA and QseB (186). The presence of QseC is absolutely required for PmrB-
QseB-PmrA-mediated stimulus response to Fe’™ (230). To determine how the QseC_H246
variants would influence the Fe’" stimulus response we cultured UTI89AgseC::QseCWT,
UTI89AgseC::QseC _H246A, UTI89AgseC::QseC_H246D, and UTI89AgseC:: QseC _H246L in
N-minimal media as previously described (200, 201, 230) in the presence and absence of Fe’* and
monitored the gseB transcriptional surge using qPCR. UTI89AgseC::QseCWT exhibited a gseBC
transcriptional surge in response to stimulation (Fig. 21A), as previously reported (230).
However, gseB steady-state transcript in the strains expressing the QseC H246 variants was
delayed (H246A), or abolished altogether (H246L) (Fig. 21B), supporting the hypothesis that the
QseC _H246 variants sequester QseB away from PmrB and this physical interaction is preventing
canonical PmrB-QseB interactions in response to signal. To further validate that physical

QseC_H246 — QseB interactions prevent canonical signaling by QseBC-PmrAB, we investigated
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Figure 21: The QseC H246 residue is required for canonical signaling through PmrB. (A)
qPCR analysis data depicting that wild-type UTI89 in which the wild-type gseC allele was
removed and re-introduced via recombination, exhibits wild-type levels of gseBC induction surge
in response to stimulation with Fe’". (B) Graph depicts steady-state gseB transcript levels in
response to stimulation with Fe’'in strains that express the QseC_H246A/L variants. Relative
steady-state transcripts are normalized first to starting concentrations of each culture at t = 0 and
then to the corresponding time-point of samples taken from the same strains without stimulation.
(C) Graph depicts steady-state gseB transcript levels in response to stimulation with ferric iron in
UTI89AgseC and in strains that express an extra copy of gseB in addition to expressing the
QseC_H246A/L variants. Relative steady-state transcripts are normalized to cultures with no Fe®"
at corresponding time points. Graphs are representative of the average of 2 biological replicates.
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the effects of the QseC H246 variants harboring the extra copy of gseB on the gseBC
transcriptional surge in response to Fe’*. We hypothesized that if the delay or abolishment of
gseBC expression (Fig. 21B) were due to the ability of the QseC H246 variants to better
sequester QseB away from PmrB, then gseB expression levels in the gseB merodiploid strains
would be similar to those of the gseC deletion strains once QseB levels exceed the native levels of
QseC. gqPCR analyses revealed that gseB transcription in the QseC_H246A/D/L strains harboring
pQseB was constantly elevated (Fig. 21C), indicating that the inability of QseC to properly
perform its kinase and reverse phosphotransferase activities has a deleterious effect on canonical
PmrB signaling. Collectively, these data indicate that alteration of the H246 phospho-accepting
residue of QseC abrogates the de-phosphorylating function of QseC and de-regulates the

interaction between QseB and PmrB in response to Fe’".

4.4 Conclusions

Control of two-component system signaling is achieved via several means, including protein
stability, sensor histidine kinase — response regulator protein — protein interactions, spatial
tethering, as well as protein stoichiometry (224, 236-239). In phosphorelay systems, complexity
is even higher, encompassing the use of accessory proteins that mediate phosphorylation/de-
phosphorylation events in response to different cues (240, 241). In UPEC, the polymyxin
resistance AB system, PmrAB, which is activated in response to high concentrations of Fe’*(242),
has been shown to interact under physiological conditions with the quorum sensing E. coli (Qse)
BC system (186, 230) to mediate tolerance to PMB. In WT UPEC, addition of Fe’" in the media
leads to increased expression of gseBC in a manner that is dependent on the response regulators

PmrA and QseB (186). However, this interaction becomes uncontrolled in the absence of the
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QseC sensor kinase, which led to the working model that the ability of QseC to de-phosphorylate
QseB and “re-set” the system is essential for controlling the network (177) (Fig. 22). Here we
present evidence of a mechanism in which QseC physically sequesters QseB away from PmrB in
addition to serving as the primary controller of QseB via reverse phosphotransfer.

Notably, our studies have not yet evaluated how QseC interfaces with PmrA. Previous
studies identified PmrA as a regulator of gseBC expression (186), where deletion of pmrA
reduces expression of gseBC by 50% (186). Whether QseC contributes to phosphorylation of
PmrA or QseB in response to Fe’" and how this action may be influencing the herein described
observations, is unknown. Investigations are currently underway to determine whether QseC-
PmrA interactions also occur and what their contribution is to this signaling network. Further
dissection of the QseBC —PmrAB protein-protein interactions will provide insight into how this

pathway is maintained and regulated.
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Figure 22: The different interaction states of PmrAB and QseBC. (A) Panel depicts WT
PmrAB and QseBC interactions in the absence of signal. (B) Depicts WT PmrAB and QseBC
interactions in the presence of the PmrB signal ferric iron (Fe’"). (C) Depicts the presumed
ability of the QseC_H246A/D/L variants to sequester QseB from PmrB in the absence of signal.
(D) Depicts the inability of the QseC_H246A/D/L variants to sequester an overabundance of
exogenous QseB in the absence of signal resulting in a gseC deletion phenotype.
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CHAPTER V

ONGOING STUDIES, CONCLUDING REMARKS, AND FUTURE DIRECTIONS

Our previous studies uncovered a rare signaling phenomenon during which a specific signal
induces a physiologic interaction between non-cognate, two-component system proteins. This
interaction leads to a modified response to a cationic polypeptide. The increased tolerance to
cationic stress offers a fitness advantage to the bacteria, allowing them to evade lysis and possibly

predation. However, is this conserved over the diverse E. coli species?

5.1. Ongoing Studies:

Co-evolution of a “‘four-component” signaling network in extra-intestinal E. coli

Gene duplications, gene deletions, and horizontal gene transfer events are a few of the ways in
which bacterial genomes are altered over time as a function of selective pressures Since a
majority of TCSs exist in operons, they lend themselves to “gene block™ duplication and retention
of acquired genes (243). Gene duplication events in bacteria arise on the order of 107 to 107 (244,
245). The major outcomes that arise following gene duplication include the bacteria gaining a
second system with conserved function, a second system with new or partial function compared to
the parent system, a second system that is deleterious, or a non-functional system (246). If there is
positive selective pressure, the new duplication will be maintained. If the duplication is
deleterious or unnecessary, the duplication may be inactivated and subsequently deleted. These
conserved duplication events can lead to an overlap in sequence space, a term coined by Michael

Laub to indicate a set of conserved interacting networks (137). In parallel to gene duplication
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events, the selective pressures imposed to each TCS may differ in response to environment and
other genetic factors harbored by a strain.

Previously, we have shown that two paralogous TCS interact and respond to ferric iron
(Fe’) and this interaction can lead to transient polymyxin B (PMB) resistance (Chapter III,
(230)). It is therefore enticing to hypothesize that the interaction between PmrAB and QseBC is
the result of co-evolution. Analysis of TCS ancestry revealed the origination of PmrAB to be
ancestral to QseBC; this combined with homology suggests duplication (Chapter II, Fig. 7,
(210)). Evidence of separate independent divergence from commensal E. coli, indicates that
signaling networks while conserved, may be regulated differently in enteric and extra-intestinal
pathogenic and commensal E. coli strains (6, 8). The response to ferric iron, based on selective
pressures may result in different outcomes that are clade specific. PmrB has been shown to
directly bind F e>*, however, the mechanism of detection is not well established. It is possible that
proteins containing iron-sulfur clusters may also be detected. As EHEC has been previously
reported to respond to epinephrine (178), this may be the case in which catecholamines chelates
Fe" (247) and this is what may be sensed for intestinal E. coli.

In our ongoing studies, we aim to identify if the signaling observed in UPEC strain UTI89
is conserved among all E. coli clades. Secondly, we want to determine the role of previously
defined coevolving residues involved in the interaction surface in PmrAB-QseBC signaling in

UPEC.

In silico sequence comparisons reveal other potential coevolving residues

In collaboration with Ashley Earl and Abigail Manson from the Broad Institute, 49 E. coli species

from all 5 major clades of the Escherichia genera, spanning all the major pathotypes, were
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compared for their differences and similarities in QseBC and PmrAB (Chapter I, Fig. 1). The
strains were then characterized by their previously reported capsule (K), flagella (H), and
oligosaccharide (O) serotypes (Table 5).

The promoter regions of gseBC and pmrAB were aligned to identify possible clade
specific differences that would mediate differential physiologic responses (Table 6). Within the
gseBC promoter, four nucleotides were identified that differed between strains with the third and
fourth mutations varying by clade. There are five single nucleotide polymorphisms (SNPs) in the
pmrAB promoter based on the strains tested. In this promoter the first and third mutations seemed
to be conserved by clade. We are in the process of using site directed mutagenesis (SDM) to
change the residues in the gseBC promoter that correlate to the third and fourth mutation alone
and in combination. We will test the steady state transcription of gfp, driven by the altered
promoters, to see if there are differences in the response to Fe'". We do not foresee these
alterations in the gseBC promoter affecting the ability of UTI89 to respond normally to Fe’".

In parallel, the protein sequences for PmrB, QseC, PmrA, and QseB were compared to
identify residues that may be important in maintaining proper physiologic interactions within and
between the non-cognate partners (Chapter II, Fig 7) with respect to evolutionary clade. PmrA
was the most conserved, followed by QseB with only a few residues varying between clades.
PmrB and QseB have residues that appear to co-vary between clades. Notably, QseC has the most

degenerate sequence with the most differences between clades (Fig. 23, Table 7).
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Table 5. Known serotypes for the strains compared in silico analysis

Clade Pathotype Strain Name K antigen O antigen H antigen
A EIEC 53638 144
A EAEC 101-1 X 10
A Commensal ATCC 8739 146
A Benign B str. REL606 7
A Lab strain BW25113 X
A Benign DHI 16
A ETEC H10407 78 11
A Commensal HS 8 4
A Benign W3110 16
Bl EHEC 11128 111 X
Bl EHEC 11368 26 11
Bl EHEC 12009 103 2
Bl EAEC 55989 104 4
Bl EHEC 2009EL-2050 104 4
Bl EHEC 2009EL-2071 104 4
Bl APEC APEC O78 78
Bl ETEC B7A 148 28
Bl ETEC E24377A 139 28
Bl EHEC 0104:H21 X 104 21
B1 Commensal SE11 152 28
Bl Lab strain w
B2 ABU ABU 83972 5
B2 APEC APEC O1 1 lorl2 7
B2 UPEC Clone D i14
B2 UPEC Clone D i2
B2 EPEC E2348/69 127 6
B2 Commensal EDla 81
B2 NMEC IHE3034 1 18 7
B2 AIEC LF82 83 1
B2 Commensal | Nissle O6:K5:H1 5 6 1
B2 AIEC NRG 857C 83 1
B2 UPEC 06: CFT073 2 6 1
B2 UPEC 06:536 15 6 31
B2 Meningitis S88 1 45 7
B2 Commensal SE15 150 5
B2 AIEC UM146
B2 UPEC UTI89 1 18 7
D NMEC CE10 1 7
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D UPEC IAI39 7

D Industrial site SMS3 5

E EPEC CB9615 55 7
E EHEC EC4115 157 7
E EHEC O157:H7 Sakai 157 7
E EPEC RM12579 55 7
E EHEC TW14359 157 7
E EHEC Xuzhou?1 157 7

(248-250)
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Table 6: Variations in the nucleic acid residues in the promoter regions

Clade
Conserved B1 B2 D E
Promoter nucleic acid
residue
-135A CE10,
IAI39
-135G
gseBC -81A APEC 078 UMI146
(upstream of -81- -81-
gseB)
-65G -65A -65A
-32G 232A
91C 91A 91A
-86A SMS3 5-
86C
-84C UTIRY, -84G
pmrAB UM146,
(upstream of IHE3034
eptd/pmrC) -84T
-72¢ RM12579
-72T
-4C 12009
-4A

*Differences compared to promoter sequence from the other 48 E. coli sequences

The nucleic acid residues are numbered from the A+1 of the downstream gene either gseB or
eptA/pmrC. For mutations that are conserved across the clade, no specific strains are identified.
For the mutations that are strain specific, strains are listed with their change from the consensus

sequence. Sequence alignments are shown in the appendix for all strains.
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0.01 B’] - 2009EL-2050 EHEC B sV RHGEPKDDKQAGI RAPWMIVKNAHGRS BIRRGEEAGT 1 G MM R Tevawyv A
2009EL- EHEC B1 sV RHGEPKDDKQAGI RAPWMIVKNAHGRS MIRRGE GT 16 MM R TGevawyv Mla
EHEC B1 sV RHG KDDKQAGI RAPMIVKNAHGRS BMRRGEEAGTAPI GMMHENR R E TGevawyv Ml

6% EAEC B1 sV RHG KDDKQAGI RAPNMAVKNAHGRSMRRGEEAGTAPI GMMEIRRE TGvawv A
LabStrain N B1 sV RHGEPKDDKQAGI RAPWMIVKNAHGRS BIRRGEEAGTAPI GMMBEIR R E Tevawyv illa

0104:H21 EHEC -51 sV RHGEPKDDKQAGI RAPNMVKNAHGRSMRRGEEAGT API G VR R TGevawv A
- SEN Commensal N B1 sV RHGEPKDDKQAGI RAPWIVKNAHGRS BMRRGEEAGTAPI SMMBEIR R E TGevawyv Mlla
- EQ43TTA ETEC 1 sV RHGEPKDDKQAGI RAPWIVKNAHGRS BIRRGEEAGTAPI GMMBEIR R E Tevawyv A
sV RHGEPKDDKQAGI RAPHMIVKNAHGRS BIRRGEEAGTAPI GEIMEIR R E Tevawyv MlA

ETEC svIBEVAARRHGEPKDDKQAGI RAPMIVKNAHGRS BIRRGEEAGTAPI GEIMEIR R E TGevawyv Mlla

EHEC SVvIBEVAARRHGEPKDDKQAGI RAPMIVKNAHGRS BIRRGEEAGTAPI GMMBENR R E T.VQWV A

EHEC s Vi EVAARRHGEPKDDKQAGI RAPMIVKNAHGRS BRRGEEAGTAPI GMMHENR R E TGV awyv MlA

EHEC s Vv E VAARRHGEPKDDKOQAGI RAP V K NAHGRS RRGE AGTAPI GMMBEER R E TGvVvawy A

APEC 078 APEC SVIAEVAARRN.EP D AGI RAPS VKN GRSVRRGEEAGTAPI SAMMENR R E Tevawyv Mla
- BW25113 Labstrain N SVIAEVAARRHGE D AGI RAPS VKN RSVRRGEEASET API GEMBEER R E TBIVaQWwV YA
- W3110 Benign N SVIAEVAARRHGE D AGI RAPS VKN RSVRRGEEASHT API GEIMEIR R E TV QWV Y A
-~ DH1 Benign N SVIAEVAARRHGE D AGI RAPS VKN RSVRRGEEABSHT AP I GEIMEIR R E THlVaAQwV YA
H10407 ETEC SVIAEVAARRHGEP RBID AGI RAPS VKN RSVRRGEEAGTAPI GBM RIE. TBlVawvyaA
Bstr. REL606  Benign SVIAEVAARRHGE P Mo AGI RAPS VKN RSVRRGE AGTA.IG ™M BlR R THBVawvy A
- 1011 EAEC SVIAEVAARRHGEP BD G S VKN RSVRRGEEAGTAPI GEIMEIR R E TElVawv vy
“ HS Commensal N SVIAEV&ARRHG. D G S VKN RSVRRGEEAGTAPI GMMHENRR TGVQWV.A
- ATCC 8739 Commensal N SVIAEVAARRHGE D G S VKN nsvn.cs AGTAPI GMMHENR R E TIVQWVVA
53638 EIEC SVIAEVAARRHG D G S VKN RSVRRGEEAGTAPI GEIVMENRRE THlvawvya
- Shigella flexneri Shigella SVMIAEVAARRHG D G S VKN R D E AGT.PIG MR R R E TGVvawv A
EC4115 EHEC sviIBIEVAARRHG D G S VKN SVRRGEEAGTAPI GMMRR TGvawv A
TW14359 EHEC sV EVAARRHG D G S VKN SVRRGEEAGTAPI GMMRRRE TGvawv A
Xuzhou21 EHEC sviBEVAARRHG D G S VKN SVRRGEEAGTAPI GMMRRRE TGvawyv ila
- O0157:H7 Sakai EHEC s Vi EVAARRHG S VKN SVRRGE AGTAPIG.MRRRE TG6vawv A
EPEC sV EVAARRHG K S VKN SVRRGEEAGTAPI GMMRRRE TGvawv A

EPEC sviEBEVAARRHG K S VKN SVRRGEEAGTAPI GMMRRRE TGvawv A

extracellular D SVIAEVAARRHG . S VKNA SVRRGEEAGTAPIGMMRRRE TGVAQWVYA

clone Di2 UPEC B2 VI AEVAARRHG K s v Kk KA SVRRG AGENA P MMR R R Tevawila
clone Dit4 UPEC B2 VI AEVAARRHG K s v Kk KA SVRRG G BlA P MMR R R E Tevawila
06:CFT073 UPEC B2 VI AEVAARRHG K s v Kk KA SVRRG [ (W3 MR R R E Tevawill A
- Nissle 06:K5:H1 Commensal N B2 VI AEVAARRHG K s vk KA SVRRG [ 3 MR R R E Tevawillly A
- ABU 83972 ABU N B2 VI AEVAARRHG K s vk KA SVRRGENE AGSNA P MMR R R E TGvawlly A
- LF82 AEC B2 SVIAEVAARRHG K s v Kk KA SVRRGENE AGENAP MR R R E TGvawlll A
- NRG 857C AIEC B2 SVIAEVAARRHG K s v kK KlA SVRRGENE AGESHNAP MMR R R E TGVawly A
uTIg9 UPEC B2 SVIAEVAARRHG K s v A SVRR EAGENA P MMR R R E Tevawila
UM146 AEC B2 SVIAEVAARRHG K sV A S VRR EAGENA P MMR R R E TGvawlll A
IHE3034 NMEC B2 SVIAEVAARRHG K sV A S VRR EAGENA P MMR R R E TGvawillly A
APEC B2 SVIAEVAARRHG K s v A S VRR EAGENA P MMR R R E Tevawla

Meningitis B2 SVIAEVAARRHG K s v A SVRR EAGSNA P MMR R R E Tevawill A

Commensal N B2 SVIAEVAARRHG K s Mk KA S VRR EAGENAP MMR R R E T 6 Mo willy A

UPEC -BZ SVIAEVAARRHG K SVEKNA .v.n EeEAGTAPI GEIMRRREES rsvuwvv.

Commensal N B2 SVIAEVAAR-G K SVK.A S VRR E.A.G AP1I GMMRRRE Tevawill a

_— EPEC B2 S.IAEVAARRHG K s v K NA s VRRGEE MG SlMA P MMR.RE TGV v A
NMEC D? SVIAEVAARRHG K VKNAHrSVRRGEEAG API GM RRRE&S.GVQWVY

UPEC D? SVIAEVAARRHGEPKDDKQAGI RAPHMIVKNAHEIRSVRRGEEAGENAP I GMEIRRREES G vawvy

industrial site N D SVIAEVAARRHGEPKDDKQAGIRAPSVKNAHGR.V R.EEAGTAPIG MRRREESPTGVQWVY

Figure 23: Residues that differ among clades. For the protein alignments, the residues that differed are listed mapped back to the
phylogenetic tree depicting clade-specific sequence patterns. The 49 strains were compared and the residues that differ from all other
strains for PmrB (blue column), QseC (green column), PmrA (orange column), and QseB (gray column) are marked in red.
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Table 7: Variations in protein residues of QseBC and PmrAB listed by clade

Clade
Protein A B1 B2 D E
QseB E85 R/S26 E&5
QseC R75 Y281 E125 Y281 V173
E125 1374 D126 S343 V341
D126 P128 Q342
P128 T/A 232
S343 N/K 332
K/N 340
N342
D/G424
D/E430
PmrA S31 S31
N128
S144
PmrB L1 H5 D126 14 N361
HS5 N361 1354 S181
D286 N238
V363

*Differences compared to protein sequence from the other 48 E. coli sequences

Protein sequence alignments were made for all of the strains listed in Table 5. QseC from stain
Sakai was left out of the QseC alignment since this protein is disjointed and non-functional in
strain Sakai. The amino acids reported in this table show deviations from the consensus protein
sequence. Full sequence alignments are shown in the appendix.
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This is intriguing given the observation that the EHEC signal epinephrine does not elicit a UPEC
QseC response (Chapter 111, (230)). To elucidate whether clade-specific residue differences are
sufficient to alter signaling, non-partner interactions, and transient resistance to PMB, ongoing
studies are focused on the testing the response of different E. coli strains spanning the five major
clades for their steady state gseB transcript response to stimulus by Fe’". We predict that if there
is a clade-specific response to the interactions between PmrAB and QseBC we should see
differences in the transcriptional surge profiles by qPCR. We will also be swapping different
components of the four-component systems between strains to identify which residues confer
clade-specific functionality. Based on our results, we will start to identify which components are
necessary and sufficient for the integrated response to Fe’*. If there are clade specific results, we
can start addressing the role of additional factors in antibiotic resistance such as the activity of
additional axillary proteins, LPS modification and outer membrane rearrangement.

As part of these studies, the response of urine-associated E. coli (presumably EXPEC) to
PMB following pretreatment of Fe*" was addressed. We have shown that pretreatment with Fe®*
predisposes UPEC strain UTI89 to transient resistance to PMB (Chapter III, (230)). When
pretreated with the same concentration of Fe’", the four clinical Vanderbilt urinary tract isolates
(VUTIs) we tested had differences in intrinsic resistance and the percent survival when exposed
to PMB (Chapter III, (230)). These differences may be attributed to variations in cell wall,
capsule, or genetic variations in PmrAB and QseBC. To follow up on this hypothesis, we
isolated the genomes of 300 clinical isolates with corresponding clinical data. Figure 24 shows

the breakdown of the 300 strains. We are in the process of using in silico sequence comparisons
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F le| Male

Bactermia/

Total | 259 | 41
2%

18-35| 68 3

Pyelonephrits § 36-50| 46

7% 51-60| 40
61-70| 46 16

Unknown 71-80| 40

6% 81 | 19

Figure 24. Distribution of urine associated Escherichia coli from the Vanderbilt clinic. With
known patient data for 300 Vanderbilt Urinary Tract Isolates (VUTIs), the distribution of
confirmed and unknown infection is listed in the chart on the left with the gender breakdown
shown in the chart and table on the right.
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to identify relevant clinical differences between urinary isolates to see if these differences in the
pmrAB and gseBC operons corresponded with disease severity. We predict that disease severity or
intrinsic antibiotic resistance will be linked to specific SNPs located in the pmr4B and/or gseBC
operons. Future studies will test these clinical samples for antibiotic resistance and presence of a

capsule.

Coevolving residues for the PmrAB and OseBC two-component systems

The Laub group has extensively shown the residues important in TCS cognate partner interactions
are six residues on the HK and RR respectively (239). Based on the similarities of the interacting
surfaces (Fig. 25), we asked the question, does changing the PmrB residues to mirror those of
QseC confer greater regulatory ability of PmrB toward QseB? The percent identities in the gene
and protein sequences are 48.34% and 32.65% respectively for the kinases and 54.48% and

45.21% respectively for the response regulators.

The PmrB co-evolving residues only dictate kinase activity towards QseB.

Given that PmrB robustly phosphorylates QseB, but is significantly slower as a QseB-specific
phosphatase, we first evaluated the contribution of the QseC co-evolving residues for their
involvement in QseB de-phosphorylation. We tested whether “grafting” the QseC co-evolving
residues onto the PmrB sequence would improve PmrB phosphatase function towards QseB.

Using site-directed mutagenesis, the co-evolving

90



Sensor Kinases

PmrB: 150 TADVAHELRTPLAGVRLHLELLAKT 174
QseC: 241 TSDAAHELRSPLTALKVQTEVAQLS 265
EnvZ: 238 MAGVSHDLRTPLTRIRLATEMMSEQ 262

Response Regulators
PmrA: 7 EDDTLLLQGLILAAQTEGYA..LVVLDLGLPDEDGL 60
QOseB: 7 EDDMLIGDGIKTGLSKMGFS..AVILDLTLPGMDGR 60
OmpR: 11 DDDMRLRALLERYLTEQGFQ..LMVLDLMLPGEDGL 64

Figure 25. Sequence alignment of the coevolving residues in PmrAB, QseBC, and EnvZ-
OmpR. The residues identified as co-evolving are colored and in the bold interacting surface. The
conserved histidine (H) and aspartate (D) are underlined.
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residues in PmrB (253-AGyrLH{EL-261) were sequentially changed to those of QseC (162-
TALkVQrEV-170) (Fig. 25). We previously demonstrated that aberrant phosphorylation of QseB
by PmrB in the gseC deletion mutant leads to QseB-mediated repression of flagellar motility
(186). Consequently, a UPEC mutant deleted for both gseC and pmrB displays wild-type levels of
motility (186). Using loss of motility as a proxy to PmrB-mediated activation of QseB in the
absence of QseC, we tested the effects of each PmrB co-evolving residue mutation in the
UTI894pmrBAgseC background, by introducing each pmrB variant on a plasmid under its own
promoter. We found that, when at least four PmrB co-evolving residues were replaced with the

co-evolving residues of QseC, motility in the corresponding mutants was abolished (Fig. 26).

QOseC residues grafted onto PmrB alter the in vitro phosphorylation phenotypes

We have previously shown that QseC functions as a reverse-phosphotransferase to regulate the
PmrAB-QseBC interactions (Chapter IV, (251)). Using in vitro phosphorylation assays to test the
ability of PmrB variants to phosphotransfer to QseB we see that when 3 resides are altered to
mirror QseC, we see a sustained phosphotransfer from 2-10 min with subsequent
dephosphorylation from 10-45 min in the absence of QseC; with 5 altered resides, there is a rapid
phosphotransfer 5-10 min and dephosphorylation 15-30 min (Fig. 26). This second phenotype
mirrors that of WT QseC phospho-transferring to QseB in the absence of signal (Chapter IV,
(251)). However, in the presence of Fe®', there is sustained phosphotransfer with 3 QseC residues

and gradual phosphotransfer when PmrB harbors 5 of the QseC coevolving residues (Fig. 26).
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Figure 26: Motility and phosphotransfer phenotypes of PmrB with QseC-like coevolving
residues. The motility for PmrB variants harboring QseC residues: 1 (A161T), 2
(A161T_G162A), 3 (AI61T G162A L165V), 4 (Al61T G162A L165V_ H166Q), and 5
(A161T _G162A L165V_ H166Q L168V) is shown in the bar graph. The phosphotransfer

profiles of PmrB wr, PmrB; qsec, and PmrBs_qgsc to QseB in the absence and presence of ferric
iron (Fe’") is shown below.
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These results indicate that altering these residues does alter the interaction between PmrB and
QseB to resemble a QseC-like phenotype in the absence of signal, but retains responsiveness to
Fe’*. The in vitro data does not account for the gain in motility however, indicating additional in

vivo factors may regulate these non-cognate interactions.

Ablating the PmrB residues does not interfere with in vitro phosphorylation

To identify if these results are specific to QseC residues, we sequentially altering the PmrB co-
evolving residues to alanine resulting in (253-AAvrAALEA-261) as the final PmrB sequence
(Fig. 27). Altering the residues to alanines resulted in constructs that no longer repressed motility
in UTI894pmrBAgseC (Fig. 27), indicative of a loss of PmrB-QseB protein-protein interactions.
These results suggested that the co-evolving residues of PmrB and QseC are similar enough to
facilitate interaction of each of these kinases with QseB. However, when tested for their in vitro
phosphorylation, we see that PmrB harboring alanines is a better kinase toward its cognate partner
PmrA and displays QseC-like phenotype toward QseB in the absence of signal yet,
phosphotransfers similarly to both RRs in the presence of Fe’* (Fig. 27). The contradiction in the
motility and in vitro assays may be explained by the over activation of PmrA which may repress

QseB activity.
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Figure 27: Motility and phosphotransfer phenotypes of PmrB with alanine coevolving
residues. The motility for PmrB variants harboring additional alanines: 1 (G162A), 2
(G162A L165A), 3 (G162A L165A  HI166A), and 4 (G162A L165A HI66A L168A) is
shown in the bar graph. Additionally the conserved glutamic acid (E) was altered to an alanine
alone to determine the role of the single conserved residue. The phosphotransfer profiles of
PmrB_wrand PmrB aaaae. to PmrA and QseB in the absence and presence of ferric iron (Fe’")
is shown below.
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5.2. Future Studies
The signal for QseC in the UPEC strain UTI&9 is yet unknown (Chapter III, (230)) however, in

the absence of QseC there is misregulation of roughly 8% of the UTI89 genome stemming from
activation of QseB by PmrB (101, 230). In the UPEC strain UTI89 PmrAB and QseBC overlap in
signaling network; and share partial sequence homology. The coevolving residues found on the
interacting surface were conserved entirely across all 49 strains of E. coli tested. This indicates
that these residues alone do not dictate differential regulation among strains, however, the clade
specific differences in sequences may be more indicative of differential signal regulation.

During evolution or adaptation, initial changes to the genome typically result in loss of fitness
yet; there may be positive selection to keep the duplication. Gene duplication or amplification
plays a major role in antibacterial resistance (252). This may explain the changes seen in EXPEC
due to the changes in location and exposure to antibacterials in the gut, concentrated antibacterials
in the urine/bladder, and those used in farming practices. We will continue to test the antibiotic
resistance of the clinical isolates and different strains of E. coli among the different clades, to see
if the interactions between PmrAB and QseBC uniformly predispose these strains to antibacterial
resistance. Based on the research presented in this dissertation, there are many unanswered
questions and avenues of future study. Future directions pertaining directly to my aims include
identifying signals for QseC, further testing the coevolution of PmrB and QseB, testing the role of
QseBC and PmrAB in colony-biofilm development, and delineating the integrative response of
the four-component system with respect to additional inputs and outputs. Additional routes of
testing include dissecting the role of the four-component system in antimicrobial resistance,
delineating strain specific interactions, and identifying how differential PmrAB-QseBC signaling

affects the outer membrane structure.
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Further examining the four-component interactions
We have shown that all four components PmrAB and QseBC are required for proper signaling in

response to Fe’* (Chapter 111, (230)) however the molecular interactions between and within all
the components are still unknown. Testing the in vivo interactions via co-immunoprecipitation
and mass spectrometry will add further insight into the molecular interactions. We are especially
interested in the interactions between QseC and PmrA. Seeing that altering the co-evolving
residues to mirror those of QseC changes the in vitro transfer kinetics, we want to see what non-
cognate residues grafted onto PmrB would do. This will provide insight into cognate specificity,
default sensor interactions, and role of co-evolving residues in maintaining signal specificity in
this four-component system.

Based on our current findings in collaboration with the Broad Institute (Chapter V), we are
going to compare the differentially conserved residues and protein specific residues between
EHEC and UPEC QseBC-PmrAB interactions. This will help us to identify if there are clade
specific interactions or co-evolution within this four-component system.

Simultaneously, we will start analyzing our urinary E. coli isolates for differences in QseBC-
PmrAB sequences to see if any of the isolates we have recovered have altered signaling within the
four-component signaling network. Concurrently, we will swap regions of QseC between
different clades to identify any differences between pathotype signaling. We also want to identify
the role of the coevolving nucleotides within the promoter regions of the gseBC promoter. We
will use SDM to determine if the difference in nucleotide affects gseBC signaling as described in
Chapter V.

For example, during acute urinary tract infection, bacteria are starved for iron (98, 101,
253), yet, at the same time, they must be able to distinguish between the metals that are required

for cellular metabolism and detrimental cations and cationic polypeptides that are deployed by the
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innate immune response because they are catastrophic to bacterial membrane integrity. Increased
tolerance to PMB was not specific to strain UTI89 because other EXPEC strains, especially
VUTI77 and CFT073 (Chapter III, Fig. 15), exhibited increased PMB tolerance after Fe’*
preconditioning. Although the increase in survival was not as robust as that observed in UTIS9,
there could be differences in the extent of cross-interactions between the QseBC and PmrAB
TCSs or the amino acid sequence differences in PmrAB and QseBC that may exist between these
strains. For example, the enterohemorrhagic E. coli strain Sakai harbors a truncated QseC.
Ongoing deep sequencing experiments probe the PmrAB-QseBC regulon in response to Fe’',
aiming to further elucidate the cationic response driven by cross-interactions between PmrAB and

QseBC in UPEC.

Identifying the functional role of OseC
Chapter IV introduces the functional role of the conserved histidine in regulating QseB via

reverse phosphotransfer. We have accumulated data through random and site-directed
mutagenesis that indicates there are additional specific residues required for in vitro and in vivo
QseC function (Figs. 28 and 29). Despite near complete coverage of the sensing domain region of
QseC, none of the resulting single point mutations tested in our studies impaired QseC function,
as evidenced by the ability of each construct to rescue motility in UTI89AgseC (Fig. 30).

ATP binding and hydrolysis is integral to histidine kinase function. The predicted ATP
binding domain of QseC lies within residues 363-442 (Figs. 28 and 29). Of the seven identified

critical residues, three (L417, V422, and H429) were found in or near the predicted G2 and G3
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1- MKFTQRLSLRVRLTLIFLILASVTWLLSSEVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNE INAADRMAQTPNKLKHGH-80

81- VDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADGQLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIV-160

161-AGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRE-240

H box
241-TSOAAHELRSPLTALKVQTEVAQLSDDDPOARKKALLOLHSGIDRATRLVDQLLTLSRLDSLDNLODVAE T PLEDLLQSS-320
N Box G, Box F Box
321-VMDIYHTAQQANIDVRLTLNANGIKRTGQPLLLSLLVENLLDNAVRYSPQGSVVDVTLNADNF IVRDNGPGVTPEALART -400
F Box G, Box G, Box
401-GERFYRPPGQTATGSGLGLS IVORIAKLHDMNVEF GNAEQGGFEAKVSW 449
ATP-lid

Figure 28: QseC amino acid sequence, indicating important predicted domains and residues
covered by mutagenesis. Annotated QseC (UTI89 C3451) amino acid sequence from UPEC
strain UTI89. In boxes are well-defined domains, common to many sensor histidine kinases: in
purple is the H box harboring the conserved phosphorylated histidine residue (yellow). In light
green are the conserved N, F, and G1-3 boxes within the ATP binding domain. In different colors
are residues tested by mutagenesis. Highlighted in purple is the co-evolving residue sequence.
Blue residues, when mutated confer no change to QseC function. The histidine shown in green
(H231) was tested for its ability to potentially act as the phospho-accepting histidine in the

absence of H246. Finally, residues in red, when mutated, alter the function of QseC.
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Figure 29: Schematic representing single amino acid changes tested for function in QseC.
Representative schematic of QseC shown embedded in the inner membrane (lipid bilayer).
Numbered circles represent individual amino acids; colored circles indicate residues hits that were
altered during random mutagenesis. Color code: Blue and green depict altered residues with no
change during functional assessment; red depicts residues were altered and did not complement
wild-type (WT) phenotype during functional assays. Yellow depicts the conserved phospho-
accepting histidine. The sensing domain lies between the residues 32 and 158, the kinase domain
between residues 234 and 298, finally, the ATPase domain lies between residues 363 and 442.
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Figure 30: Sensing domain variants complement gseC deletion phenotype. Graph depicts
average motility for sensing domain variants using motility as a proxy for function, the diameter
of movement through soft agar is shown for 61 QseC variants. Color scheme the same as above.
No alteration in motility (blue and green bars), significant alteration to motility (red bars), and the
conserved histidine residue (yellow bar). Graphs depict averages of 5 biological experiments with
3 technical replicates per each experiment. Statistical analysis was performed using one-way
ANOVA and a Dunnett’s multiple comparison correction, with **** p<(0.0001, *** p<0.001, **
p<0.01, and * p<0.05.
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Figure 31: Motility phenotype of partially and non-functional QseC variants. Graph shows
the average motility of QseC variants in soft agar for non-altering residue (green) and residues
that alter QseC function in vivo.
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boxes that follow the ATP lid of the QseC ATP binding domain (Figs. 28, 29, and 31). As
expected, mutations in each of these residues interfered with QseC ATP binding and/or
hydrolysis, as evidenced by the inability of QseC _L417P, QseC_ V422D, and QseC H429R to
auto-phosphorylate, phosphotransfer to QseB (Fig. 32) or de-phosphorylate QseB in vitro (Fig.
33). Interestingly, a separate mutation of V422 to alanine (V422A) did not affect QseC function
(Fig. 31) This difference indicates that altering residue size or charge can modify local and/or
global interactions thus resulting in the differential effect of altering residues in a critical site, or
domain.

QseC_L293P and QseC_S297P were unable to rescue the motility defects of UTI89AgseC
(Fig. 31). QseC L293P and QseC S297P exhibited drastically diminished phosphotransfer
abilities (Fig. 34). Specifically, QseC L293P-mediated phosphorylation of purified QseB was
only observed during extended incubation (45-65 minutes, Fig. 35), while QseC_S297P was able
to phosphorylate QseB by 30-45 minutes of incubation and reproducibly migrated as a dimer
during the phosphotransfer assays (Figs. 34 and 35). Both of these variants also exhibited slower
de-phosphorylation kinetics towards in vitro phosphorylated QseB (QseB~P) (Fig. 33) that
resembled the de-phosphorylation properties exhibited by PmrB in our previous studies (186).
Another mutation, at residue L316, found in the linker domain between the kinase and the ATP
binding regions of QseC, also abolished the autophosphorylation properties of QseC (Fig. 32)

Further studies to identify how these residues impact QseC function include incorporating
of loss of function residues (L293, S297, L316, L417, V422, A426, and H429) within the
genomic locus of gseC. This will provide physiologic relevance with proper stoichiometric ratios.

Then we will perform random mutagenesis on PmrB and QseB to identify
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Figure 32: In vitro auto-phosphorylation properties of partially functional and non-
functional QseC variants. Panels depict radiographs that track auto-phosphorylation of **P-
YATP by QseC enriched membrane vesicles. Boxed are the positive wild-type (WT) and negative
AgseC enriched membranes followed by QseC partially and non-functional variants. Images are
representative of 3 biological replicates.
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Figure 33: De-phosphorylation properties of partially functional and non-functional QseC
variants. Panels depict radiographs that track de-phosphorylation of in vitro-phosphorylated
QseB to further assess the properties of partially functional and non-functional QseC variants. In
the box shows controls where de-phosphorylation of QseB is measured overtime. Controls
include membrane vesicles enriched for QseC, membranes lacking QseC as a negative control,
and QseB alone. Panels of QseC variants follow these controls. Images are representative of 3
biological replicates.
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Figure 34: Phosphotransfer activity of partially functional QseC variants. Panels depict
radiographs that track auto-phosphorylation and subsequent phospho-transfer of **P-yATP to
QseB by QseC variants with single point mutations L293P, S297P, and V422A. Controls with
wild-type QseC or with membranes lacking QseC are shown in the box first followed by the
QseC variants. Images are representative of 3 biological replicates.

Time Time
M€ 0 2 5 1015
(miny. © 25 10 15 20 30 45 50 55 60 75 90 (min): 20 30 45 50 55 60 75 90
QseC~P —————— - AQseC~P
QseB~P “.- r— aseB~P| .W
Time o 5 5 10 15 20 304550 60 75 90 Time 4 2 5 10 15 20 30 50 60 75 90
(min): (min):
QseC,;o3p~P SRR, QseCjorP
(~100kDa) — S297P v
QseB~P T EWEE T QseB~P - Ba—
Time 4 5 5 10 15 20 30 45 50 60 75 90 120
(min):
QseCy,,0~P -

QseB~P 3 “

Figure 35: Extended phosphotransfer activity of partially functional QseC variants. Panels
depict radiographs that track auto-phosphorylation and subsequent phospho-transfer of **P-yATP
to QseB by QseC variants with single point mutations L293P, S297P, and V422A. Controls with
wild-type QseC or with membranes lacking QseC are shown in the box first followed by the
QseC variants. Images are representative of 3 biological replicates.
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suppressor mutations within the specific sequences that may restore wild-type signaling. These
suppressor mutations will hint at variants that compensate for the loss of functional QseC and will

provide insight into the interactions between the four components in the system.

Identifying signals that activate OseC

Despite only eight different residues in QseC between EHEC strain 86-24 and UPEC strain
UTI8Y, the response to signal is not conserved. Activation of QseC in response to the
catecholamines epinephrine and norepinephrine, as well as the bacterial autoinducer-3 have been
previously reported for the QseC protein in enterohemorrhagic E. coli (EHEC) (179), yet in
UPEC, we have not seen activation by these molecules ((230), unpublished). We have previously
shown that loss of gseC leads to QseB-mediated de-regulation of gene expression in EHEC, in a
similar fashion as we have reported for UPEC (177, 180). However, unlike EHEC QseC, the
UPEC QseC protein appears to be unaffected by the LED209 pro-drug (221) reported to inhibit
QseC function in EHEC (254, 255). Moreover, we previously reported that gseBC induction
occurs in WT UPEC in response to Fe’", in a manner that involves PmrB, QseB, and PmrA (186).
It is possible that UPEC QseC does not respond to the same extra-cytoplasmic cues as EHEC
QseC (179). This may be a result of the three residues that differ specifically within the sensing
domain.

To identify residues that activate UPEC-specific QseC, we used the previously described
promoter fusion Pgse:gfp construct (177) to screen the Spectrum Collection from the Vanderbilt
High-Throughput Core screening core, a 2,000 compound library. Of the 2,000 compounds there
were a handful that had increased GFP fluorescence above WT following addition of the

compound. Of these, only two increased over time following the addition of the compound. Only
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one compound recapitulated AgseC levels of fluorescence (Fig. 36). This compound was
identified as dequalinium chloride (DQC), which is an anti-microbial antiseptic agent with a
broad bactericidal and fungicidal activity. It has been reported several times for use in vaginal
infections.

While UTI89 shows a dose response to DQC (Fig. 37), unfortunately, this compound is
not specific QseC alone. We did show that in order to get maximum fluorescence the PmrAB-
QseBC four-component system is required (Fig. 38). While not a direct therapeutic against QseC,
DQC has the potential as a UTI therapeutic and may have additional effects on UPEC infections.
Future studies identifying the mechanism by which gseBC are activated in response to DQC will
provide further insight into the signaling network and regulatory effects of QseBC.

Previous publications showed that motility in UPEC was decreased in the presence of
indole potentially indicating involvement of QseBC (256). Traditionally, indole is sensed by the
BaeSR and CpxAR TCS (256) however, UPEC was able to respond to indole in the absence of
both TCSs. To test if the PmrAB or QseBC systems were involved, we used deletion constructs
and tested motility in the presence and absence of 2mM indole (Fig. 39). Our results indicated
that indole does result in a non-motile phenotype, but this is not dependent on QseB or QseC
alone. Future work will look at combinations of TCS knockouts to identify if these systems
interact in response to indole.

Using our current and future studies, we will continue to dissect the molecular interactions
of this four-component system, identify specific signals, and determine the range of outputs
mediated by the PmrAB-QseBC system. Furthering our understanding of these non-partner

interactions will increase our ability to prevent and resolve UTIs caused by UPEC.
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Figure 36: GFP fluorescence driven by the gse promoter. Tracking relative GFP fluorescence
on the SpectraMax I3 plate reader over time in UTI89 in the presence of different compounds
from the Vanderbilt Spectrum Collection. Fluorescence is compared to constitutively high
fluorescence in UTI89AgseC and basal level of UTI89 in the absence of compounds. Compound
9 (blue triangles) is the only compound to cause a drastic increase in fluorescence overtime.
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Figure 37: DQC dilution shows dose response in UTI89. There is a dose dependent response in
UTI89 to Compound 9 (DQC). Concentrations between 0.5 and 500 uM were used to track Pgse
promoter activity on the SpectraMax I3 plate reader after the addition of compound.
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Figure 38: DQC induced fluorescence requires at least one component from the PmrAB and
QseBC system to achieve maximum activity. Fluorescence in the presence of compound 9
(DQC) is tracked over time in N-minimal media for the WT, 4gseC, AqseBC, and ApmrAB
strains.
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Figure 39: Affect of indole on UPEC motility and in vitro phosphotrasnfer Kinetics. Indole
decreases the motility of UPEC. When indole is present in soft agar, UTI89 is non-motile. This is
true for WT and strains lacking gseB, gseC and those complemented by PgseB and PgseC. This is
not a direct effect of QseC increasing phosphotrasnfer to QseB, as the presence of indole does not
alter in vitro phospho-kinetics.
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APPENDIX

Table Al: Primers and probes used in this work

Primer/Probe Nucleotide sequence 5°> 3’ Purpose
Chapter 3
rrsH483 Fwd CGTTACCCGCAGAAGAAGCAC gRT-PCR
rrsH637 Rev GATGCAGTTCCCAGGTTGAGC gRT-PCR
rrsH probe VIC-CGTTAATCGGAATTACTG qRT-PCR
efp qrt Fwd GTGCCATGCCCGAAGGTTATGTAC gRT-PCR
gfp qrt Rev GTTGTATTCCAATTTGTGTCCAAGAAT gRT-PCR
gfp probe FAM-ACGTGCTGAAGTCAAG qRT-PCR
gyrB_qrt Fwd GATGCGCGTGAAGGCCTGATTG gRT-PCR
gyrB_qrt Rev CACGGGCACGGGCAGCATC gRT-PCR
gyrB probe VIC-ACGAACTGCTGGCGGA qRT-PCR
yibD _qrt Fwd GGTTCAACGGATAATTCTGTT qRT-PCR
yibD_qrt_Rev ACTTCAATCCCACGATTACG qRT-PCR
yibD probe NED-CACGTTCGTTTGTTGCATC gqRT-PCR
Chapter 4
rrsH483 Fwd CGTTACCCGCAGAAGAAGCAC gRT-PCR
rrsH637 Rev GATGCAGTTCCCAGGTTGAGC gRT-PCR
rrSH probe VIC-CGTTAATCGGAATTACTG gRT-PCR
QseB 130 Fwd CCT TAT GAT GCG GTG ATC CTG G RT-PCR
QseB 283 Rev TCC CAG ACG CAG CCCTTC TA RT-PCR
gseB probe FAM-TGCGCGAATGGCGA gRT-PCR

QseC_H246A forw
QseC_H246A rev
QseC_H246D_forw
QseC_H246D rev
QseC_H246L forw

QseC_H246L rev

PmrB_A161T forw

Site-directed mutagenesis
CGCTTTACCTCCGACGCAGCTGCCGAACTTCGTA
GCCCGTTAAC
GTTAACGGGCTACGAAGTTCGGCAGCTGCGTCGG
AGGTAAAGCG
CGCTTTACCTCCGACGCAGCTGACGAACTTCGTA
GCCCGTTAAC
GTTAACGGGCTACGAAGTTCGTCAGCTGCGTCGG
AGGTAAAGCG

CCTCCGACGCAGCTCTCGAACTTCGTAGCCCG

CGG GCT ACG AAG TTC GAG AGC TGC GTC GGA
GG

Co-evolving residues (PmrB = QseC)

GAACGCCACTGACGGGGGTGCGTTTGC

CAC - GCC to make
QseC_H246A
CAC - GCC to make
QseC_H246A
CAC = GAC to make
QseC_H246D
CAC = GAC to make
QseC_H246D
CAC - CUC to make
H246L in QseC
CAC - CUC to make
H246L in QseC

To make the point mutation

A161T in PmrB

Reverse primer to make the

PmrB_AIl61T rev GCAAACGCACCCCCGTCAGTGGCGTTC point mutation A161T in
PmrB
PmrB_A161T;G162A forw CGCCACTGACGGCGGTGCGTTTGC To make the point mutation
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PmrB_A161T;G162A rev

PmrB_A161T;G162A;
L165V_forw

PmrB_A161T;G162A;
L165V _rev

PmrB_A161T;G162A;
L165V;H166Q_forw

PmrB_A161T;G162A;
L165V;H166Q _rev

PmrB _A161T;G162A;L165
V;H166Q;L169V_forw

PmrB_G162A forw

PmrB_G162A rev

PmrB_G162A;L165A forw

PmrB_G162A;L165A rev

PmrB_G162A;L165A,;
H166A forw

PmrB_G162A;L165A,;
H166A rev

PmrB_G162A;L165A,;
H166A;L169A forw

PmrB_G162A;L165A;
H166A;L169A rev

GCAAACGCACCGCCGTCAGTGGCG

CGGCGGTGCGTGTGCATCTGGAACTGC

GCAGTTCCAGATGCACACGCACCGCCG

GGCGGTGCGTGTGCAGCTGGAACTGCTGGC

GCCAGCAGTTCCAGCTGCACACGCACCGCC

CGTGTGCAGCTGGAAGTGCTGGCGAAAACGC

Co-evolving residues (PmrB = alanines)

CGCCACTGGCGGCGGTGCGTTTGC

GCAAACGCACCGCCGCCAGTGGCG

CGGCGGTGCGTGCGCATCTGGAACTGC

GCAGTTCCAGATGCGCACGCACCGCCG

GCGGTGCGTGCGGCGCTGGAACTGCTGGC

GCCAGCAGTTCCAGCGCCGCACGCACCGC

CGTGCGGCGCTGGAAGCGCTGGCGAAAACGC

GCGTTTTCGCCAGCGCTTCCAGCGCCGCACG
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G162A in PmrB harboring
Al161T
Reverse primer to make the
point mutation G162A in
PmrB harboring A161T
To make the point mutation
L165V in PmrB harboring
A161T and G162A
Reverse primer to make the
point mutation L165V in
PmrB harboring A161T and
G162A
To make the point mutation
H166Q in PmrB harboring
A161T, G162A,and L165V
Reverse primer make the
point mutation H166Q in
PmrB harboring A161T,
G162A, and L165V
To make the point mutation
L169V in PmrB harboring
A161T, G162A, L165V,
and H166Q

To make the point mutation
G162A in PmrB
Reverse primer to make the
point mutation G162A in
PmrB
To make the point mutation
L165A in PmrB harboring
G162A
Reverse primer to make the
point mutation L165A in
PmrB harboring G162A
To make the point mutation
H166A in PmrB harboring
G162A and L165A
Reverse primer to make the
point mutation H166A in
PmrB harboring G162A and
L165A
To make the point mutation
L169A in PmrB harboring
G162A, L165A, and H166A
Reverse primer to make the
point mutation L169A in
PmrB harboring G162A,
L165A, and H166A



Sequence alignments

The following pages contain the sequence alignments for the gseBC and pmrAB promoter regions
as well as the protein alignments for QseC, QseB, PmrB, and PmrA. Highlighted residues depict
changes from the 49-strain consensus. The colored bars to the left of the strains designate clade,
which corresponds to the clade color designations listed below. For the promoter alignments, the
genes flanking the promoter are underlined in the first strain.

A B1 B2 D E
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EC4115
Xuzhou21l
TW14359
CB9615
RM12579
Sakai
53638
2009EL-2050
B7A
2009EL-2071
BW25113
APEC_078
0104:H21
2011C-3493
w3110

w

12009

SE1l1

11128
ATCC_8739
REL606
UMNO26
H10407

DH1
E24377A
55989
E24377A
101-1
11368

HS

SMS_3_5
CE10

IAI39
06:536
UTI89

LF28

S88

S. flexneri
clone D_i2
E2348/69
SE15
IHE3034
NRG_857C
UM146
APEC_O1
clone D_i4
ABU_83979
EDla
CFTO073
Nissle

gqseBC promoter nucleic acid alignment

AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTAGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTAGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTAGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTAGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTAGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTAGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGG-AAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAGTGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTGTTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTGTTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGG-AAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
AATTTTTTCATGTTTATTACTCCCTTTAATGTCTGTTTTCCGAGCATTTAACAAGATAGTCCTTAAGGGAAAAAAATAAAATTTAATGCTGTACAGAGCGCGTTACAACACGGTTACTGGCAGCAATACGGTTATCGCAGGGATGAAAAAATGCGAATTTT
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pmrAB promoter nucleic acid alignment

GCAAAGATTAATTCCCCTTAATCAAGCAAATATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAATATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAATATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCACACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCAAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAAGATAAAAGCCAATCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAAGATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAAGATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAAGATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAAGATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAAGATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACAGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
GCAAAGATTAATTCCCCTTAATCCAGCAAACATAAAAGCCAACCTTAAGAACTTAAGGTTGGCTTAATTTTGCTTTGCGAGCATATGCGCACTTTGTTCGATGGAAACACCGTGATGTTGAAGCG
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S. flexneri

QseC protein sequence alignment

MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNRLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFANG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
MKFTQRLSLRVRLTLIFLILASVTWLLSSFVAWKQTTDNVDELFDTQLMLFAKRLSTLDLNEINAADRMAQTPNKLKHGHVDDDALTFAIFTHDGRMVLNDGDNGEDIPYSYQREGFADG
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QseC protein sequence alignment continued

QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALTIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFAHTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPVMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPVMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPVMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPVMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPVMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHTMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVARQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGDKDQWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
QLVGEDDPWRFVWMTSPDGKYRIVVGQEWEYREDMALAIVAGQLIPWLVALPIMLIIMMVLLGRELAPLNKLALALRMRDPDSEKPLNATGVPSEVRPLVESLNQLFARTHAMMVRERRF
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APEC_078
101-1
53638
ATCC_8739
HS

BW25113
DH1

H10407
REL606
UMNO026
w3110
CB9615
EC4115
RM12579
TW14359
Xuzhou2l
11128
11368
12009
2009EL-2050
2009EL-2071
2011C-3493
55989
E24377A
SE1l1l

w

B7A
0104:H21
CE10

IAI39

SE15
ABU_83979
NRG_857C
clone D i4
clone D i2
CFT073
LF28

Nissle_06:K5:H1

EDla
E2348/69
SMS_3_5
APEC_O1
IHE3034

S88

UM146

UTI89
06:536

S. flexneri

QseC protein sequence alignment continued

TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNVQGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQOSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQOSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQODVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNVQGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNVQGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNVQGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNVQGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNVQGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHYGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHSIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQOSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLOQDIAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLKANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDQQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQANIDVRLTLNANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQANIDVRLTLNANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQANIDVRLTLNANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQANIDVRLTLNANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQANIDVRLTLNANGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
TSDAAHELRSPLTALKVQTEVAQLSDDDPQARKKALLQLHSGIDRATRLVDQLLTLSRLDSLDNLQDVAEIPLEDLLQSSVMDIYHTAQQAKIDVRLTLNAHGIKRTGQPLLLSLLVRNL
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APEC_078
101-1

53638
ATCC_8739
HS

BW25113

DH1

H10407
REL606
UMNO26
w3110
CB9615
EC4115
RM12579
TW14359
Xuzhou2l
11128

11368

12009
2009EL-2050
2009EL-2071
2011C-3493
55989
E24377A
SE11

w

B7A
0104:H21
CE10

IAI39

SE15
ABU_83979
NRG_857C
clone D il4
clone D i2
CFTO073

LF28

Nissle 06:K5:H1
EDla
E2348/69
SMS_3_5
APEC_O1
IHE3034

S88

UM146

UTI89
06:536
Shigella flexneri

QseC protein sequence alignment continued

LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQQIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVIDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVHYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAKQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVDFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHGMNVEFGNAEQGGFETKVSW
LDNAVRYSPQGCVVDVTLNADNFIVKDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGSVVDVTLNADNFIVRDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LDNAVRYSPQGCVVDVTLNADNFIVKDNGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
LD NGPGVTPEALARIGERFYRPPGQTATGSGLGLSIVQRIAKLHDMNVEFGNAEQGGFEAKVSW
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SE15
E24377A

S. flexneri
APEC_078
ABU_83972
clone D i4
clone D i2
CFT073
Nissle_06:K5:H1
HS
E2348/69
BW25113
DH1

w3110
11128
11368
12009
2009EL-2050
2009EL-2071
2011C-3493
55989
CB9615
EC4115
RM12579
SEl11l
TW14359

w

Xuzhou2l
B7A
0104:H21
Sakai
APEC_O1
ATCC

CE10

EDla

IAI39
IHE3034
NRG_857C
S88

UM146
UTI89
101-1
53638
H10407
LF82
06:536
REL606
SMS3_5
UMNO026

QseB protein sequence alignment

MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIG-~---LEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLNLTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFRVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFRVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFRVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFRVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFRVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSIDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALEERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
MRILLIEDDMLIGDGIKTGLSKMGFSVDWFTQGRQGKEALYSAPYDAVILDLTLPGMDGRDILREWREKGQREPVLILTARDALAERVEGLRLGADDYLCKPFALIEVAARLEALMRRTN
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SE15
E24377A

Shigella flexneri

APEC_078
ABU_83972
clone D il4
clone D i2
CFT073

Nissle 06:K5:H1

HS
E2348/69
BW25113
DH1
W3110
11128
11368
12009
2009EL-2050
2009EL-2071
2011C-3493
55989
CB9615
EC4115
RM12579
SE11
TW14359
w
Xuzhou21l
B7A
0104:H21
Sakai
APEC_O1
ATCC
CE10
EDla
IAI39
IHE3034
NRG

S88
UM146
UTI89
101-1
53638
H10407
LF82
06:536
REL606
SMS3_5
UMNO26

QseB protein sequence alignment continued

GQASNELLRGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPDKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGDPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLSRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLSRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLSRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
GQOASNELRHGNVMLDPGKRIATLAGEPLTLKPKEFALLELLMRNAGRVLPRKLIEEKLYTWDEEVTSNAVEVHVHHLRRKLGSDFIRTVHGIGYTLGEK
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PmrB protein sequence alignment

MNLMRFLRQPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLIRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLIRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVCRITRPLAELQKELEARTADNLTPIATIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMRFLRRPISLROQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMRFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
MNLMHFLRRPISLRORLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIAIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
LNLMHFLRRPISLRQRLILTIGAILLVFELISVFWLWHESTEQIQLFEQALRDNRNNDRHIMREIREAVASLIVPGVFMVSLTLFICYQAVRRITRPLAELQKELEARTADNLTPIATIHS
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PmrB protein sequence alignment continued

ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIDAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVASLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQONLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVASLVARLDOQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQONLL
ATLEIEAVVSALNDLVSRLTNTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDOMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLEIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
ATLKIEAVVSALNDLVSRLTSTLDNERLFTADVAHELRTPLAGVRLHLELLAKTHHIDVAPLVARLDQMMESVSQLLOQLARAGQSFSSGNYQHVKLLEDVILPSYDELSTMLDQRQQTLL
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E2348/69
EDla
06:CFT073
LF28

Nissle_06:K5:H1

ABU_83972
APEC_O1
IHE3034
NRG_857C
S88

SE15
UM146
UTI89
clone_Di4
clone_Di2
CE10
IAI39
UMNO26
06:536
SMS3_5
H10407

HS

11128
11368
2009EL-2050
2009EL-2071
2011C-3493
55989
APEC_078
E24377A.2
SE1l1

w

CB9615
EC4115
RM12579
TW14359
Xuzhou21l
Sakai

S. flexneri
E24377A.1
B7A
0104:H21
12009
ATCC_8739
101-1
53638
BW25113
DH1

w3110
REL606

PmrB protein sequence alignment continued

LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGHFFLONRQETSGTRACIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAIMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWIRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDGGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
LPESAADITVQGDATLLRMLLRNLVENAHRYSPQGSNIMIKLQEDDGAVMAVEDEGPGIDESKCGELSKAFVRMDSRYGGIGLGLSIVSRITQLHHGQFFLONRQETSGTRAWVRLKKDQ
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E2348/69
EDla
06:CFT073
LF28
Nissle 06:K5:H1
ABU_83972
APEC_O1
IHE3034
NRG_857C
S88

SE15

UM146
UTI89
clone_Dil4
clone_Di2
CE10

IAI39
UMNO026
06:536
SMS3_5
H10407

HS

11128
11368
2009EL-2050
2009EL-2071
2011C-3493
55989
APEC_078
E24377A.2
SEl11l

w

CB9615
EC4115
RM12579
TW14359
Xuzhou2l
Sakai
Shigella flexneri
E24377A.1
B7A
0104:H21
12009
ATCC_8739
101-1
53638
BW25113
DH1

w3110
REL606

YVANQT
YVANQT
YVANQI
YVANQI
YVANQI
YVANQI
YVANQTI
YVANQTI
YVANQI
YVANQI
YVANQI
YVANQTI
YVANQI
YVANQI
YVANQI
YVVNQI
YVVNQI
YVANQI
YVVNQI
YVVNQI
YVANQI
NVANQI
NVANQTI
NVANQTI
NVANQI
NVANQTI
NVANQT
NVANQTI
NVANQTI
NVANQT
NVANQI
NVANQI
NVANQT
NVANQTI
NVANQI
NVANQI
NVANQTI
NVANQTI
NVANQTI
NVANQI
NVANQTI
NVANQTI
NVANQTI
YVANQI
YVANQT
YVANQTI
YVANQTI
YVANQI
YVANQI
YVANQTI

* kkKk

PmrB protein sequence alignment continued
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ABU_83972
APEC_O1
E2348/69
EDla
IHE3034
NRG_857C
S88

UM146

UTI89
clone D il4
clone D i2
CFTO073

LF82

Nissle 1917
S. flexneri
REL606
APEC_078
SE1l1

CE10

IAI39

SE15
BW25113

DH1

w3110

HS

11128

11368

12009
2009EL-2050
2009EL-2071
2011C-3493
55989
ATCC_8739
CB9615
E24377A
EC4115
RM12579
TW14359

w

Xuzhou21l
101-1

53638

B7A

H10407
0104:H21
06:536
SMS3_5
Sakai
UMNO026

PmrA protein sequence alignment

MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEDGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKLFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVSTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDSVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDSVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDSVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARIRALLRRHN
MKILIVEDDTLLLQGLILAAQTEGYACDGVTTARMAEQSLEAGHYSLVVLDLGLPDEDGLHFLARIRQKKYTLPVLILTARDTLTDKIAGLDVGADDYLVKPFALEELHARTIRALLRRHN
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ABU_83972
APEC_O1
E2348

EDla
IHE3034
NRG_857C
S88

UM146

UTI89
clone D il4
clone D i2
CFT073

LF82

Nissle 1917
Shigella flexneri
REL606
APEC_078
SEl11l

CE10

IAI39

SE15
BW25113

DH1

w3110

HS

11128

11368

12009
2009EL-2050
2009EL-2071
2011C-3493
55989
ATCC_8739
CB9615
E24377A
EC4115
RM12579
TW14359

w

Xuzhou2l
101-1

53638

B7A

H10407
0104:H21
06:536
SMS3_5
Sakai
UMNO026

PmrA protein sequence alignment continued

NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELNVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMSGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
NQGESELIVGNLTLNMGRRQVWMGGEELILTPKEYALLSRLMLKAGSPVHREILYNDIYNWDNEPSTNTLEVHIHNLRDKVGKARIRTVRGFGYMLVANEEN
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