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ABSTRACT OF THE DISSERTATION
The Role of Bacterial Biofilms in Chronic Infection
by
Danh Cong Do
Doctor of Philosophy, Graduate Program in Biomedical Sciences

University of California, Riverside, December 2014
Dr. Neal L. Schiller, Chairperson

Biofilm is the virulence factor that is responsible for chronic infection in diseases
such as Cystic Fibrosis (CF) and chronic wounds. In this thesis, we examine the role of
AlgX, a required protein for alginate biosynthesis in P. aeruginosa. We show that the
absence of AlgX resulted in the loss of mucoidy and in silico studies demonstrated that
AlgX binds alginate. Alanine mutations demonstrated that K396, T398, W400, and R406
are important for alginate binding. Alginate rescue assays confirm the importance of
these amino acid residues for alginate biosynthesis and acetylation. This is the first
functional demonstration of AlgX role in alginate biofilm biosynthesis and acetylation.

Biofilm-producing bacteria and redox imbalance are the leading factors that turn
acute wounds into chronic wounds. We demonstrated that LIGHT” mouse wounds
contain elevated levels of reactive oxygen species (ROS). To see whether chronic
wounds can be generated, we increased the redox imbalance in the LIGHT” wounds and
infecting the wounds with biofilm-forming bacteria. We demonstrated that by using these

conditions, we could induce chronic wounds in the LIGHT” mouse model 100% of the

Vi



time. These wounds do not re-epithelialize, contain high bacterial burden, and sustained
multi-species bacterial infections that are biofilm-forming and antibiotic-resistant.

We also demonstrated that increasing the redox imbalance was sufficient to turn
db/db wounds into chronic wounds. These wounds sustained spontaneous biofilm-
producing bacterial infections. To verify that redox imbalance is critical for chronicity,
we treated chronic wounds with antioxidants and found that oxidative stress was highly
reduced, biofilm production was decreased, and bacteria became more sensitive to
antibiotics. This is the first demonstration that chronic wounds can be generated and
reversed by manipulating the wound’s redox microenvironment in an animal model.

Norspermidine has been shown to negatively affect the structure of extracellular
polymeric substances (EPS). Using the bacteria that colonized db/db chronic wounds, we
demonstrated that 2 mM norspermidine reduces the amount of adherent biofilms
produced by exudate bacterial communities. Furthermore, application of norspermidine
increases the bactericidal effect of gentamicin. We believe that norspermidine could be
used in combination with bactericidal antibiotics to control biofilm infection in dermal

chronic wounds.
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CHAPTER 1

Bacterial biofilms and its implications in chronic infections



Scientific Review and Background

Bacterial life can be found on nearly all surfaces of this planet and predominately
exists as a microbial mass that flourishes in a slimy layer adhered to a surface. This
microbial mass is termed “biofilm”; biofilms can form anywhere where there is a surface
with some moisture and nutrients (1). The existence of biofilm has been known for quite
some time now due to the fact that many biofilms are sufficiently thick enough to be seen
by the naked eye (2). However, it was not until 1970 that we began to understand that
bacteria in biofilms exist predominately as sessile bacteria and it is not until another
decade that we began to appreciate that adhered bacteria in biofilms are organized in
elaborate ways (3). For example, one bacterial species that is attached to a surface can co-
aggregate with many partners of the same species or of different species, which
themselves can aggregate with other partners to form a dense bacterial mass. This type of
bacterial co-aggregation and organization is called a microcolony (2) and bacterial
biofilms consisting of microcolonies on a surface constitute a protected mode of growth
that allows survival in a hostile environment. Such complexity of biofilm structure has
led to the analogy of biofilms to tissues of higher organisms (4).

Of clinical importance, bacteria in biofilms can withstand host immune responses,
and they are much less susceptible to antibiotics compared to their non-biofilm
counterparts (5). Furthermore, even in individuals with normal cellular and humoral
immune reactions, biofilm-associated infections are rarely resolved by the hosts’ defense
systems (2). In addition, aggressive antibiotic therapy often only reverses the symptoms

associated with planktonic bacteria that are released from the biofilm, but often fails to



kill the biofilm itself (6). This makes biofilm-associated infections difficult to treat and
almost impossible to eradicate.

Many of the infectious diseases that affect immune-compromised individuals
involve bacterial species that are commonly found on the human body or are ubiquitously
found in the environment. For example, patients with Cystic Fibrosis (CF) have a
mucosal immunodeficiency that resulted in bacterial colonization in the lungs
predominated by Pseudomonas aeruginosa, a bacterium that is commonly found in the
soil, water, and air (7). Chronic infection in the lungs of CF patients often resulted the
phenotypic conversion of P. aeruginosa into a mucoid phenotype. This mucoid
phenotype results from the production of a specific biofilm called alginate. Alginate
producing P. aeruginosa eludes phagocytosis and is resistant to antibiotics and many
therapeutic agents. In addition, alginate is immunogenic and elicits immune responses
that result in the production of antibodies and many reactive oxygen species without
resulting in the clearance of the organisms (8-10). The failure of the immune systems to
clear the infection and the predominance of alginate-producing P. aeruginosa is the
pathogenic factor that result in the morbidity and mortality of patients with CF.

The biofilm alginate is one of the most studied biofilms in P. aeruginosa. The
biosynthesis of alginate can generally be divided into four different phases: [1] the
synthesis of precursor substrate, [2] the polymerization and secretion across the
cytoplasmic membrane, [3] periplasmic transfer and modification, and [4] excretion
across the outer membrane into the extracellular space (11). The initial step of alginate

biosynthesis is centered on the modification of the sugar metabolite, mannose 6-



phosphate, into the alginate precursor GDP-mannuronic acid (12). This step is catalyzed
by both the bifunctional enzyme phospho-mannose isomerase (PMI)/guanosine-
diphospho- mannose pyrophosphorylase (GMP), designated AlgA, and the
phosphomannomutase AlgC (13, 14). The second step is predicated around the
polymerization of GDP-mannuronic acid monomers into polymannuronate, which is
catalyzed by a cytoplasmic membrane embedded protein, called Alg8. Alg8 is thought to
both polymerize monomers of GDP-mannuronate and secrete its polymannuronate
products into the periplasm (15). The third step involves an array of proteins (AlgG,
AlgL, AlgK, AlgX, Algl, AlglJ, and AlgF) that are important for alginate modification
and binding (16, 17). Many of these proteins have well defined functions except for
AlgX, a protein with a relatively unknown function, which appears to be required for
alginate production (18, 19). It was proposed that AlgX, AlgK, Alg44, AlgG, and AlgL
formed a protein scaffolding complex within the periplasm that modified, protected, and
guided nascent alginate chains to AlgE, the final step of alginate biosynthesis (16).
Previously, our lab has shown that AlgX is a required component for alginate
biosynthesis. Chromosomal deletion of algX in the mucoid inducible CF clinically
isolated P. aeruginosa FRDI strain resulted in the loss of mucoidy (or biofilm) due to the
production of low-molecular weight (LMW, <30KDa) uronic acid (UA) in place of high-
molecular weight UA polymers, also refered to as alginate. (19-21). Thus, we proposed
that the production of LMW UA is due to the unregulated degradation of HMW UA by
AlgL, the alginate lyase. In a recent study, P. aeruginosa AlgX crystal structure revealed

that AlgX is a two-domain protein consisting of a SGNH hydrolase-like domain and a



carbohydrate-binding module. Experimental data suggested that the SGNH hydrolase-
like domain might play a direct role in alginate acetylation (22). However, the role of its
carbohydrate-binding module in terms of biofilm alginate biosynthesis still remains
elusive.

As mentioned previously, biofilm associated bacterial infections in the lungs of
CF patients are extremely difficult to manage. The deleterious effects of bacterial
infection and the adverse effects of bacterial biofilms on wound healing are well known
(23). It been recognized that controlling bioburden and disrupting the biofilm are
important aspects of wound management that could lead to better wound healing
outcomes (24). Great efforts have been dedicated to addressing these aspects; however,
research over the past two decades has shown that many chronic biofilm-associated
infections are rarely resolved by the immune defenses and respond transiently to
antimicrobial therapy (2, 4, 25). For example, the skin bacterium Staphylococcus
epidermidis can infect the wounds of compromised hosts and S. epidermidis cultured
from tissue taken from difficult-to-heal, delayed healing, and chronic dermal wounds
show the presence of biofilm bacteria surrounded by an exopolysaccharide matrix (2, 26).
Furthermore, the infections of these wounds are often associated with biofilm that may be
composed of a single species or by a mixture of species of bacteria. These biofilm
producing bacterial communities are insensitive to host immune responses, antibiotics,
and many therapeutic agents.

The role of biofilm has been known to prevent wounds from healing, however,

direct evidence of biofilm involvement in chronic wound infections is scarce. Numerous



animal models of chronic wounds have been developed, however, these models poorly
resemble human chronic wound pathophysiology (27-30). Recently, we documented that,
occasionally, wounds from the tumor necrosis factor super-family member 14 deleted
mouse (LIGHT™), a mouse with a delayed wound healing phenotype, become chronic.
These chronic wounds surprisingly sustained spontaneous chronic biofilm-producing S.
epidermidis infection (31, 32). In further analysis of the microenvironment of the
wounds, we believe that elevated concentrations of reactive oxygen species (ROS)
coupled with the presence of biofilm producing bacteria are responsible for pushing the
wounds toward chronicity. To demonstrate this, we increased the ROS levels in the
wounds by inhibiting specific key redox detoxifying enzymes and applied the previously
isolated biofilm-producing S. epidermidis directly to the wounds of LIGHT”™ mouse. In
doing so, we were able to create LIGHT” chronic wounds 100% of the time. Hence, we
have provided additional evidence for the involvement of bacterial biofilms in the
formation of chronic wounds. Given our observations, it will be crucial to determine
whether the same conditions that were used to trigger the formation of chronic wounds in
the LIGHT ™" animal can be applied to other animal models of delayed wound healing (i.e.
db/db mouse of type II diabetes).

Given the recent advances in wound care and management, chronic wounds still
remain a huge problem in the United States and costs approximately $25 billion dollars
annually (33). Bacterial biofilms haave been suggested to be the underlying factor that
prevent wounds from healing and microbial control has been recognized as an important

aspect of chronic wound management. Although the series of events leading to the



development of chronic wounds remains unclear, redox imbalance/stress caused by
elevated concentrations of reactive oxygen species (ROS) followed by the presence of
biofilm-producing bacteria have been suggested and in studies demonstrated by us to play
key roles in the process (23, 31, 34-36). Therefore, it is conceivable that targeting ROS
stress and bacterial biofilms could consequently lead to a better wound-healing outcome.

It has been shown that ROS are generated soon after injury by resident endothelial
cells and fibroblasts soon after injury (37). Low levels of ROS are essential mediators for
proper wound healing and are required for the defense against invading pathogens (38,
39). However, high levels of ROS are known to cause DNA damage, gene dysregulation,
and cell death creating a propitious environment for bacterial infection (39). Studies have
demonstrated that high levels of ROS in non-healing ulcers in humans are often infected
with many bacterial species (i.e. Staphylococcus aureus, Enterococcus faecalis, P.
aeruginosa, coagulase-negative staphylococci and Proteus species) (34, 40-42).
Therefore, a fine ROS balance is required for proper wound healing, which is not
observed in wounds that become chronic. Given that many antioxidants agents, such as
N-acetyl cysteine and a-tocopherol, have been shown to be protective against oxidative
stress (43); it is conceivable to believe that these antioxidants agents can be used to abate
redox stress in chronic wounds and potentially result in a better wound healing
phenotype. However, the use of these antioxidant agents in promoting chronic wounds
healing has yet to be evaluated.

It has been emphasized over and over again that biofilm-producing bacteria play

key roles in preventing wounds to heal (23, 31, 34-36). Much is known about the



assembly of biofilm (i.e., P. aeruginosa alginate biofilm), however, its dispersion still
remains largely elusive. It been proposed that three key features are required for the
dispersal of biofilms. One, there must be a change in the gene expression profile of
bacteria in the biofilm toward a dispersal-promoting manner. Such dispersal-promoting
cues could come from stress signal sensing within the biofilm or by the surrounding
environment. Two, the signaling cues must diffuse to the nearby surrounding bacterial
biofilm masses, establishing an effective communication network that enables effective
coordinative disassembly. Such molecular cues are probably mediated via small signaling
molecules. Finally, the encapsulating bacteria must detach and disperse from the
extracellular matrix to allow the release of cells into the environment (44-46). This mode
of disassembly must be made possible by the existence of endogenous soluble factors that
mediate biofilm dispersion. One such molecule is the polyamine norspermidine, which
has been shown to reduce the amounts of adherent biofilm from E. coli and S. aureus in
vitro (45). This is the first evidence suggesting that small molecule inhibitors may be
used to combat biofilm-associated infections in chronic wounds.

In summary, bacterial biofilms are implicated in both the infection of the wounds
(i.e., like those in the lungs of CF patients or the ulcers on diabetic individuals) and in the
failure of those wounds to heal. Identifying events leading to the development of chronic
wounds and understanding the conditions in which biofilms are formed and dispersed
will potentially lead to the development of diagnostic molecules and new therapeutics for
the treatment of chronic wounds. Such information is of immense importance in the

management of chronic wounds as well as to produce the most positive clinical outcome



and/or the prevention of infection. The studies presented in this thesis will advance our
understanding of the unique biology of bacterial biofilms in chronic infections and
hopefully lay the groundwork for further studies in the advancement of chronic wound

carc.



CHAPTER 2

AlgX carbohydrate binding module is required for the biosynthesis of alginate in

Pseudomonas aeruginosa
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Abstract

Alginate encapsulated Pseudomonas aeruginosa is the primary causative agent of
respiratory insufficiency and failure in patients with cystic fibrosis. AlgX is a protein that
is required for alginate biosynthesis and has been suggested to participate in alginate
acetylation. We demonstrate that in the absence of AlgX, 92% of alginate polymers
produced by the algX-deleted mutant are subsequently degraded by AlgL, a periplasmic
alginate lyase that is responsible for cleaving misguided alginate polymers. Using
alginate affinity assays and molecular docking studies, we demonstrate that AlgX binds
alginate via the carbohydrate-binding module located in the C-terminal region. Alanine
mutations of the predicted amino acid residues that interact with alginate suggest that
K396, T398, W400, and R406 are important for alginate binding. Alginate rescue assays
using in trans expression of mutated AlgX (with single amino acid substitution) in the
algX-null background and quantification of uronic acid O-acetylation in these mutants
confirms the importance of the AlgX CBM domain for alginate synthesis. These
observations suggest that the AlgX CBM acts as an intermediate shuttle to guide nascent

alginate polymers toward the acetylation machinery and eventually to AlgE.
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Introduction

Cystic fibrosis (CF) is a chronic, progressive, and often fatal genetic inherited
disease caused by mutations in the gene that encodes the CF transmembrane conductance
regulator (CFTR) protein (47-49). CF is the predominant genetic disorder in Caucasians.
The hallmark of CF is the excessive loss of salt during sweating and the production of
abnormally thick mucus in the lungs due to inadequate mucociliary clearance, which
facilitates respiratory infections (50). Persistent infection by alginate-producing or
mucoid Pseudomonas aeruginosa is the leading cause of death in CF patients (50-52).
Alginate is an exopolysaccharide consisting of acetylated or non-acetylated mannuronic
and guluronic acid polymers (53). Alginate-producing P. aeruginosa are resistant to
many antibiotics, protected from oxidative stress, and insensitive to host immune
clearance (54-56). These characteristics make alginate producing P. aeruginosa infection
in CF lungs difficult to treat and almost impossible to eradicate.

Conversion of P. aeruginosa into a hyper alginate-producing strain (i.e., mucoid
phenotype) is predominately associated with inactivation of the mucA gene by
spontaneous mutations (57). The mucA gene codes for the anti-sigma factor MucA and
with MucB, forms a two-component regulation complex (MucA-MucB) that post-
transcriptionally controls the activity of the alternative sigma factor AlgU (also called
AlgT and 6*%). In CF lungs, there is a strong tendency for mutations in mucA that results
in the bypass of the circuitry that controls the activity of AlgU/c> (58-61) leading to the
constituent activation of the algD operon producing the mucoid phenotype. The algD

operon contains proteins that are required for the production of the alginate precursor

12



GDP-mannuronic acid and the catalysis of alginate polymerization, modification, and
export, as well as various auxiliary proteins required for the production of mature alginate
(58, 62-66).

The algD operon is composed of algD, alg8, alg44, algK, algE, algG, algX, algL,
algl, algJ, algK, and algA. The algD and algA genes encode for the expression of a GDP-
mannose dehydrogenase (AlgD) and phosphomannose isomerase/GDP-mannose
pyrophosphorylase (AlgA), and with the phosphomannomutase (AlgC) are responsible
for the production of GDP-mannuronic acid monomers (14, 67-70). The inner membrane
embedded Alg8 protein (encoded by alg8) catalyzes alginate polymerization and AlgE is
an alginate specific porin protein (encoded by algF) that enables the export of nascent
alginate chains through the outer membrane (11, 53, 71-74). Alg44 is a transmembrane
protein (encoded by alg44) that binds bis-(3’-5’)-cyclic dimeric guanosine
monophosphate and is thought to be important for the proper linkage/positioning of Alg8
and AlgE (11, 15). The alginate modification machinery, composed of AlgG
(mannuronan C-5-epimerase), Algl (alginate lyase), and Algl, AlgJ, and AlgF (O-
acetylation) is encoded by the algG, algL, algl, algJ, and algF genes, respectively (75-
81). AlgK contains three putative domains that promote protein-protein interactions and
is thought to be the scaffolding protein for the assembly of the alginate biosynthetic
components within the periplasm (82, 83).

The algX gene encodes a 53KDa protein that localizes to the periplasm and is
required for alginate biosynthesis (18, 19). It was proposed that AlgX, AlgK, Alg44,

AlgG, and Algl. formed a protein scaffolding complex within the periplasm that

13



modified, protected, and guided nascent alginate chains to AlgE (16). Chromosomal
deletion of algX, algG, or algK in the mucoid inducible CF clinically isolated P.
aeruginosa FRD1 strain (FRD1050) resulted in the production of low-molecular weight
(LMW, <30KDa) uronic acid (UA) polymers (19-21). Immunoprecipitation assays using
Strep-tag 11 fusion AlgX demonstrated that AlgX interacts with AlgK (84). The crystal
structure of AlgX revealed a protein that contains a N-terminal SGNH hydrolase-like
domain and a C-terminal carbohydrate-binding module (22, 85). Mutation of the Ser-His-
Asp triad in the N-terminal SGNH hydrolase-like domain resulted in the production of
non-acetylated alginate (22). This is the first structural characterization of AlgX and its
involvement in alginate acetylation.

In this chapter, we quantified the different populations of uronic acid polymers
produced by the P. aeruginosa algX-deleted mutant (FRD 2-2) and its parental strain
(FRD1050). Using an alginate column affinity assay, we confirmed that AlgX could bind
alginate. Using in silico docking studies, we identified the region of AlgX responsible for
alginate binding. Using alanine mutations and in trans complementation in an algX-
deletion mutant, we examined the importance of specific amino acid residues in AlgX for

alginate binding, biosynthesis, and acetylation.
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Materials and Methods

Bacterial strains, plasmids, and reagents. The list and characteristics of all bacterial
strains and plasmids used in this study are shown in Table 2.1 (see page 16). Escherichia
coli strains were routinely cultured in Luria broth (LB) (BD Difco, Sparks MD) or Luria
agar (LA) (BD Difco) plates at 37°C in a humidified incubator with antibiotic as required.
P. aeruginosa strains were cultured in modified alginate producing (MAP) media (20) or
Pseudomonas Isolation Agar (PIA) (BD Difco) with 5.0% v/v glycerol (Fisher
BioReagents, Fair Lawn NJ) at 37°C in a humidified incubator with antibiotic as
required. Selection was carried out using the following antibiotic concentrations:
tetracycline (Sigma-Aldrich, St. Louis MO) at 25ug/mL (Tcys) for E. coli and 100pg/mL
(Tcio0) for P. aeruginosa; gentamicin (Sigma-Aldrich) at 50pg/mL (Gmsg) for P.
aeruginosa or 25ug/mL (Gmys) if used together with Tcjgo, and kanamycin (Sigma-
Aldrich) at 100pg/mL (Knjg) for E. coli. The CF clinically isolated P. aeruginosa FRD1
with the algD promoter replaced with an inducible Pzac promoter (FRD1050) was kindly
provided by Dr. Dennis Ohman (80). The creation of an inducible P. aeruginosa
FRD1050 algX-deleted mutant (FRD 2-2) was described previously (19). The non-
mucoid ubiquitous environmental P. aeruginosa PAO1 strain (86) was used as a control
when necessary. The hexa-histidine (Hise) tag was blotted using a rabbit anti-His-tag
polyclonal antibody (Cell Signaling, Danvers MA) at 1:2000 v/v dilution. Detection of
AlgX and AlgL was carried out using rabbit serum antibody previously created by our

group (19, 76) at 1:2000 v/v dilution.
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Table 2.1: Bacterial strains and plasmids used in this study

Strains or plasmid

Phenotype and/or genotype

Reference
or source

P. aeruginosa strains

FRD1050

Prototrophic, alginate positive CF isolate; algD
operon controlled by tac promoter; Cb"

43

FRD 2-2

algX deletion mutant derivative of FRD1050; the
gentamicin cassette replaces part of algX; Cb"

18

FRD 2-2::XHisg

FRD 2-2 transformed with pUC21TalgXHiss or
pUCP21TalgXHiss containing single site directed
amino acid mutation

This study

E. coli strains

DHI10B

F" mcrAA(mrr-hsdRMS-mcrBC) ®80lacZAM15
AlacX74 deoR recAl araD139 A(ara-leu)7697
galU galK rpsL(Str") endA1 nupG fhuA::1S2

Invitrogen

HMS174(DE3)pLysS

F recA hsdR (rk12- mk12-) Rif' (DE3) pLysS
Cm'

56

HB101

supE44 hsdS20(r's m'p) recAl3 ara-14 proA2
lacY'1 galK2 rpsL20 xyl-5 mtl-1

56

GeneHogs®

F" mcrAA(mrr-hsdRMS-mcrBC) ®80lacZAM15
AlacX74 recAl araD139 A(ara-leu)7697 galU
galK rpsL(Str') endA1 nupG

Invitrogen

Plasmids

pUCP21T

Broad-host-range expression vector, Ap',
contains 1.9-kb Ps¢I fragment from pRO1614,
ori, lac promoter containing the tetO/tetR cassette
cloned upstream of the ori using A/fI1

55

pUCP21TalgXHiss

pUCP2IT containing P. aeruginosa FRD1
algXHiss ORF, some with single site directed
mutation, into the MCS using 5°Xbal and
3‘BamHI

This study

Abbreviations: Cb', carbenicillin resistance; Cm', chloramphenicol resistance; Ap',

ampicillin resistance; T¢', tetracycline resistance; mob+, mobilizable plasmid.
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DNA manipulation. FRD1050 genomic DNA was extracted and purified using the
DNeasy Blood and Tissue kit (QIAGEN, Gaithersburg MD). Purified DNA was used as
the template to amplify the algX open-reading frame (ORF) via PCR amplification. PCR
amplification was carried out with either Platinum Pfx DNA polymerase mix (Invitrogen,
Grand Island NY) or 2.0X Apex Taq RED Master Mix (Genesee Scientific, San Diego
CA) with 3.0% v/v DMSO (Sigma- Aldrich). The following primers were used to
amplify the algX carboxyl-terminal hexa-histidine fusion tag (algXHiss) ORF:
Xba+lalgX (5’AAA AAA AGC TCT AGA GAT GAA AAC CCG CAC TTC CCG) and
3’algXHise (5°CGC CGC GGA TCC TTA GTG GTG ATG GTG ATG ATG CTT AAG
CCT CCC GGC CAC CGA CTG GCT). Primers were purchased from Integrated DNA
Technologies (IDT, San Diego CA). DNA fragments were separated using agarose gel
electrophoresis and purified using Wizard SV Gel kit (Promega, Madison WI). PCR
amplified products were purified using the PCR Clean-up System (Promega). The
algXHiss ORF was cloned into pUCP21T in frame with the upstream pLac promoter
using BamHI (New England Biolabs, Ipswich MA) and Xbal (New England Biolabs)
restriction sites creating pUCP21TalgXHiss. pUCP21TalgXHiss was transformed into E.
coli HMS174(DE3)pLysS (87) and E. coli GeneHogs® (Invitrogen, Grand Island NY)
using electroporation (88). Triparental mating (89) was used to transform P. aeruginosa
strains using E. coli HB101 (87) as the helper strain.

Site-directed mutagenesis was achieved using the Q5 site-directed mutagenesis kit
(New England Biolabs). Briefly, algXHiss point mutations were introduced into

pUCP21TalgXHiss by PCR, as instructed by the manufacturer, using primers generated
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by NEBaseChange™: R364A+QS5SDM (5’GCG CCA GGG CGC CAA CGA GGT GC),
R364A-Q5SDM (5’AGC TTG ACC TTG CGG CTG), K396A+QS5SDM (5’ACA CGA
GTT GGC GAA CAC CAT CTG GTA C), K396A-Q5SDM (5°’ACC GAA GGG TCG
CTG TAG), T398A+Q5SDM (5°GTT GAA GAA CGC CAT CTG GTA CAT QG),
T398A-Q5SDM (5’TCG TGT ACC GAA GGG TCG), W400A+Q5SDM (5’GAA CAC
CAT CGC GTA CAT GAA CGG CC), W400A-Q5SDM (5°TTC AAC TCG TGT ACC
GAA G), R406A+Q5SDM (5’GAA CGG CCG CGC CGA GCA GTT G), R406A-
Q5SDM (5’ATG TAC CAG ATG GTG TTC), K410A+Q5SDM (5°CGA GCA GTT
GGC GAT CGA GCA GTC GAA AG), and K410A-Q5SDM (5’CGG CGG CCG TTC
ATG TAC). The mutated pUCP21TalgXHiss point mutant DNA was treated with the
KLD enzymes mixture provided by the manufacturer and transformed into NEB 5Sa
chemicompetent E. coli cells using temperature shock. Cells were selected on LB/Tcsg
agar plates overnight at 37°C in a humidified incubator. Mutagenesis was confirmed by
sequencing the pUCP21TalgXHiss point mutant using the following primer algX 630+
(‘5GCG CGT CGG CCT GCT GTC CA) at the University of California at Riverside
Institute for Integrative Genome Biology.

Alginate rescue assay. FRD 2-2 was transformed with pUCP21TalgXHiss, or
pUCP21TalgXHiss bearing either the R364A, K396A, T398A, W400A, R406A, or
K410A mutation via electroporation or triparental mating. Potential transformants were
plated onto PIA/Gmys/Tcig0 plates and grown at 37°C in a humidified incubator until
colonies appeared. Transformants were screened for the plasmid of interest via PCR

using the following DNA primers: Primer pUC19 3150- (5°GGT GCG GGC CTC TTC

18



GCT) is specific to the downstream end of the multiple cloning sites in pUCP21T in the
reverse orientation and algX 430+ (5’TAC GAC TCG CGC TAC AAC ACQ) is specific to
algX in the forward direction. Screening for FRD 2-2 genomic background was carried
out as described by Robles-Price et al (19). Transformed FRD 2-2 colonies were
subcultured either on PIA/Gm;s/Tcoo/IPTGo smm plates or in MAP/Gmys/Tc10o/IPTGo smm
media for 12-24hr. Cells grown on agar plates were scraped and resuspended in ImL
Tris-NaCl buffer (25mM Tris pH 7.6 and 140mM NaCl). Cells were separated from the
liquid cultures by centrifugation at 16,783xg for 10min at 4°C and supernatants were
collected. To quantify the production of high molecular (HMW, >30 KDa) and low
molecular weight (LMW, <30 KDa) UA polymers, the culture supernatants were passed
through a 30 KDa Amicon® Ultra-15 Centrifugal filter (Millipore, Billerica MA). The
flow-through fractions and un-filtered supernatant were collected and uronic acid content
was determined using the Carbazole assay (90).

AlgXHiss expression, isolation, and purification. E. coli HMS174(DE3)pLysS
containing pUCP21TalgXHiss was grown in 2mL of LB/Tcys overnight at 37°C/200RPM
and then used to inoculate a 250mL LB/Tc;,s culture the following day. The culture was
grown to an optical density at 595nm (ODsgsnm) of 0.7-0.8 and AlgXHise expression was
induced using 0.5mM of isopropyl-B-D-thiogalactopyranoside (Sigma-Aldrich) at
37°C/200RPM for 12-16hr. Bacterial cells were harvested by centrifugation at 8,240xg
for 15 min at 4°C then washed three times with cold Tris-NaCl buffer (25mM Tris pH 7.6
and 140mM NaCl). Cells were suspended in cold lysing buffer (Tris-NaCl buffer

containing 1mM dithiothreitol, 1mM phenylmethanesulfonyl fluoride, 200ug/mL of
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lysozyme, and 3% v/v glycerol) at 100mg of cell-wet weight to ImL of lysing buffer and
incubated at 4°C for 2-3hr with rocking. DNA was sheared by sonication using a Vibra
Cell CV250 (Sonics and Materials, Newtown CT) for 3 cycles (15sec continuous pulse at
50% duty cycle on ice per cycle). Insoluble materials were removed by centrifugation (20
min at 4°C at 12,900xg) and soluble supernatant was filtered through at 0.45um-pore-size
filter (Millipore, Billerica MA).

AlgXHise purification was carried out using Ni-NTA His-Bind resin (Novagen,
San Diego CA). To equilibrate the resin, 50% Ni-NTA His-bind slurry was mixed with
binding buffer (25mM Tris pH 7.6, 140mM NaCl, 200mM KCIl, ImM imidazole, and
ImM B-mercaptoethanol) at a v/v ratio of 1:4. The slurry was then allowed to settle by
gravity and the supernatant was then removed. The same volume was added back to the
equilibrated slurry using cleared lysate-containing AlgXHiss. The solution was mixed
gently and incubated at 4°C for 2hr with shaking. The slurry-lysate solution was then
loaded onto a chromatography column and allowed to empty by gravity at room
temperature at a rate of 1 drop per second. The slurry packed column was then washed
twice with 4mL of washing buffer (25mM Tris pH 7.6, 140mM NaCl, 200mM KCI,
ImM -mercaptoethanol, and 20mM imidazole) and emptied via gravity flow. The flow-
through fractions were saved. To elute the bound proteins, four 1mL fractions of elution
buffer (25mM Tris pH 7.6, 140mM NaCl, 200mM KCI, ImM fB-mercaptoethanol, and
200mM imidazole) were added to the column and the gravity flow-through fractions were

saved and analyzed by SDS-PAGE and Western blot.
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Quantification of unsaturated uronic acid polymers. P. aeruginosa strains FRD1050
and FRD 2-2 were grown in 2mL of MAP media overnight at 37°C/200RPM with the
appropriate antibiotics. The resulting cells were used to inoculate a SOmL culture using
MAP media with the appropriate antibiotics and then grown to an ODsgspy, of 0.7-0.8
before induction with 0.5mM of IPTG for 8hr. Cells were collected by centrifugation at
12,900xg for 30min at 4°C and supernatants were removed. LMW UA polymers from
IPTG induced FRD1050 and FRD 2-2 culture supernatants were isolated as previously
described. To determine the concentrations of reduced uronic acids, a byproduct of AlgL
catalysis, we measured the TBA activity of known concentrations of P. aeruginosa
FRD1050 ethanol precipitated alginate (91) that was incubated with AlgL (isolated from
FRD1050 periplasm) at RT overnight. From these data points, we generated a standard
curve equating the TBA colorimetric intensity (ODsasnm) and the concentration of AlgL
digested alginate (Figure 2.1C). Isolated LMW UA polymers were assayed for reduced
sugar ends using the TBA reagents.

Cross-linking P. aeruginosa FRDI1050 alginate to EAH Sepharose 4G resin. An
alginate resin was created by cross-linking P. aeruginosa FRD1050 ethanol precipitated
alginate (91) onto EAH Sepharose 4B beads (GE Healthcare, Pittsburgh PA) using 1-
ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC). In brief, 4mL of
EAH Sepharose 4B beads were washed three times with 10mL of acidified deionized
water (pH 4.5) and then resuspended in 10mL of acidified deionized water containing
500mM NaCl. Purified FRD1050 alginate was resuspended in 25mM HEPES buffer pH

4.5 to a concentration of 30ug/mL and then mixed at 1:1 v/v ratio with the washed
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Sepharose 4B beads. Alginate-to-beads conjugation was catalyzed at 4°C with drop-wise
addition of 2mL of a 1.0M solution of EDC dissolved in 25mM HEPES pH 4.5. The
reaction was then incubated for 2hr in a rotating platform at 4°C. The pH was monitored
and adjusted to 4.0-5.0 using diluted solution of HCI or NaOH as needed. The resins were
collected by centrifugation at 3,200xg for 30min at 4°C and washed three times with
10mL of Tris buffer pH 7.6. The Carbazole or TBA assay was used to determine whether
conjugation was successful (53).

Alginate affinity assay. No alginate-conjugated (null slurry) and alginate-conjugated
Sepharose 4B resins were used to pack 0.7x5.5cm chromatography columns (BioRad) to
a bed height of 1.50-1.75cm. A 0.75mL solution of purified AlgXHise (input) was passed
by gravity through the alginate conjugated or null slurry resin and the flow-through
fractions were collected. The columns were washed three times with 0.75mL of 25mM
Tris buffer pH 7.6 and wash flow-through fractions were collected. Sepharose beads were
then resuspended with 0.75mL of 25mM Tris buffer pH 7.6 containing 0.1% v/v B-
mercaptoethanol. Proteins were eluted off the beads by boiling the samples for 30min and
the supernatant was collected after centrifugation at 2000xg for 15min. Collected
fractions were standardized by volume and blotted for AlgXHise using SDS-PAGE and
Western blot. Nitrocellulose blots were developed using BCIP/NBT Substrate Solution
(PerkinElmer, Boston MA) and imaged using an 8 megapixels iSight camera under
normal laboratory illumination on white background. The digital RBG images were
converted to 8-bit (256 gray shades) and densitometric analysis of AlgXHiss was

quantified using Image] 1.47v. (Mac OSX version, http://imagej.nih.gov/ij).
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Measurement of density profile was done by volume (average band intensity multiplied
by its area) and the presence of AlgXHiss was calculated as percentage relative to input.
O-acetylation assay. Alginates were isolated by ethanol precipitating (91) uronic acid
polymers produced by the IPTG induced FRD 2-2 complemented with pUCP2IT
harboring either a non-mutated or alanine mutated algXHiss. Uronic acid (UA)
concentrations from isolated alginates were determined using the Carbazole assay (90).
Quantification of O-acetylation from the isolated alginates was carried out using a scaled-
down version (22) of a chemical method first described by Hestrin (92).

Structure modeling. The three-dimensional coordinates of the crystallographic structure
of AlgX were obtained from the Protein Data Bank (PDB) using the PDB code 4KNC
(22). AlgX was crystallized as a dimer with both molecules missing some residues due to
the quality of electron density in the region. Glu-447 and Asp-250:Ser-251 were missing
from the selected protein. We obtained the full protein sequence from www.uniprot.com
and aligned it to the sequence with missing residues obtained from the PDB, excluding
the N-terminal and C-terminal loops that are not relevant for our study, using ClustalW?2
(93). The alignment was used to generate a structure of AlgX with the missing residues
using Modeller (94). Modeller has been shown to be very effective for short loops (95).
The two missing segments, consisting of one and two amino acids, are located in solvent-
exposed flexible loops, for which dynamic interconversion of multiple local
conformations is expected; the conformations of the modeled three amino acids are

representative within a locally optimized microenvironment.
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Crystal structures of UA polysaccharides, MMM, AMMM, and AMMGM, were
extracted from PDB structures 2PYH, 1HV6, and 1Y3P, respectively (96-98). These
structures were used as starting structures to generate different polysaccharide
combinations of mannuronic (M) and guluronic (G) acid in the presence or absence of
reducing ends (A). Polysaccharide combinations were generated using Chimera.
Autodock Vina v1.1 (99) was used to dock our constructed alginate polymers into the
carbohydrate-binding module of AlgX. We prepared the ligands to dock using
AutoDockTools (100) by adding polar hydrogens to both the ligand and receptor, setting
all single bonds of the ligand as rotatable, and saving both files as pdbqt files. The search
space was reduced to the C-terminal carbohydrate-binding module of AlgX within a grid
box of 27.5 x 41.75 x 34.3 A.

After preparing the ligands and receptor and defining the binding site grid box, we
used Autodock Vina to generate 20 models for each ligand at an exhaustiveness of 100
with a series of optimization tests provided by the Autodock Vina protocol. Models
docked within the pinch point (22) of the CBM were selected for further analysis.
Resulting receptor-ligand complexes were analyzed using computational scripts to
determine the percent occupancies of AlgX residues involved in Alginate binding. The
scripts were written in R (101) using the Bio3D v2.0 package and UCSF Chimera v1.8.1
(102). The occupancies represent the percentage of complexes that harbor a specific
interaction between a residue in AlgX and a saccharide subunit in the docked ligand,
from the complexes generated with Autodock Vina v1.1 and have ligands bound at the

pinch point. The complexes were examined to determine the presence of hydrogen bonds
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and salt bridges. Hydrogen bonds were extracted using the Chimera software and salt
bridges were calculated using a cutoff value of 5 A between the charged functional
groups (102).

Statistical analysis. All data are expressed as the mean average of at least three
independent replicates + standard deviation (StDev). A two-tailed Student’s #-test was
used to compare values obtained from two independent groups. p-Values <0.05 were
considered statistically significant. Statistical comparisons were reported as p-Value <

0.05 (*), p-Value <0.01 (**), and p-Value < 0.001(***); NS = not significant.
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Results

AlgL cleaves nascent alginate produced by the algX-deleted mutant. We have
previously reported that AlgX is required for alginate biosynthesis in P. aeruginosa and
chromosomal deletion of algX (FRD 2-2) in the FRD1050 parental strain resulted in a
loss of mucoidy due to the production of LMW UA polymers in place of alginate or
HMW UA polymers (18, 19). Furthermore, we reported that LMW UAs isolated from
FRD 2-2 were highly reduced (19) suggesting that the production of LMW UA polymers
is likely due to AlgL cleavage of alginate in the periplasm. In this study, we quantified
the relative abundance of LMW and reduced LMW UA polymers (rLMW), a product of
AlgL degradation by B-elimination (103) from FRD 2-2. Although both FRD1050 and
FRD 2-2 produce almost the same amount of UA, FRD 2-2 produces exclusively LMW
UA polymers (720+53ug/mL) compared to FRD1050, which produced a mixture of
LMW (255+12ug/mL) and HMW (515£25ug/mL) UA polymers (Figure 2.1A/B). Using
alginate purified from the periplasm of FRD1050 that has been completely degraded by
AlgL (expressing 3743 EU/mg-min lyase activity), we demonstrated that there is a linear
relationship between the colorimetric intensity in the TBA assay and the concentration of
AlgL digested alginate (Figure 2.1C). We determined that, of the total LMW UA mass
isolated from FRD 2-2, 92% of the LMW UA polymers are reduced. In addition, we
determined that 83% of the LMW UA polymers isolated from FRD1050 are reduced
(Figure 2.1D). These observations confirm that in the absence of AlgX (FRD 2-2), no
intact HMW UA polymers are transported out of the cell because AlglL degrades alginate

polymers in the periplasm. In the presence of AlgX and an intact alginate biosynthetic
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scaffold (FRD1050), about % of the alginate (HMW UA) polymers are transported into
the supernatant or to AIgE intact; however, AlgL can still digest the occasionally

misguided or periplasm-exposed polymer (about '3 of alginate is LMW).
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Figure 2.1: Quantitation of uronic acid production. (A) Total uronic acid (UA)
production was quantified for FRD1050 and FRD 2-2 in the presence (+) or absence of
IPTG. IPTG induced FRD1050 and FRD 2-2 produce similar amounts of UA. (B) UA
polymers from FRD1050 and FRD 2-2 after IPTG induction (+) were separated into
LMW (<30KDa) and HMW (>30KDa) polymers and then quantified using the Carbazole
assay (53). FRD1050 produces a mixture of LMW and HMW UA and FRD 2-2 produces
exclusively LMW UA. Relative amounts of LMW and HMW UA are also reported as
percentage of total UA obtained. (C) The mass of reduced uronic acid was calculated by
using the relationship between the TBA colorimetric intensity and the relative
concentrations of AlgL digested alginate. (D) LMW UA from FRD1050 and FRD 2-2
were assayed for reduced ends as described in the Materials and Methods. % shown
represents % of total LMW UA produced with reduced ends. This observation suggests
that the LMW UA produced by FRD1050 and FRD 2-2 contain exclusively reduced ends,
a product of alginate lyase cleavage of alginate polymers. ND indicates no detectable
signal.
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In silico data indicate that alginate docks to the carbohydrate-binding module. The
crystal structure revealed that AlgX is a two-domain protein containing a N-terminal
SGNH hydrolase-like domain and a C-terminal carbohydrate-binding module (CBM).
The superposition of AlgX CBM domain with CBM29-2 (PDB code 1GWK) in complex
with a mannohexose ligand indicated a set of four highly conserved amino acid residues
(R364, T398, W400, and R380) dubbed the substrate recognition pinch point (SRPP)
(22). Given the differences in the architectural makeup of the alginate polymer, mainly
by the presence of guluronic acid residues, we sought to refine the conformational
binding motif of AlgX and to provide additional insight into secondary contributions
from other amino acid residues. Using in silico modeling, we docked a variety of alginate
polymers consisting of various permutations of mannuronic and guluronic acid
monomers (Figure 2.2A) to the CBM. The alginate polymers docked into the SRPP
domain of the CBM produced a wide range of conformational poses. Calculating the
interaction occupancies provided the statistical significance of the interactions between
specific AlgX amino acid residues and the alginate polymers (Figure 2.2B). K396, R406,
and K410 have hydrogen-bonding occupancies of 88%, 88%, and 100%, respectively, in
our generated conformational poses. R364 has a calculated hydrogen-bonding occupancy
of 19%. Salt bridge occupancies of R364 and R406 interacting with the docked polymers
show relatively modest occupancy percentages (30% and 60% respectively) while K396
and K410 have high percentage of salt bridge occupancies (100% and 90% respectively).
T398 and W400 were predicted to form low or no hydrogen bonding with a calculated

percent occupancy of 13% and 0% respectively. This shows that among four of the
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proposed amino acid residues that make up the putative SRPP, only R406 is shown to
form high intermolecular interaction with the docked alginate polymers while T398 and
W400 may be contributing more in aliphatic interactions. K396 is calculated to form
hydrogen bonding and salt bridges in 88% and 100% of our poses. Similarly, K410 has
relatively high hydrogen bonding and salt bridges occupancy (100% and 90%). Given our
docking observations, we hypothesized that K396 and K410 may also directly interact
with the alginate polymer. The topology of R364, K396, T398, W400, R406, K410, and
an example of a docked ligand (MGMMGM) is shown in Figure 2.2C. The Figure shows
that R364, K396, and R406 surround the ligand contributing to hydrogen bond- and salt
bridge-mediated binding. Contact occupancies were also observed for many additional
amino acid residues; however, these contact points are situated outside the CBM and

were not considered to be potentially important for alginate binding.
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Figure 2.2: In silico docking of alginate ligands to AlgX carbohydrate binding module
(CBM). (A) Variations of uronic acid polysaccharides composed of mannuronic (M) and
guluronic (G) acid generated for the docking studies; some contain reduced ends (A). The
chemical structures of the polysaccharides were drawn using MarvinSketch 6.2.1
(ChemAxon; http://www.chemaxon.com/). (B) Intermolecular interaction occupancies of
docked alginate ligands to AlgX CBM domain. Percent occupancies of selected amino
acid residues that harbor a specific hydrogen bond or salt bridge interaction between a
residue in AlgX and a saccharide subunit in the molecule docked. Hydrogen bonds were
calculated using the Chimera criteria (65). Salt bridge occupancies are a subset of the
listed hydrogen bonds, and were calculated using a 5-A cutoff value between charged
functional groups. NA = not applicable. (C) Molecular model of the CBM (in ribbon
representation) with the amino acids examined for contributions to polysaccharide
binding in complex with a representative uronic acid (UA) polysaccharide MGMMGM).
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AlgX binds alginate and alanine substitution of K396, T398, W400, and R406 affects
AlgX binding. To date only AlgG and AlgL have been demonstrated to bind alginate (20,
76). To determine whether AlgX could bind alginate, we passed purified AlgXHise
through an alginate cross-linked Sepharose 4B column and analyzed the flow-through
fractions using SDS-PAGE and western blot (Figure 2.3). Densitometric analysis of
captured flow through fractions revealed that the alginate cross-linked Sepharose 4B
column retained 67+26% of the input AlgXHiss compared to 37+6% from the null
column (beads without alginate). After three washings, both columns lost approximately
equal percentage of input AlgXHiss (17+8% and 20+7%). Eluting AlgXHiss from the
columns, we calculated that 50+11% of input AlgXHiss was retained by the alginate
cross-linked Sepharose 4B column compared to 16+4% from the null column (Figure
2.3A). These observations indicated that AlgXHise binds alginate.

Our docking study indicates that in addition to the amino acid residues that make
up the SRPP, K396 and K410 may also participate in binding alginate. To determine
whether alanine substitutions of R364, K396, T398, W400, R406, and K410 would affect
alginate binding, individually purified AlgXHiss mutants bearing the respective alanine
substitution were passed through the alginate cross-linked Sepharose 4B column and
flow-through fractions were analyzed for AlgXHiss via SDS-PAGE and Western
blotting. Densitometric analysis demonstrated that alanine substitution of K396, T398,
W400, and K406 significantly affect AlgXHiss retention in the alginate cross-linked
Sepharose 4B column (Figure 2.3A) compared to the non-mutated AlgXHiss. The

percentage of AlgXHise retained by the alginate column in respect to the input was
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33+7% and 12+£3% for the K396A and R406A mutant, respectively, compared to
50£11% for the non-mutated AlgXHiss. Alanine mutation of T398A completely
eliminated AlgXHise ability to bind alginate. Alanine mutation of W400 significantly
increases the retention of AlgXHise (96+8%) by the alginate cross-linked Sepharose 4B
column. The retention percentages of R364A and K410A are 39+9% and 50+11%,
respectively, suggesting that R364 and K410 do not significantly affect AlgXHiss binding
to alginate.

Alanine substitution of T398, W400, and R406 affects alginate biosynthesis. To
determine whether changes in alginate binding would affect alginate biosynthesis, we
tested the ability of these AlgXHiss mutants to reconstitute alginate production by
comparing the relative percentages of HMW UA polymers produced by the
complemented FRD 2-2. In trans expression of AlgXHise in FRD 2-2 bearing either the
T398A, W400A, or R406A mutations produce HMW UA polymers with levels that are
significantly lowered (42+9%, 31+£2%, and 40+22% respectively) than that compared to
non-mutated AlgXHise (72+£2%). The K396A mutation resulted in a marginal but
significant decrease in alginate binding and reconstituted HMW UA production in FRD
2-2 at levels similar (76+1%) to that observed in the non-mutated AlgXHiss (73£1%).
This could be due to the salt bridge or hydrogen bonding compensatory effect of K410,
which sits proximally to K396 in the adjacent alpha helix (Figure 2.2C). The R364A and
K410A mutants did not significantly affect AlgXHiss binding to alginate and produce
HMW UA polymer at levels (80+19% and 73+1%) that are comparable to that of the

non-mutated AlgXHise (Figure 2.3B).
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Figure 2.3: Alginate affinity assay and HMW uronic acid quantitation of FRD 2-2 by
complementation with AlgX or its alanine mutants. (A) The retention of AlgXHise
(XHis) by the alginate cross-linked Sepharose 4B column and its presence in captured
flow through fractions were analyzed using ImageJ 1.47v with the built-in densitometric
analysis plugin. The percentage of AlgXHise retained by the null column (Null) serves as
a non-specific binding baseline value. The retention percentages of alanine mutated
AlgXHiss bearing the R364A, K396A, T398A, W400A, R406A, and K410A were
compared to the retention percentage obtained from the AlgXHiss non-mutated sample.
Flow: input fraction that was captured after a single pass through the column. Wash: the
sum of AlgXHise found in the three wash fractions. Beads: the percentage of AlgXHise
retained by the column. ND indicates not detected. (B) The ability of AlgXHiss bearing
either the R364A, K396A, T398A, W400A, R406A, or K410A mutations to rescue
alginate production in FRD 2-2 was quantified by comparing the percentage of HMW
UA polymers produced by the mutants to the non-mutated AlgXHise. (C) The expression
of the various AlgXHiss mutants was demonstrated by blotting for the hexa-histidine tag
via Western blotting from complemented FRD 2-2 cellular extracts. Total proteins were
stained using Ponceau S on nitrocellulose membrane after transfer. NC = not
complemented.
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Alanine substitution of T398, W400, R406, and K410 affects alginate acetylation. To
determine whether alginate acetylation is affected due to the changes in the ability of the
AlgXHise mutants to bind alginate, we quantified the degrees of O-acetylation from UA
isolated from FRD 2-2 complemented with the AlgXHiss mutants. AlgXHiss mutants
bearing the T398A, W400A, and R406A substitution resulted in a significant decrease in
alginate acetylation compared to non-mutated AlgXHis¢ (Figure 2.4). FRD 2-2
complemented with the T398A, W400A, or R406A resulted in respectively 0.13+£0.04,
0.10+0.03, and 0.08+0.03mM of acetylated UA-per-mM total UA (mM*/mM") compared
to 0.24+0.05mM"/mM" for the non-mutated AlgXHise. Interestingly, alginate acetylation
was not affected by the mutation of K396 into alanine (0.24+0.09mM"/mM"), although,
we previously observed a significant reduction in alginate binding. In contrast, the
mutation K410A, which does not contribute to alginate binding, significantly affected
alginate acetylation (0.11+0.05mM"/mM"). This demonstrated that K396 participation in
alginate binding is not important for acetylation and K410 does not participate in alginate
binding but is important for acetylation. We did not observe a significant change in

alginate acetylation for the R364A mutant (0.17+0.05mM"*/mM").
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Figure 2.4: Quantitation of O-acetylated UA from FRD 2-2 complemented with
AlgXHiss mutants. Purified UA from FRD 2-2 complemented with AlgXHiss mutants
were assayed for O-acetylation. Values obtained from the point mutants were compared
to FRD 2-2 complemented with the non-mutated AlgXHise.
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Discussion

Previously we reported that AlgX is required for alginate biosynthesis and its
absence resulted in the loss of mucoidy due to the production of LMW UA polymers (18,
19). Structural and functional characterization suggests that mutation of the catalytic triad
in the N-terminal SGNH hydrolase-like domain resulted in non-acetylated alginate (22).
This is the first structural characterization of AlgX participation in polysaccharide
acetyltransferase. However, the role of the C-terminal carbohydrate-binding module
(CBM) of AlgX has not been evaluated. In this study we show that 100% of the LMW
UA polymers produced by FRD 2-2 and its parental FRD1050 strain are a result of
enzymatic degradation by AlgL. Alginate affinity assays demonstrated that AlgX has the
ability to bind alginate. Docking studies and alanine mutations suggest that K396, T398,
W400, and R406 are essential for alginate binding. Furthermore, we also demonstrated
that mutation of the amino acid residues that participate in alginate binding directly
affects alginate biosynthesis and alginate acetylation.

UA polymers produced by the algX-deleted mutant, dubbed FRD 2-2, contain
high amounts of reduced sugar ends. We concluded that this population of LMW UA is
due to the degradation of alginate polymers by AlgL (19). To provide additional evidence
for this conclusion, we quantified the mass of LMW UA and demonstrated that 92% of
the LMW UA polymers produced by FRD 2-2 are reduced suggesting that they are
products of AlgL degradation. Furthermore, AlgL contains a signaling peptide that
localizes to the periplasm (76, 104) suggesting that degradation occurs in the periplasm.

Interestingly, the production of a small population of reduced LMW UA polymers in
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FRD1050 implies that AlgL functions as an alginate scavenging protein that occasionally
degrades misguided polymers during alginate biosynthesis.

Previously published work demonstrated the presence of a network of residues in
the CBM of AlgX that could accommodate a single hexamannose polysaccharide (22).
This network, dubbed the substrate recognition pinch point (SRPP), was composed of
two basic residues (R364 and R406), an aromatic (W400), and a polar (T398) residue.
Architecturally, the alginate polymer differs from the hexamannose polysaccharide due to
the presence of guluronic acid residues that cause the alginate polymer to bend. To
accommodate for this structural difference, we used various combinations of UA ligands
composed of mannuronic and guluronic polymers as substrates for our docking studies.
From our in silico modeling, we demonstrated that many of the amino acid residues that
were reported by Riley et al. (22) have high calculated percentage of hydrogen bond
formation and salt bridge occupancy. Among the proposed amino acid residues that made
up the SRPP (R364, T398, W400, and R406), alanine mutation of T398 and R406
resulted in a significant reduction in alginate binding (See Table 2.2). In addition,
mutation of K396 significantly reduced AlgX binding to alginate. In contrast, the alanine
substitution of W400 significantly increased alginate binding. Our observations suggest
that T398 may be important for substrate recognition and acts to situate the alginate
polymer inside the SRPP, and that amino acid residues K396, R406, and W400 stabilize
the polysaccharide-protein complex by the formation of hydrogen bonds, salt bridges and
aliphatic interactions. Our data largely agrees with the previously published predictions

(22).
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It is uncertain whether the CBM domain of AlgX plays a role in alginate
biosynthesis. Site-specific mutations in the CBM that resulted in the greatest change in
alginate binding (i.e., T398, W400, and R406) significantly reduce alginate production
and alginate acetylation (Table 2.2). Therefore, it is conceivable that the CBM serves as
an intermediary alginate-shuttling domain whose function is to guide and direct the
nascent alginate polymers, acting as an extension to the acetylation complexes given that
Algl, AlgJ, and AlgF lack a carbohydrate-binding domain (77, 79). Such ligand-binding
modules have been known to enhance substrate affinity as well as stabilization and are
often appended to catalytic machinery (105, 106).

In this chapter, we have demonstrated that AlgX binds alginate and site-directed
mutations of the amino acids located in the CBM SRPP that participate in polysaccharide
binding affect AlgX affinity to alginate. In addition, we also demonstrated that the
alginate-binding quality of AlgX CBM is important for alginate biosynthesis and
acetylation. During alginate biosynthesis, we believe that AlgX CBM acts as an
intermediate shuttle that guides the nascent alginate polymer toward the acetylation
machinery and eventually to AIgE. This is the first functional demonstration of AlgX’s

CBM role in alginate biosynthesis and acetylation.
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Alginate HMW UA Alginate
Binding Production | Acetylation
XHis + + +
R364A + + +
K396A R + +
T398A - R R
W400A .- R R
R406A R R R
K410A + + R

Table 2.2: Characteristic observations of AlgXHiss mutants: Binding to alginate,
alginate rescues (HMW UA production), and alginate acetylation outcomes obtained
from AlgXHiss mutants were compared to non-mutated AlgXHiss (XHis). No statistical
differences or similar outcomes compared to XHis are indicated by (+). A statistically
significant increase compared to XHis is indicated by (++). A statistically significant
decrease is indicated by (R). A complete loss of activity is indicated by (-).
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CHAPTER 3

Bacterial biofilms, redox stress, and the creation and reversal of mouse chronic

wounds
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Abstract

Human chronic wounds, such as diabetic foot, pressure and venous ulcers, and
other similar chronic wounds, impact ~6.5M people and cost ~$25B/year in the US alone.
While great efforts have been made to stimulate healing of these wounds, success has
been limited. The purpose of this study is to determine the factors that trigger the wound
on a path to chronicity. We report that the inhibition of two reactive oxygen species
antioxidant systems soon after injury and the topical infection with biofilm-producing
bacteria resulted in the formation of chronic wounds in the mouse LIGHT knock out
(LIGHT™") animal model. In a more clinically relevant animal model, the diabetic (db/db,
type II) mouse model, we demonstrated that early inhibition of the same reactive oxygen
species antioxidant systems alone is sufficient to create chronic wounds with
spontaneously biofilm-producing bacterial infection, presumably arising from the animal
skin’s microbiome. These chronic wounds (LIGHT” and diabetic) are infected with
biofilm-producing bacteria largely made up of coagulase-negative Staphylococcus sp.,
Enterococcus sp., Enterobacter cloacae, and Pseudomonas sp. We also demonstrated that
by abating redox stress (treating the chronic wounds with the antioxidants, a-tocopherol
and N-acetyl cysteine) in the diabetic wounds, we were able to achieve better healing
with reduction in biofilm-forming bacterial burden. In conclusion, we show for the first
time that by inhibiting specific reactive oxygen species antioxidant systems with or
without biofilm-producing bacterial infection, we are able to create chronic wounds in
two different animal models. Furthermore, we demonstrated that wound chronicity can be

reversed by abating redox stress in the diabetic animal model. Our findings demonstrate
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the importance of reactive oxygen species balance and skin microbiota that will help in
deciphering the mechanisms underlying the development of chronic wounds and hence

find potential targets to treat them.
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Introduction

Wound healing is a dynamic process that comprises a sequence of phases and is
regulated by a variety of environmental conditions and by different growth factors,
cytokines, and hormones. Defects in the healing process, or failure of acute wounds to
proceed through the normal regulated repair process, result in wounds that have impaired
healing and/or become chronic (107, 108). Great efforts have been made to alter the
course of repair from non-healing wounds to healing wounds; however, success has been
limited. This is chiefly due to the lack of animal models that resemble human chronic
wounds.

We recently showed that a mouse in which the Tumor Necrosis Factor
Superfamily Member 14 (TNFSF14/LIGHT) gene has been knocked out (LIGHT”™ mice)
has wounds that heal poorly and show many of the characteristics of impaired wounds in
humans (31). When compared to wounds in normal animals (controls), the wounds of
LIGHT mice show defects in epithelial-dermal interactions, high degree of
inflammation, and damaged microvessels with virtually no basement membrane or
periendothelial cells. The collagen in the granulation tissue is mostly degraded; matrix
metalloproteinases (MMPs) are elevated and tissue inhibitors of metalloproteinase
(TIMPs) are down-regulated. In addition, we also found that the LIGHT wounds
occasionally become chronic, and when they do, these defects are highly accentuated. In
addition, the wounds become heavily infected with Staphylococcus epidermidis (31), a

gram-positive bacterium frequently found in human chronic wounds (109).
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Diabetic foot ulcers and other similar chronic wounds impact ~6.5M people and
cost ~$25B/year in the US alone (33). Patients with diabetes often have defects in the
healing process and are at high risk of developing non-healing ulcers. The critical need
for a cure of chronic wounds is underlined by the continuous increase in type II diabetes
accounting for more than 90% of all diabetes. Although the series of events leading to the
development of chronic wounds remains unclear, redox imbalance/stress caused by
elevated concentrations of reactive oxygen species (ROS) and the presence of biofilm-
producing bacteria potentially play key roles in the process (23, 31, 34-36). ROS are
generated by resident endothelial cells and fibroblasts soon after injury (37) and low
levels of ROS act as essential mediators of intracellular signaling that leads to proper
healing and is required for defense against invading pathogens (38, 39). However, high
levels of ROS are known to cause DNA damage, gene dysregulation, and cell death while
creating a propitious environment for bacterial infection (39). Studies have provided
evidence that non-healing ulcers in humans have high levels of redox stress (i.e.,
oxidative and nitrosative stress) (34, 40, 41) and are often infected with Staphylococcus
aureus, Enterococcus  faecalis, Pseudomonas aeruginosa, coagulase-negative
staphylococci and Proteus species (42).

In this chapter we demonstrate that by inhibiting the activity of glutathione
peroxidase (GPx) and catalase, two antioxidant enzymes, and the topical application of
biofilm-producing Staphylococcus epidermidis C2, a bacterium previously isolated from
a chronic wound (31), immediately after wounding cause the impaired wounds from

LIGHT” animals to become chronic 100% of the time. In addition, LIGHT” chronic
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wounds often developed secondary bacterial infections with many species commonly
found in human chronic wounds. Using the db/db mouse model, we show that by
inhibiting the same antioxidant enzymes immediately after wounding, we were able to
generate chronic wounds containing spontaneously formed antibiotic-resistant bacterial
biofilms. These biofilms often contain a microbial mass made up of many bacterial
species and these bacterial species undergo dynamic changes over time. Moreover, we
demonstrated that the bacterial burden is greatly reduced and wound chronicity can be
reversed by treatment with the antioxidants N-acetyl cysteine (NAC) and a-tocopherol.
These models emphasize the importance of ROS antioxidant systems and the contribution
of biofilm-associated bacterial infection in the development of chronic wounds.
Furthermore, these models can potentially lead to identifying diagnostic molecules and to

the development of new therapeutics for chronic wounds.

46



Materials and Methods

Dermal excisional wound model. The generation of LIGHT” chronic wounds was
performed using 12-16 week old LIGHT™ mice. The procedure was performed as
previously described (31). The creation of chronic wounds was carried out using 6-7
month-old db/db mice (homozygous for the diabetes spontaneous mutation Lepr™)
purchased from the Jackson laboratory (Bar Harbor, ME). Prior to wounding, the midline
hairs on the back of the mouse were removed using Nair Hair Remover 24hr prior to
wounding. A single full-thickness wound (excision of the skin and the underlying
panniculus carnosus) was made using a 7mm biopsy punch. Db/db chronic wounds were
induced by inhibiting the catalase and peroxidase antioxidant systems. Catalase activity
was irreversibly inhibited by 3-amino-1,2,4-triazole (ATZ) via intraperitonial injection at
a concentration of 1g/kg body weight 20min prior to creating the excisional wound. ATZ
binds irreversibly to the protein part of catalase and is covelently attached to the protein
(110). Glutathione peroxidase activity inhibition was done using mercaptosuccinic acid
(MSA) topically at a concentration of 150mg/kg body weight immediately after
wounding. MSA is a strong and specific reversible inhibitor of the glutathione peroxidase
enzyme (111). The wound was immediately covered with sterile tegaderm (3M, St. Paul,
MN). Similar treatment was carried out using age-matched C57BL/6 mice. Animals were
housed at the University of California, Riverside (UCR) vivarium. All experimental
protocols were approved by the UCR Institutional Animal Care and Use Committee

(IACUC).
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Superoxide dismutase, hydrogen peroxide, and catalase activity assay. Extracts obtained
from tissues collected at various time points (4h, 12h, 24h and 48h post-wounding) were
processed for total superoxide dismutase (SOD) activity using a commercially available
kit (Cayman Chemical, Catalog# 706002, Ann Arbor, USA) as instructed by the assay kit
manufacturer. The kit measures all three types of SOD (Cu/Zn, Mn", and EC-SOD). One
unit of SOD is defined as the amount of enzyme needed to cause 50% dismutation of the
superoxide radical. A standard curve was generated by measuring SOD activity of bovine
erythrocytes at various concentrations run under the same conditions. SOD activities
were calculated from the linear regression of the standard curve. Tissue hydrogen
peroxide (H,O,) levels were measured by using a commercially available kit (Cell
Technology Inc., Catalog# FLOH 100-3, Mountain View, USA). The assay is based on
the peroxidase-catalyzed oxidation by H,O, of the nonfluorescent substrate 10-acetyl-3,7-
dihydroxyphenoxazine to a fluorescent resorufin. Fluorescent intensities were measured
at 530nm (excitation)/590nm (emission) using a Victor 2 microplate reader.
Concentrations of H,O, were determined from a standard curve generated with known
concentrations of H,O,. Tissue catalase activity was measured by using a commercially
available kit (Cayman Chemical, Catalog# 707002, Ann Arbor, USA). The enzyme assay
for catalase is based on the peroxidative function of catalase with methanol to produce
formaldehyde in the presence of an optimal concentration of H»,O,. The generated
formaldehyde was measured spectrophotometrically at 540nm in a 96-well plate. Tissue
glutathione peroxidase (GPx) activity was measured using a commercially available kit

(Cayman Chemical, Catalog# 703102, Ann Arbor, USA). The activity was measured
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indirectly by a coupled reaction with glutathione reductase (GR). The rate of decreasing
absorbance (measured at 340nm) at 1-min intervals for a total of Smin using a Victor 2
microplate reader is directly proportional to the GPx activity of the sample. GPx activity
was expressed as nmol/min/ml of tissue extract.

Bacterial isolation and characterization. Wound exudates/secretions were collected
using sterile cotton swabs and resuspended in 1.0% w/v proteose peptone and 20.0% v/v
glycerol solution. Bacteria were cultured for 16-18h at 37°C on tryptic soy agar plates,
BD Difco (Sparks, MD), containing 5.0% v/v defibrinated sheep blood, Colorado Serum
Company (Denver, CO), and 0.08% w/v Congo red dye, Aldrich Chemistry (St.Louis,
MO). Colonies were differentiated and isolated based on size, hemolytic pattern, and
Congo red uptake. Resulting cultures were examined using Gram stain and visualized
with optical microscopy. Gram-negative rods were characterized using the API®20E
identification kit, Biomerieux (Durham, NC), and oxidase test, Fluka Analytical (St.
Louis, MO). When required, the Pseudomonas Isolation Agar culture test, 42°C growth
test in tryptic soy broth (TSB), BD Difco (Sparks, MD), and motility assay were used.
Gram positive coccal cultures were differentiated based on catalase activity, coagulation
activity, Fluka Analytical (St. Louis, MO), 6.5% w/v NaCl tolerance test, and hemolytic
activity. Biofilm production was quantified using methods described previously (112).
Viable bacterial cells count: Wound exudates were resuspended in sterile LB to yield a
1:4 v/v ratio of exudate-to-TSB solution. Bacterial colonies were visually counted on
typticase soy agar plates containing 5% v/v sheep red blood cells incubated at 37°C

overnight in a humidified incubator.
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Community minimal inhibitory concentrations assay. Wound exudates (containing
bacteria) seeded on flat-bottomed tissue culture plates for 3-4hr at 37°C in a humidified
incubator were challenged with antibiotic for 12hr at various concentrations in TSB.
Optical density at 595nm (OD595nm) was used to quantify bacterial growth. The
community Minimal Inhibitory Concentration (cMIC) is defined as the lowest
concentration of antibiotic that resulted in < 50% increase in OD595nm compared to that
recorded before introduction of antibiotic.

Scanning Electron Microscopy: Tissues collected were fixed in 4% paraformaldehyde
for 4hr at room temperature. Samples were then dehydrated in 25%, 50%, 75%, 95% and
100% ethanol for 20min each at room temperature. Critical point drying of the tissues
was performed using Critical-point-dryer Balzers CPD0202 followed by Au/Pd
sputtering for 1min in the Sputter coater Cressington 108 auto. The coated samples were
attached to carbon taped aluminum stubs and were imaged using an XL30 FEG scanning
electron microscope.

Statistical analysis. All data are expressed as the mean of at least three independent
replicates + standard deviation (Stdev). A two-tailed Student’s 7-test was used to compare
values obtained from two independent groups. A p-Value < 0.05 was considered
statistically significant. Statistical comparisons were reported as p-Value < 0.05 (*), p-

Value < 0.01 (**), and p-Value < 0.001(***); NS = not significant.
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Results

High levels of ROS stress and the presence of bacteria resulted in the development of
chronic wounds in the LIGHT” animal model. A schematic illustration of the oxidation
and nitrosative stress cycle is shown in Figure 3.1. The inhibition of two mitochondrial
hydrogen peroxide detoxification systems, glutathione peroxidase (GPx) and catalase
(113, 114), were carried out by the irreversible AZT and highly specific but reversible
MSA molecules, respectively. To determine whether the use of these inhibitors of
antioxidant enzymes (IAE) in LIGHT” wounds will result in further increase in oxidative
stress, we measured the levels of superoxide dismutase (SOD) (Figure 3.2A). SOD
activity in non-treated LIGHT” wounds was elevated by 4hr post-wounding and
inhibition of GPx and catalase activity resulted in further increase in SOD activity
compared to the C57BL/6 control wounds (Figure 3.2B/C). Consistent with this result,
H,0, levels were significantly elevated as early at 4hr post-wounding in the LIGHT™”
wounds, decreasing to control levels by 48hrs (Figure 3.2D). Furthermore, we observed
that in LIGHT”" mice, both GPx and catalase activities were similar to control mice,
suggesting that accumulation of H,O, was primarily caused by the inability of the

antioxidant system to keep up with the oxidative stress.
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Figure 3.1. Schematic illustration of oxidative and nitrosative stress cycle. Superoxide
dismutase (SOD) dismutates superoxide anions (O27) to generate H,O,. This reactive
oxygen species (ROS) can be detoxified by catalase to H,O+O, and by glutathione
peroxidase (GPx) to H>O. ROS can also enter the Fenton reaction in the presence of
ferrous ions to give rise to OH+OH™ We also depict the O2" interaction with nitric oxide
(NO) produced by nitric oxide synthetase (NOS) to give rise to peroxinitrite anion
(ONOQ"). The effects of oxidative and nitrosative stress can cause lipid peroxidation,
DNA damage, protein modification and cell death.
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Figure 3.2: Oxidative stress is normally elevated in LIGHT wounds and further
increased with the use of IAE. (A) SOD activity was measured using a tetrazolium salt
that converts into a formazan dye detectable at 450nm. SOD activity is significantly
elevated in LIGHT” mice ([, solid line) in the first 48hrs post-wounding. SOD activity
was further increased with IAE (M, dotted line). (B) Enzymatic reaction of catalase and
methanol in the presence of H,O, gives rise to formaldehyde, spectrophotometrically
detected with purpald chromogen, at 540nm. Catalase activity in adult LIGHT"" and
control wounds was similar but significantly decreased with IAE. n=6. (C) GPx
detoxifying activity was measured indirectly at 340nm by a coupled reaction with
glutathione reductase where GPx activity was rate-limiting. The level of GPx activity in
the adult LIGHT wounds was essentially identical to that of the controls but
significantly decreased with IAE. (D) Resofurin formation, detected at 590nm, was used
to determine H,O; levels. Significant increases in H,O, very shortly post-wounding were
seen and dramatically elevated with TAE. n=8.
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Our previous findings (31) have indicated that high levels of ROS and the
presence of biofilm-producing bacteria are the causative agents in turning acute or
delayed healing wounds into chronic wounds. To test this hypothesis we significantly
increased the oxidative stress in the wound with IAE and introduced the biofilm-
producing bacteria, S. epidermidis C2, that we isolated from the spontaneously-developed
chronic wounds of the LIGHT” mice (31). Treating the wound with IAE immediately
after wounding and application of S. epidermidis C2 24hr later was sufficient to turn the
wounds with impaired healing into chronic wounds 100% of the time and these remained
open for > 4 weeks (Figure 3.3). Under the same conditions, the control C57BL/6
wounds closed in 15-19 days.

Bacterial infections are biofilm-producing and polymicrobic in LIGHT chronic
wounds. 1t has been established that bacteria that colonize chronic wounds in humans is
often polymicrobic (many bacterial species) and biofilm-producing. To determine
whether the LIGHT”" chronic wounds also exhibited these phenotypes, we collected
wound excretions (also called exudates) at varying time points and quantified biofilm
production and composition of the bacteria that colonized the LIGHT”~ wounds. Staining
of adherent bacterial mass with Hucker crystal violet has been widely used as readout for
biofilm production (45, 112, 115, 116). We decided to quantify the ability of LIGHT”"
wound exudates (containing many bacterial species) and the individually isolated bacteria
that composed these exudates for the production of adherent biofilms (Figure 3.4A).
Biofilm quantification of wound exudates (which contain multiple bacterial species)

demonstrated that the acute wound colonizing bacterial community, 5 days post-
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wounding, is non-biofilm producing (OD570nm < 0.125). As expected, we found that
coagulase-negative Staphylococcus epidermidis was present in the wounds throughout
healing, given that we infected the wounds with S. epidermidis C2. However, co-
colonizing bacteria were often isolated (Figure 3.4B). The co-colonizing bacterium
isolated from day 5 exudate was identified as non-biofilm forming hemolytic
Streptococcus sp. (Figure 3.4B/C). Earliest indication of wound exudates that contain
biofilm-producing bacterial communities (OD570nm > 0.125) was at 8 days post-
wounding. This exudate is primarily made up of biofilm producing coagulase-negative
Staphylococcus and oxidase positive Gram negative aerobic rods (presumptively
Pseudomonas sp.) (Figure 3.4B/C). As the infection progresses, by day 16 post-
wounding, the Enterobacter cloacae population dominates the wound with smaller
populations of S. epidermidis and Pseudomonas sp. (Figure 3.4B). Irrespective of the
shift in bacterial population of the wounds, the overall degree in biofilm production did
not change significantly over time (Figure 3.4A). In addition, the degree of biofilm
production from the individually isolated bacteria varies and is dependent on the time of
isolation and is species specific (Figure 3.4C). By day 22 post-wounding, biofilm-
producing E. cloacae dominated the wounds with traces of biofilm-producing S.

epidermidis.
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Figure 3.3: Manipulating redox parameters leads to development of LIGHT" chronic
wounds. Wound areas were traced using ImageJ and % open wound area was calculated.
The LIGHT” wounds remained open for a significantly longer time than the C57BL/6
wounds with similar treatment. n=8.
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Figure 3.4: Identification and characterization of the bacteria that colonizes the
LIGHT” chronic wounds. (A) Biofilm production was quantified by measuring the
optical densities at 570nm of stained bacterial films adherent to plastic tissue culture
plates. Biofilm quantitation of exudate (containing multiple bacterial species) obtained
from wounds demonstrated that biofilm positive communities were observed by day 8
post-wounding and remained unchanged throughout. n=7. (B) Bacterial identification
was carried out by growing bacteria on tryptic soy agar. Gram-negative rods were
characterized using the API®20E identification kit. n= 7. The dynamics of the
polymicrobic community in the wounds does not seem to affect the overall degree of
biofilm production during the later stages of healing. (C) Individual contribution to
biofilm production of bacteria isolated from wound exudates. Controls used to vindicate
this assay were biofilm-negative (OD570nm < 0.125) S. hominis SP2 and biofilm-
positive (OD570nm > 0.125) S. epidermidis C2. n= 8.
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To further confirm the presence of biofilm-forming bacteria in these wounds, we

performed scanning electron microscopy on LIGHT™" chronic wounds. An abundance of
bacteria was observed in the wound and some of those bacteria were embedded in a
biofilm-like matrix (Figure 3.5), with some of these appearing to reside in a defined niche
surrounded by matrix. Beneath the biofilm we observed the presence of numerous
inflammatory cells adherent to the extracellular matrix.
Bacterial burden and antibiotic resistance in LIGHT” chronic wounds. Tt has been
reported that the majority of chronic wounds in humans have bacterial contamination and
high levels of bacterial burden will likely result in impaired healing (26). At 5 and 8 days
post-wounding, colony-forming unit counts (CFU/mL of exudate) from LIGHT"™ mouse
exudates show low levels of bacterial burden (1.6x10° CFU/mL). However, these levels
reach 4.0x10” CFU/mL by day 22 post-wounding (Figure 3.6A).

It has been well established that biofilm-associated wound infections are
extremely resistant to antimicrobial therapy (117, 118). To establish whether this is true
for the bacterial community in LIGHT” wounds, we measured the community minimal
inhibitory concentration (cMIC) of amoxicillin for these bacterial communities. The
cMIC required to inhibit the growth of biofilm-producing bacterial community from
LIGHT”" wounds was determined to be 50pug/mL compared to the 0.4 - 0.8pug/mL
required for non-biofilm producing colonizers (Figure 3.6B). This suggests that biofilm-
producing bacterial communities isolated from LIGHT™" chronic wounds are ~50X more

resistant to killing by amoxicillin compared to their non-biofilm producing counterparts.
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Secondary bacterial infections in LIGHT wounds are likely to originate from the
animal skin microbiome. In order to determine whether the skin of mice contains the
bacteria that eventually make biofilms in the chronic wounds, we took skin swabs from
unwounded LIGHT”" mice and cultured them in vitro (Figure 3.6C). The majority of the
cultured bacteria belong to the Firmicutes phylum, specifically Staphylococcus spp. and
Streptococcus spp. We also documented the presence of bacteria that belong to the
Proteobacteria phylum (e.g., various Gram-negative rods and E. cloacae). These bacteria

are all known to be associated with the human skin microbiota (119).
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(A) (B)

Figure 3.5: Scanning electron microscopy characterization of biofilm present in
LIGHT” wounds. Scanning electron microscopy (SEM) images of the Au/Pd sputtered,
fixed and dried, chronic wound samples were captured using an XL30 FEG SEM. (A)
Image shows the presence of bacterial rods [B] in the wound bed. (B) High magnification
image of bacteria embedded in a biofilm- associated matrix [M] in a well defined niche
[N]. Matrix beneath the biofilm show the presence of matrix and of coccal-shaped
bacteria. A lymphocyte [L] and red blood cell [Bc] were highlighted for size references.
Scale bars 1pum (A) and Spm (B).
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Figure 3.6: LIGHT wounds bacterial burden, antibiotic sensitivity, and skin
microbiota. (A) Bacterial burden was evaluated by colony forming unit count. The
CFU/mL were relatively low during the early phases of healing and were highest during
the impaired and chronic stages of healing. n= 7. (B) Antibiotic challenge on wound
exudates collected from LIGHT” mice was done using Amoxicillin. The cMIC of
amoxicillin on the bacteria found in the chronic LIGHT”” wound exudate at day 22 was
50ug/ml, much higher than exudate collected at day 5 when biofilm is not yet abundant.
(C) Normal skin swabs were collected from LIGHT and C57BL/6 mice to evaluate
resident organisms. The microbiota of the skin was similar in both control (C57BL/6)
and LIGHT " mice.
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Wound chronicity is achieved by inhibiting GPx and catalase enzymes in db/db mouse
model. We recently demonstrated that increased oxidative stress and the presence of
biofilm-producing bacterial infection set the wound on a course toward chronicity in the
LIGHT” animal model. Given our observations, we decided to test whether wound
chronicity can be achieved using a more clinically relevant animal model with the same
conditions used to generate the LIGHT™ chronic wounds. Since diabetic patients have
higher risks in developing chronic wounds (e.g., foot ulcers), using the type II diabetic
(db/db) mouse model of delayed wound healing we further increased oxidative stress in
the db/db wounds with TAE at the time of wounding and observed whether these wounds
would become chronic. We observed that a single regimen of IAE was sufficient to turn
db/db acute wounds into chronic wounds (Figure 3.7). These wounds usually remained
open for >70 days. C57BL/6 control wounds treated with the same regimen remained

open for only 19 days.
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Figure 3.7: Images of wounds from db/db and control mice. The pathophysiological
progression of control (C57BL/6), db/db non-treated, and db/db treated wounds after a
single treatment of IAE. After 14 days post wounding, the control mouse wound healed
with no sign of infection. Untreated db/db mice exhibit a delayed wound healing
phenotype and took 32 days to heal after wounding. In contrast, the IAE treated db/db
wounds showed signs of infection by the production of oozing exudates that contain
bacteria, and remained open for >70 days.
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Db/db wounds sustain spontaneous and complex bacterial infections. Like human
wounds that become chronic, db/db wounds acquire spontaneous multiple species
bacterial infections and become chronic with biofilm-producing bacteria. Analyzing
wound exudates from db/db mice at various time points, we documented that bacterial
infection was observed as early as 4 days post-wounding and persisted for at least 60
days in most animals (Figure 3.8). The presence of biofilm-associated bacterial infection
in wound exudate was first seen around 16 days post-wounding (Figure 3.8A). Bacterial
isolation and characterization showed that db/db wound exudates are comprised of many
bacterial species (Figure 3.8B/C). Identifying and quantifying these bacterial species, we
demonstrated that S. epidermidis and Neisseria sp. populations dominated the wound
during the acute phase (4 days post-wounding, 25% and 50%, respectively) with lesser
populations of Pseudomonas sp. (13%) and E. cloacae (13%). Interestingly, biofilm
quantitation of individual bacterial species revealed that S. epidermidis isolated from day
4 produces biofilm when grown independently from the community (Figure 3.8B),
suggesting that communal interactions may be an important regulator of biofilm
production. As the infection progresses, the bacterial composition evolves from several
species of non-biofilm producers (day 4) to a bacterial community that is composed of
both biofilm and non-biofilm producing bacterial species. Earliest biofilm positive
exudates were found in day 16-18 composed of biofilm-producing S. epidermidis (22%)
and Enterococcus sp. (71%) and non-biofilm producing Pseudomonas sp. (2%) and E.
cloacae (5%). As the wounds progress to a chronic phase (day 26 post-wounding) the

bacterial profile has shifted and is predominated by biofilm producing Enterococcus sp.
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(59%) and non-biofilm producing E. cloacae (33%) with traces of biofilm-producing
Pseudomonas sp. (6%) and S. epidermidis (2%). By day 56 post-wounding, the wounds
have transitioned from a polymicrobic infection profile to a monospecies infection by
biofilm-producing E. cloacae. 1t has to be pointed out that E. cloacae was initially a non-
biofilm producer but acquired the biofilm-producing phenotype during the latter stages of

infections.
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Figure 3.8: Profile of the bacteria that colonized db/db wounds. (A) Wound exudates
were quantified for biofilm production by measuring the optical densities of stained
adherent bacterial films at OD570nm. (OD570nm > 0.125 is considered to be biofilm
positive). (B) Individual bacterial colony biofilm-forming-capacity was measured by
measuring the optical densities of extracellular polysaccharide substance deposited on
flat-bottom tissue culture plates. (C) Bacterial prevalence of individual species shows the
changing dynamics of the wound microbiota. Wound infection is initially polymicrobic
and progressively advances toward a monospecies infection dominated by biofilm-

producing E. cloacae.
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Db/db wounds sustain high bacterial burden. Impaired healing has been shown to be
associated with high bacterial burden (26). CFU counts from wound exudates revealed
that bacterial burden was at its highest around day 18-26 post-wounding (6.7-7.9x10’
CFU/mL), thereby pushing the wound into a state of chronicity. At day 30, there was a
reproducible dramatic decrease in bacterial burden compared to day 20 (data not shown)
that coincided with the disappearance of S. epidermidis and of Pseudomonas sp.
However, by day 56, the wound bioburden was dominated by E cloacae, had recovered
to a level comparable to day 20, and remained relatively high and unchanged thereafter
(Figure 3.8C).

Chronic wound microbiota are resistant to antibiotic challenge. Bacterial communities
living within biofilms are often resistant to antibiotics (117). Quantifying the bacterial
cMIC of amoxicillin, carbenicillin, and gentamicin required to inhibit the growth of the
bacterial community demonstrated that biofilm-positive bacterial communities (appearing
>16 days) are more resistant to antibiotic killing, and this resistance increased with time
(Table 3.1). Biofilm negative bacterial communities collected at 4 and 12 days post-
wounding showed a ¢cMIC ranging from 3-13ug/ml for all tested antibiotics. By day 26,
when the wounds have become frankly chronic and contain biofilm, the ¢cMIC was
observed to be 50-100pg/ml for all tested antibiotics. By 56 days cMIC was determined
to be 100pg/ml for gentamicin and well above 100pg/ml concentration for amoxicillin
and carbenicillin. This dramatic increase in cMIC is strongly associated with the biofilm-

producing phenotype.
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Community Minimal Inhibitory Concentrations
Amoxicillin | Carbenicillin | Gentamicin
Wound Exudate (ug/mL) (ug/mL) (ug/mL)
Day4 6 6 3
Dayl12 6 13 6
Day26 50-100 100 50
Day56 >100 >100 100

Table 3.1: Biofilm-associated bacterial infections in db/db chronic wounds are
insensitive to antibiotics. The community Minimum Inhibitory Concentration (cMIC) on
wound exudates was examined using the antibiotics amoxicillin, carbenicillin, and
gentamicin. Wound exudates collected from the chronic phase (day 26 and 56, biofilm
positive) were found to be significantly more resistant to antibiotic challenge compared to

exudates collected at day 4 and 12 when biofilm is not yet abundant.
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Treatment with antioxidant agents affects biofilm production and bacterial burden
resulting in a better wound healing phenotype. Given that increased ROS stress resulted
in the production of chronic wounds with sustained biofilm-associated bacteria in the
db/db model, we asked whether abating ROS stress during chronicity would help the
wound to heal. Given that the wounds are chronic by 20 days post-wounding and
bacterial burdens are at its highest, we treated the animals on day 20 post-wounding with
two antioxidant agents (AOA), N-acetyl cysteine (NAC) and a-tocopherol, and observed
the wounds for more than 30 days post-AOA treatments. NAC is the prodrug of L-
cysteine, which is a precursor to the biologic antioxidant glutathione (120). a-Tocopherol
is a lipid-soluble compound and is the most active form of vitamin E, best known for its
antioxidant function (121-123). We found that the healing improved dramatically by 30
days post-AOA treatment compared to wounds not treated with AOA. Non AOA-treated
wounds often take up to 100 days to close (Figure 3.9). After 10 days post-AOA
treatment (day 30 post-wounding), the biofilm-producing capacity of the chronic wound
bacterial community is reduced by ~30% (Figure 3.10A). By day 50 post-wounding the
bacterial community was considered to be negative for biofilm production (OD570nm <
0.125). CFU counts (Figure 3.10B) revealed a marked decrease in bacterial burden at 10
days of AOA treatment that, in contrast to non-AOA-treated wounds, remained relatively
unchanged thereafter.

To determine whether the reduction in biofilm production resulting from AOA
treatment enhances the antimicrobial effect of amoxicillin, cMICs of wounds treated with

NAC and o- tocopherol were evaluated (Table 3.2). After 10 days of antioxidant

69



treatment, the cMIC for amoxicillin was reduced approximately two-fold. Prolonged
treatments with AOA (30 days of antioxidant treatment) resulted in antibiotic sensitivity
levels comparable to non-biofilm producing bacteria isolated from the acute stage of
infection. Similar results were observed with other antibiotics such as carbenicillin and
gentamicin (Table 3.2). These observations confirm that abating redox stress with AOA
alters the wound environment resulting in a bacterial phenotype that produces less

biofilm and is more sensitive to antibiotics.
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Figure 3.9 Chronic wounds treated with AOA leads to better healing. Chronic wounds
of db/db mice treated with IAE (immediately after wounding) and then AOA (at day 20),
show a faster rate of wound closure compared to IAE only treated wounds.
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Figure 3.10: AOA treatment reduces biofilm-forming bacteria and increases bacterial
antibiotic susceptibility. (A) Wound exudates’ biofilm production was evaluated by
measuring optical densities at OD570nm. AOA treatment (administered at day 20 post
wounding) reduced biofilm formation when compared to pre-AOA treatment. (B)

Bacterial burden measured by colony forming unit counts was significantly reduced in

AOA-treated (NAC/aToc) db/db wounds.
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Community Minimal Inhibitory Concentrations
Wound Amoxicillin | Carbenicillin Gentamicin
Exudate (pg/mL) (ng/mL) (pg/mL)
Day20 25 25-50 13-25
Day30 13-25 13 3-6
Day40 6-13 6-13 3-6
Day50 6 6 3-6

Table 3.2 Community minimum inhibitory concentrations. cMIC of bacteria present in
wounds treated with AOA was performed using Gentamicin (Gm), Carbenicillin (Cb),
and Amoxicillin (Amox). cMIC for non-AOA treated controls are shown on Table 3.1.
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Discussion

We have shown that we can create chronic wounds by manipulation of the
impaired wounds of LIGHT” mice using antioxidant enzyme inhibitors and by adding
biofilm-forming bacteria previously isolated from the naturally occurring chronic wounds
of these transgenic mice. This approach leads to the generation of chronic wounds 100%
of the time. We also demonstrated that wound chronicity can be generated in a diabetic
(db/db) mouse model of impaired healing by increasing the levels of oxidative stress in
the wound tissue. These wounds remain chronic up to >70 days post-wounding. Both the
LIGHT” and db/db wounds are characterized by: [1] presence of a polymicrobic
bacterial infection, [2] sustained high levels of bacterial burden, [3] biofilm-producing
bacteria, and [4] biofilm-producing bacterial species insensitive to antibiotics.
Furthermore, we demonstrated that chronicity of db/db wounds can be reversed by
application of appropriate AOA, leading to proper healing.

Chronic wounds and difficult-to-heal wounds are postulated to have an underlying
biofilm-associated bacterial contribution that is polymicrobic and dynamic (2, 26, 36,
124). We show that chronicity in LIGHT” and db/db wounds is accompanied by a
persistent bacterial infection that is composed of many bacterial species and contains both
non-biofilm and biofilm-producing bacteria. Furthermore, we showed that the source of
infection arises from the LIGHT™ and db/db mouse skin microbiota. Similar observations
have been documented for human chronic wounds (125, 126).

Staphylococcus epidermidis and other coagulase-negative staphylococci exist as

harmless or even beneficial commensal bacteria of the human’s skin. However, in
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diabetic, elderly, and immobile individuals, these commensal bacteria can cause diseases
and are responsible for a large percentage of infection in wounds that do not heal (127).
The contribution of E. cloacae in nosocomial infections are well known (128); however,
much less is known about E. cloacae infection in chronic wounds, although its presence
is often reported (129) in diabetic foot infection (130, 131), diabetic gangrene (132), and
chronic venous leg ulcers (42, 133).

In our animal models, bacteria that colonize the LIGHT” db/db mouse wounds
are often identified as S. epidermidis, Enterococcus sp., Enterobacter cloacae, and
Pseudomonas sp. These bacterial species exist as a dynamic community and differ
largely by the time of isolation and relative abundance in both animal models. Although
commensal gram-negative bacteria E. cloacae are not reported from normal human skin,
their presence in human wounds comes from gastrointestinally contaminated skin (127,
134). Perhaps the lack of consideration of E. cloacae contribution to the development of
chronic wounds may be in part due to their relatively lower initial abundance compared
to the more commonly isolated bacteria such as Staphylococcus spp., Enterococcus spp.,
and Pseudomonas aeruginosa (26, 42, 135).

Others have shown that bacteria cultured from patients with venous leg ulcers
with or without clinical symptoms are polymicrobic (42, 133). Furthermore, similar
microbiota are found in combat wounds, chronic necrotizing skin diseases, and other
chronic wounds (136-138). These studies show the diversity and dynamism of wound
bacteria and their ability to produce biofilm changes over time with establishment of

selective bacterial populations. These attributes are probably due to both bacterial
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competition and cooperation in concert with the unique clinical phenotype and
pathophysiology of the host wound tissue. In the diabetic mice of our study, chronic
wounds evolve into essentially a monospecific infection dominated by biofilm-producing
E. cloacae. In other species (including humans), the specific biofilm producers may differ
but the overall result is likely to be the same.

We find that an overall buildup of ROS increased oxidative stress very early in
the wound microenvironment and also that AOA treatment significantly increased both
catalase and GPx activity, two critical enzymes that decrease oxidative stress.
Furthermore, biofilm is no longer observed in the AOA-treated wounds, suggesting that
redox balance can modulate biofilm production by the colonizing bacterial community,
resulting in significant improvement in wound healing. Therefore, the critical factors in
human chronic wounds are the presence of oxidative stress coupled with the presence of

bacterial biofilms.
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CHAPTER 4

Norspermidine increases the bactericidal effect of gentamicin in biofilm-positive

bacteria that colonize mouse chronic wounds
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Abstract

Biofilms are communities of bacteria living within an extracellular polysaccharide
matrix. Norspermidine has been shown to decrease the adherence of bacterial biofilms
from S. aureus and E. coli, in vitro. However, this effect has not yet been documented for
biofilm-associated bacterial infection that is composed of many species, like those found
in chronic wounds. Using chronic wounds generated in our diabetic (db/db) mouse
model, we show that biofilm positive bacterial communities are insensitive to antibiotic
killing compared to its non-biofilm producing counterparts. Furthermore, we
demonstrated that application of norspermidine decreases the amount of adherent
biofilms produced by these colonizing bacterial communities and increases the
bactericidal effect of gentamicin. Given its effect on multiple bacterial species, we
believe that norspermidine could be used in combination with bactericidal antibiotics to

control biofilm-associated bacterial infection in dermal chronic wounds.
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Introduction

Biofilms are a community of sessile bacteria living within a self-produced
extracellular polysaccharide (EPS) matrix. Nearly all bacteria found in nature have the
capacity to produce biofilms (139). Bacterial biofilms are found in chronic wounds and
wounds that are difficult to heal. They contribute to both the infection of the wounds and
their inability to heal (140). Chronic wound management costs the United States ~$25
billion annually (33). Bacteria in biofilms are insensitive to antimicrobial agents (117)
and bacterial biofilm-associated infections are not resolved by the host immune system
(141). This is largely due to the lack of antibiotic penetration and the inactivation of the
antimicrobial agents by the anionic polysaccharide barrier (2, 142), the inability of
immune cells to phagocytose bacteria in biofilms, and the ability of the biofilms to block
complement activation and phagocyte chemotaxis (143, 144). Therefore, biofilm-related
infections are extremely problematic and difficult to treat.

Although numerous models have been developed to study the underlying cause of
chronic wounds, the lack of animal models that resemble human chronic wound
pathophysiology has made it difficult to evaluate new wound healing therapies (27-30).
Our group demonstrated that by inhibiting specific key redox systems, we were able to
generate chronic wounds in the type II diabetic mouse model (db/db) with spontaneous
chronic biofilm-associated bacterial infections (see chapter 3). Furthermore, the source of
the infection likely originates from the animal skin microbiome. This pathogenicity is

similar to that of human chronic wounds.
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It has been previously shown that before Bacillus subtilis biofilms are
disassembled, the bacteria produced a factor that causes the release of amyloid fibers that
linked the cells in the biofilm (46). This factor was shown to be a mixture of D-amino
acids. In vitro, it was also shown that D-amino acids block the subsequent growth of the
biofilm-associated bacterial community of Staphylococcus aureus but had little effect on
EPS matrix production and localization (145). More recently, it has been shown that the
polyamine, norspermidine, causes the disruption of adherent biofilms produced by
Escherichia coli and Staphylococcus aureus in vitro (45). Unlike D-amino acids,
norspermidine is thought to interact with the EPS matrix causing the collapse of the
biofilms (45). To our knowledge, the ability of norspermidine to disrupt biofilms has not
yet been evaluated for bacterial biofilms associated with chronic wounds. Given the non-
specificity of norspermidine, it is conceivable that norspermidine may be able to
disassemble biofilms produced by bacteria that are found in chronic wounds.

Using the exudates collected from our generated db/db chronic wounds that
contain bacteria from the wounds, we identified the bacterial species that colonized the
wound at varying time points; we then evaluated whether norspermidine can disrupt
adherent biofilms produced by these bacteria, rendering them more sensitive to the

bactericidal activity of antibiotics.
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Materials and Methods

Materials and Reagents: Tryptic soy broth (TSB) and Tryptic soy agar (TSA) were
purchased from Difco (Sparks, MD). Norspermidine (Bis(3-aminopropyl)amine),
amoxicillin and carbenicillin were purchased from Sigma-Aldrich (St. Louis, MO) and
gentamicin was purchased from Biosynth (Itasca, IL). Defibrinated sheep blood was
purchased from ColoradoSerum Company (Denver, CO) and Congo red dye from Sigma-
Aldrich. Mercaptosuccinic acid and 3-amino-1,2,4-triazole were from Sigma Lifescience
(St.Louis, MO), and 0.22um polyethersulfone membrane was from EMD (Billerica,
MA). Optical density was quantified using a SpectraMax M2e microplate reader from
Molecular Device (Sunnyvale, CA) or an iMark Microplate Absorbance Reader 168-
1130 from BioRad (Hercules, CA). Gram-stained slides were visualized using a Carl
Zeiss 47-30-11-9901 microscope (Thornwood, NY).

Diabetic (db/db) dermal excisional chronic wound model: The creation of chronic
wounds was carried out using 6-7 month-old db/db mice (homozygous for the diabetes
spontaneous mutation Lepr™) purchased from the Jackson laboratory (Bar Harbor, ME).
The midline hairs on the back of the mouse were removed using Nair Hair Remover 24hr
prior to wounding. A single full-thickness wound (excision of the skin and the underlying
panniculus carnosus) was made using a 7mm biopsy punch. Db/db chronic wounds were
induced by inhibiting the catalase and peroxidase antioxidant systems. Catalase activity
was inhibited by 3-amino-1,2,4-triazole via intraperitoneal injection at a concentration of
lg/kg body weight 20min prior to creating the excisional wound, and glutathione

peroxidase activity inhibition was done by using mercaptosuccinic acid topically at a
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concentration of 150mg/kg body weight immediately after wounding. The wound was
immediately covered with sterile Tegaderm (3M, St. Paul, MN). Similar treatment was
carried out using age-matched C57BL/6 mice. All animals were housed at the University
of California, Riverside vivarium and all experimental protocols were approved by the
UCR Institutional Animal Care and Use Committee.

Bacterial culture and identification: From a single generated db/db chronic wound,
wound secretion, also called exudate, containing bacteria was collected by swabbing the
wound with a sterile cotton swab. The swabs were then placed in sterile 1% w/v protease-
peptone and 10% v/v glycerol, vortexed, and stored at -80°C. Prior to use, exudates were
ice thawed and bacteria were serially diluted in TSB before being cultured on TSA plates
containing 3.0% v/v defibrinated sheep blood and 0.08% w/v Congo red dye for 16-18hr
at 37°C in a humidified incubator. All cultured bacterial colonies were initially
differentiated based on colony size, texture, hemolytic pattern, and Congo red dye uptake.
The colonies were isolated, examined for Gram stain reactivity, and visualized using a
Carl Zeiss 47-30-11-9901 light microscope. The API*20E identification kit, growth on
Pseudomonas Isolation Agar, oxidase test, and motility assay were used to identify
Gram-negative rods. Gram-positive cocci were differentiated based on catalase activity,
coagulase activity, and hemolytic activity. Biofilm positive coagulase-negative
Staphylococcus C2 strain was previously isolated from TNFSF14/LIGHT”" mouse
chronic wounds (31) and used as positive control and biofilm negative Staphylococcus
hominis SP-2 was purchased from ATCC (cat#35982, Manassas, VA) as negative

control.
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Biofilm-formation quantitation: Adherent biofilms were quantified using a previously
described method (112) with minor modifications. Briefly, Syl of exudate (collected
from a wound that contains many bacterial species) or 3ul single bacterial species
(isolated from the wound exudate) was seeded and grown stationary in TSB in a
humidified incubator at 37°C on a sterile 96-well polystyrene flat-bottomed tissue culture
plate. After incubation, the bacteria were removed by tipping the plate over and gently
flicking the plate. The wells were washed three times with tap water by slowly
submerging the plate and then flicking to remove the water. This ensures that non-
adherent bacteria were properly removed. The wells were dried by tapping on absorbent
paper and then air dried at 65°C for 30min. The plate was then cooled to room
temperature and stained with Hucker crystal violet (146) for Smin. Excessive stain was
removed by rinsing the plate with tap water and then air dried overnight. The optical
density at 570nm of adherent bacteria and biofilms was taken using the SpectraMax M2e
microplate reader (Molecular Device, Sunnyvale, CA). ODs7onm > 0.125 was deemed
biofilm positive as previously described (112).

Bacterial community minimal inhibitory concentration: Amoxicillin, carbenicillin, and
gentamicin antibiotic solutions were prepared as instructed by manufacturers and sterile
filtered through a 0.22um polyethersulfone membrane. Bacterial community or single
bacterial species were seeded using SuL of wound exudate (contains a mix of bacterial
species) or individually isolated bacteria (from a particular wound exudate) in a total
volume of 75uL of TSB into a flat-bottomed 96-well polystyrene tissue culture plate (in

triplicate) and incubated at 37°C for 3-4hr in a humidified incubator. This step allows the
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bacteria adequate amount of time to recover and adhere to the polystyrene tissue culture
plate. Bacteria were challenged with varying concentrations of amoxicillin, carbenicillin,
or gentamicin in a total volume of 150uL of TSB for 12hr at 37°C. The ODsosnm Was
quantified using the iMark Microplate Absorbance Reader 168-1130 (BioRad, Hercules,
CA) immediately after the addition of antibiotics and after the 12hr incubation period.
After 12h of incubation in a humidified incubator at 37°C, we define the community
Minimal Inhibitory Concentration (¢cMIC) as the lowest antibiotic concentration that
resulted in a <1.5X (<50% increase) change in the optical density measured at 595nm
(AODsgsnm) after 12hr of incubation compared to the ODsos,y, immediately prior to the
introduction of antibiotic.

Norspermidine assay: Bis(3-aminopropyl)amine, also known as norspermidine, was
prepared for assay as directed by the manufacturer. To evaluate the effect of
norspermidine on biofilms, Sul. exudates from 26 or 56 days post-wounding were seeded
in a volume of 75uL of TSB in a flat-bottomed 96-well plate and incubated for 4-6hr at
37°C in a humidified incubator. After incubation, the cells were treated with increasing
concentrations of norspermidine for 12hr. The ODsosn, Was taken immediately after the
norspermidine introduction and then after 12hr of incubation to monitor bacterial growth.
Adherent biofilms were quantified as previously described. To evaluate the bactericidal
effect of gentamicin, cells were seeded (as described above) and then grown with or
without 2mM of norspermidine for 12hr before challenged with gentamicin at 100pg/mL

for 2-2.5h at 37°C. Viable cells were quantified as described below.
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To determine whether norspermidine has affected biofilm production
permanently, SuLL of day 26 and day 56 post-wounding exudate or the control bacteria, S.
epidermidis C2 and S. hominis SP2, were seeded on 96-well plate in 150ul. TSB
containing 2mM of norspermidine for 12hr at 37°C. After the incubation period, the
bacteria were removed, washed with sterile saline, and seeded in fresh TSB without
norspermidine for another 12hr at 37°C. Biofilm formation was then quantified as
described previously.

Viable cell count: Bacterial cultures/samples were first diluted 1:4 v/v with TSB and then
serially two-fold diluted in a flat-bottomed 96-well polystyrene tissue culture plate. A
25uL aliquot of each dilution was plated onto TSA plates containing 3% v/v sheep red
blood cells and incubated at 37°C overnight in a humidified incubator. Colonies were
counted visually.

Statistical analysis. All data are expressed as the mean average of at least three
independent replicates + standard deviation (StDev). A two-tailed Student’s z-test was
used to compare values obtained from two independent groups. p-Values <0.05 were
considered statistically significant. Statistical comparisons were reported as p-Value <

0.05 (*), p-Value < 0.01 (**), and p-Value < 0.001(***); NS = not significant.
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Results
Biofilm positive bacterial communities isolated from chronic db/db wounds are
complex and resistant to amoxicillin, carbenicillin, and gentamicin killing. Bacteria
cultured from acute (<18 days post-wounding) and chronic (>26 days post-wounding)
wound exudates demonstrated that db/db wounds are largely infected with a community
of bacteria that are made up of many species. Quantifying the production of adherent
biofilms (112) demonstrated that the bacterial communities cultured from chronic wound
exudates (day 26 and day 56 time points) are positive for biofilm production (Figure
4.1A). Individual bacterial species isolated from day 26 exudates show that they contain
both biofilm-producing (ODs7onm > 0.125) and non-biofilm (ODs7ppm < 0.125) producing
species. These biofilm-producing bacteria are identified as coagulase-negative
Staphylococcus and hemolytic Enterobacter sp. Non-biofilm producing species are
determined as Pseudomonas sp. and Enterobacter cloacae. Interestingly, at the latter
stage of chronicity (day 56 time point), the wounds have transitioned from many bacterial
species infection to a single species infection (Figure 4.1B). This dominant bacterium is
identified as biofilm-producing E. cloacae. It is important to point out that E. cloacae has
acquired the biofilm-producing phenotype, whereas it was previously isolated as a non-
biofilm producing bacterium (Figure 4.1B).

To establish whether the bacterial communities contained in the wound exudates
and individual biofilm-producing species (isolated from a particular wound exudate) that
colonize db/db wounds are resistant to antibiotic killing, the cMICs (described in

Materials and Methods) were determined for two B-lactam antibiotics (amoxicillin and
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Figure 4.1: Quantitation of adherent biofilms. (A) Wound exudates, containing many
bacteria that infected the wounds, were cultured and stained for adherent biofilms.
Biofilm was quantified by measuring the optical density of adherent bacteria and EPS
matrix stained with Hucker’s crystal violet (see Materials and Methods). ODs7onm > 0.125
was considered to be biofilm positive. The biofilm negative S. hominis SP2 (147) and
biofilm positive S. epidermidis C2 (31) were used as controls. Dotted line indicates
biofilm positive (above) or biofilm negative (below) bacteria. Definition adopted from
Christensen et al. (112). () Indicate chronic wounds. (B) Biofilm quantification of
individual bacterial species isolated from biofilm positive exudates. SE: coagulase-
negative Staphylococcus (presumptively S. epidermidis), ES: Enterococcus sp., PS:
Pseudomonas sp., and EC: Enterobacter cloacae.
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carbenicillin) and an aminoglycoside (gentamicin). The cMIC of amoxicillin,
carbenicillin, and gentamicin for the exudate bacterial community isolated at day4 post-
wounding was determined to be 6pg/mL, 6ug/mL, and 3ug/mL, respectively (Table 4.1).
This exudate bacterial community is made up of coagulase-negative Staphylococcus,
Enterobacter cloacae, Gram-negative catalase-positive cocci (presumptively Neisseria
sp.), and Pseudomonas sp. (Table 4.2) and together they are determined to be non-biofilm
producing. A two-fold increase in the cMIC for carbenicillin (13 pg/mL) and gentamicin
(6pg/mL) were observed for day 12 and 18 exudate bacterial communities compared to
day 4. No cMIC change was observed for amoxicillin. Earliest detection of a biofilm-
positive bacteria community was observed from wound exudate collected day 26 post-
wounding (figure 4.1A). The cMIC was determined to be at 100pg/mL for amoxicillin
and gentamicin and 50pg/mL for carbenicillin (Table 4.1). This dramatic change in cMIC
is strongly associated with the biofilm-producing phenotype. Similarly, biofilm-
producing E. clocace, exclusively found in day 56 wound exudates (Figure 4.1B), have
become insensitive to amoxicillin, carbenicillin, and gentamicin with a cMIC well above
the 100pg/mL concentration (Table 4.1). This cMIC was similar to the biofilm positive S.
epidermidis C2, a bacterium isolated from a mouse chronic wound (31). The cMICs of
biofilm-negative Staphylococcus hominis SP2 (147) was determined to be 2ug/mL,
6pg/mL, and 2pg/mL for amoxicillin, carbenicillin, and gentamicin, respectively (Table
4.1).

Biofilm disrupting effect of norspermidine. 1t has been reported that norspermidine

disrupts S. aureus and E. coli biofilm production in vitro (45). To test whether
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norspermidine can disrupt biofilms produced by bacteria that colonize db/db chronic
wounds, we treated both day 26 and day 56 exudates and individually isolated species
from those exudates with increasing concentrations of norspermidine and quantified the
amount of adherent biofilms as described in the Materials and Methods. In testing, we
noticed that norspermidine treatment resulted in a decrease of adherent biofilms from
db/db bacterial communities and this effect is proportional to the concentration of
norspermidine (Figure 4.2A). Our results indicate that at the 2mM concentration, we saw
the greatest reduction in adherent biofilms with little to no effect on bacterial growth
(Figure 4.3A). Beyond the 2mM concentration, we observed significant decline in culture
turbidity quantified by optical density (data not shown). Further addition of
norspermidine did not result in additional reduction in adherent biofilms. Therefore,
2mM of norspermidine was used to assess the disruption of adherence biofilms. At 2mM
of norspermidine, we observed a 62+12% and 70+4% reduction in the adherent biofilms
to the flat-bottomed tissue culture plate from day 26 and day 56 bacterial communities,
respectively (Figure 4.2B). This reduction resulted in the decrease of 570nm optical
density below the 0.125 level for day 56 (0.086+0.005) but not day 26 (0.16+0.03)
bacterial communities (Figure 4.2A). In addition, norspermidine decreases the production
of attached bacterial biofilms by 27+3% in S. epidermidis C2 (ODs7onm 0.70+£0.03 to
0.51+0.06). Biofilm deposition can be restored to untreated levels by the removal of
norspermidine (Figure 4.3B). Norspermidine did not affect S. homonis SP2 growth and

biofilm producing capacity compared to untreated cultures (data not shown).
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Community Minimal Inhibitory Concentrations
Amoxicillin Carbenicillin Gentamicin
(ng/mL) (ng/mL) (ng/mL)

Day4 6 6 3
Day12 6 13 3
Dayl8 6 13 6
Day26 100 100 50
Day56 >100 >100 100

C2 >100 >100 >100

SP2 2 6 2

Table 4.1: The minimal concentration of antibiotics required to inhibit the growth of
db/db wounds colonizing bacterial communities. The bacterial community Minimal
Inhibitory Concentrations (cMIC) were determined for amoxicillin, carbenicillin, and
gentamicin. Biofilm positive bacteria (day 26 and 56) are significantly more insensitive
to the effects of antibiotics compared to biofilm negative bacteria (Day 4, 12, and 18).
The biofilm negative and positive bacterial controls are S. hominis SP2 and S.
epidermidis C2, respectively. The cMIC are reported as a range determined by three

independent experiments.
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Bacterial Prevalence (% Biomass)

Day 4 | Day 18 | Day 26 Day 56
S. epidermidis 25% 22% 2% ND
Enterococcus sp. ND 71% 59% ND
Neisseria sp. 50% ND ND ND
Pseudomonas sp. 13% 2% 6% ND
E. cloacae 13% 5% 33% 100%
Total CFU/mL 5.2x10¢ | 6.7x107 | 7.9x107 3.5x10

Table 4.2: Identification of bacterial communities colonizing db/db wounds. Profile of
the culturable bacterial species that colonized the db/db wounds show that the community
is initially polymicrobic and shifted toward colonization by biofilm producing E. cloacae
at the chronic stage. The bacteria responsible for infections are presumptively
Pseudomonas sp., E. cloacae, coagulase-negative Staphylococcus, and Enterococcus sp.

ND = not detected.
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Figure 4.2: Norspermidine reduces the amount of adherent biofilms from bacterial
communities from day 26 and 56 exudates. The biofilm-disassembling effect of
norspermidine was measured by Hucker’s crystal violet staining (left panel). The
reduction of adherent submerged biofilm formation was evaluated after norspermidine
treatment for 12 hours (right panel). The results are reported as the average of three
independent experiments done in triplicate and the error bars indicate standard deviation.
Dotted line indicates biofilm positive (above) or biofilm negative (below) community.
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Figure 4.3: Norspermidine, at 2mM, does not affect bacterial growth and
norspermidine’s effect on adherent biofilms and when the biofilms are regrown in
norspermidine-free media. (A) The effect of norspermidine on cell growth was
quantified by calculating the change in ODsgsyy after a 16hr incubation period. At or
below 2mM, norspermidine did not affect bacterial growth. (B) After 12hr of incubation
with 2mM of norspermidine (N), the production of adherent biofilms was restored to
levels similarly observed prior to norspermidine treatment when grown in norspermidine
free media (FM). Statistical values were obtained by comparing treated samples (N or N
and FM) to its respective non-treated (NT) samples.
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Antibiotic susceptibility of norspermidine treated bacterial communities. We
demonstrated that biofilm positive bacterial communities are insensitive to antibiotics and
norspermidine reduces adherent biofilms in vitro. Given our results, we hypothesized that
norspermidine would positively influence the bactericidal effect of antibiotics in vitro.
Thus, we tested whether the use of norspermidine would result in a decrease in cell
survivability after exposure to gentamicin. We seeded day 26 and day 56 biofilm-positive
bacterial communities onto flat-bottomed tissue culture plates, some with and without
2mM of norspermidine, for 12hr. Viable cell counts were assessed after an additional
2.5hr of exposure to gentamicin at 100ug/mL. We demonstrated that gentamicin alone
was able to reduce the concentration of bacteria (measured by colony forming unit count)
from day 26 and day 56; however, when used in combination with norspermidine this
effect was more significantly observed (Figure 4.4). Colony-forming unit count
(CFU/mL) for day 26 exudate was determined to be 7.9+1.2x10” CFU/mL for untreated
(neither gentamicin nor norspermidine) and 5.5+1.4x10’ CFU/mL for gentamicin without
norspermidine samples. In the presence of norspermidine and gentamicin, we observed a
47.4% decrease in cell viability (4.2+1.2x10" CFU/mL) compared to the 30.9% change
for gentamicin alone. Similarly, norspermidine also positively influenced the bactericidal
effect of gentamicin on day 56 communities.Viable cell counts were determined to be
4.240.8x10" CFU/mL for untreated, 3.5+0.8x10’ CFU/mL for gentamicin challenged,
and 2.5+0.3x10" CFU/mL for norspermidine + gentamicin treated cultures. This
translated into a 60.3% decrease in cell viability compared to untreated samples and

significantly enhanced the bactericidal effect of gentamicin on day 56 bacterial
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communities. The norspermidine and gentamicin combination resulted in a 32.5%
reduction S. epidermidis C2 burden compared to 23.4% reduction when gentamicin was
used by itself. Furthermore, gentamicin dramatically affects S. hominis SP2 survival and
the addition of norspermidine has little additional effect. Given these observations, we
concluded that norspermidine enhances the effects of gentamicin and further decreases

bacterial survivability in biofilm positive communities.
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Figure 4.4: Bactericidal effect of gentamicin is increased with norspermidine. Bacterial
survival in biofilms is measured by quantifying colony-forming units after 2.5hr of
exposure to gentamicin. Viable cell counts show that bacteria in biofilm positive
communities are more susceptible to gentamicin killing when treated with norspermidine.
Norspermidine has little additional effect on the survival of non-biofilm control S.
hominis SP2. Gm: gentamicin, and N: norspermidine.
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Discussion

This study provides evidence showing that biofilms produced by the bacteria that
colonized our generated db/db chronic wounds make the bacteria more resistant to
antibiotic killing. We show that norspermidine at 2mM decreases the amount of adherent
biofilms produced by the bacteria that colonize our generated db/db chronic wounds.
Furthermore, use of norspermidine increases gentamicin bactericidal activity. As far as
we know, this is the first study to evaluate the effect of norspermidine on biofilm positive
bacteria that colonized chronic wounds. We believe that the use of norspermdine
followed by tailored antibiotic therapy could be an effective strategy in controlling
biofilm-associated bacterial infection in chronic wounds.

Bacterial communities encapsulated in a biofilm matrix are less susceptible to
pharmacological agents, making them extremely difficult to eliminate (117, 148). When
assessing bacterial susceptibility to commonly used p-lactam (amoxicillin and
carbenicillin) and aminoglycoside (gentamicin) antibiotics, it was not surprising to see
that adherent biofilm positive bacterial communities that colonized our db/db generated
chronic wounds are insensitive to antibiotic killing. This observation is in accordance
with previously published findings (117, 148).

Polyamines are well known to be involved in a variety of biological processes
such as: protein translation, gene regulation, stress response, cell differentiation and
growth (149). Putrescine, cadaverine, spermidine, and spermine are the predominant
polyamines that are found in eukaryotes and prokaryotes (150-152). Although studies are

scarce, norspermidine has been detected in many bacteria, archaea, and plants (153);
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however, norspermidine is not a known polyamine that is produced in humans. The
finding that norspermidine can negatively affect bacterial biofilms is the first evidence to
suggest that small molecules can be catalytic for the disruption of extracellular
polysaccharides (EPS) (154). Kolodkin-Gal et al. hypothesized that norspermidine
specifically targeted the negatively charged or polar groups of the EPS and speculated
that this weakens the secondary structure of the meshwork that hold cells together and
causes the release of polymers (45). Such observations were not seen with spermidine
(C7H9N3) or spermine (CjoHz6N4), closely related polyamines to norspermidine
(C6Hi7N3).

In contrast, norspermidine is reported to promote biofilm formation by Vibrio
cholerae (155), the causative agent of the human diarrheal disease cholera (156).
Evidence indicates that norspermidine serves as an intracellular signaling molecule that
mediates the attachment of V. cholerae to biotic surfaces and activates the signaling
components involved in biofilm formation (157). However, V. cholerae is not often
found in human chronic wounds compared to that of various Staphylococcus species, P.
aeruginosa, Enterobacteriaceae species, Streptococcus species, and Enterococcus
species (109). Given norspermidine’s broad-spectrum effect, it is conceivable to consider
that application of norspermidine would cause the disruption of biofilm. As expected,
norspermidine did decrease the amount of adherent biofilms in vitro by the bacteria that
colonized our generated db/db chronic wounds -coagulase-negative Staphylococcus,
hemolytic Enterococcus sp., Pseudomonas sp., and E. cloacae. Furthermore, prior

treatment with norspermidine increases the bactericidal effect of gentamicin. Our
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observations suggest that norspermidine decreases the amount of adherent biofilms,
perhaps by decreasing the adherence of the EPS to the abiotic surfaces, therefore,
allowing greater antibiotic access. Another possible explanation could be that the
“loosening” of the EPS, caused by norspermidine allows for greater diffusion of the
antibiotic through the polyanionic matrix. Similar observations to the latter explanation
were documented with mucoid P. aeruginosa biofilms (158-161).

Although much emphasis has been placed on biofilms, it must be pointed out that
a number of other factors (i.e., altered metabolic behavior, parallel gene transfers, altered
microenvironment, and quorum sensing) may contribute to the ability of the bacterial
community to tolerate high concentration of antibiotics (162-164). Such communal
cooperative characteristics may be beneficial to the survival of the bacteria under
environmental or therapeutic stress. We documented that many slow growing bacterial
species isolated from our db/db generated chronic wounds are found in biofilm positive
communities and are less sensitive to antibiotic killing compared to its faster growing
counterparts (unpublished data). Antibiotic insensitivity has been reported for slow
growing or starved state bacteria in biofilms (165, 166).

Given our observations, norspermidine was able to decrease the amount of
adherent biofilms produced by many prominent bacterial species (e.g., Pseudomonas,
Staphylococcus, Enterococcus, and Enterobacter) that are known to colonize human
dermal wounds and increase the bactericidal effect of gentamicin. This in itself is an
encouraging observation in the potential use of norspermidine in concert with tailored

antibiotic treatments to control biofilm-associated infections in dermal wounds.
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CONCLUSION OF THE DISSERTATION

In this thesis, we have demonstrated that AlgX binds alginate and site-directed
mutations of the amino acids located in the CBM SRPP that participate in polysaccharide
binding affect AlgX affinity to alginate. In addition, we demonstrated that the alginate-
binding quality of AlgX CBM is important for alginate biosynthesis and acetylation.
During alginate biosynthesis, we believe that AlgX CBM acts as an intermediate shuttle
that guides the nascent alginate polymer toward the acetylation machinery and eventually
to AlgE. This is the first functional demonstration of AlgX CBM’s role in alginate
biosynthesis and acetylation.

The chronic wound models we present in this thesis demonstrated that chronic
wounds can be generated in mouse models that effectively mimic chronic wounds in
humans. The model wounds stay open for weeks and capture many of the characteristics
associated with human chronic wounds. We also demonstrated that biofilm associated
infections and redox imbalance are the causes of turning these delayed healing wounds
into chronic wounds. These wounds sustain complex biofilm associated microbiota,
therefore providing insight into the biology of bacterial dynamics and host interaction and
the factors that promote biofilm production. In addition, we show that restoration of the
redox balance by application of antioxidant agents causes biofilms to disappear from the
wounds, resulting in significant improvement in wound healing.

Lastly, we demonstrated that norspermidine reduces the amount of adherent

biofilms from bacterial communities that colonized our db/db chronic wounds.
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Furthermore, the use of norspermidine in combination with gentamicin increases the
effect of the aminoglycoside antibiotic to kill bacteria in biofilms. This demonstrated that
targeting biofilms with small molecule disruptors of biofilms could potentially be an
effective strategy to combat biofilm associated bacterial infection in human chronic

wounds.
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