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Chapter 1
Group B Streptococcus: clinical manifestations, virulence, and preventative

treatments

1.1 Abstract

Group B Streptococcus is a bacterial pathogen associated with adverse pregnancy
outcomes and is the leading cause of neonatal sepsis and meningitis. While this
bacterium presents significant risk to infants, healthy adults are often passively colonized
with Group B Streptococcus and this dual nature complicates prevention and treatment
strategies associated with Group B streptococcal infections. This chapter will detail the
healthcare burden of GBS infections, mechanisms by which GBS maintains virulence,

and current antibiotic treatments and limitations.

1.2 Streptococcus: a bacterium ubiquitous in human health

The genus Streptococcus describes a subset of gram-positive bacteria that are integral
to human health and capable of acting as both pathogen and commensal." 2 Streptococci
are non-motile, non-spore forming cocci that grow in pairs or chains. Strepfococcus can
be facultative or obligate anaerobes, adept at survival in low or no oxygen environments.
Most streptococcal strains require enriched media for growth and some are prolific biofilm
producers, that is they form dense extracellular matrix (ECM) to increase virulence.
Streptococcus are classified according to Lancefield group, wherein strains are
categorized according to cell wall affiliated carbohydrate composition.® Clinically relevant

streptococci and corresponding Lancefield serogroups are listed in Table 1.1 where, most



notably, Group A Streptococcus is the leading contributor to upper-respiratory infections
in humans and the common source for the diagnosis of “strep throat”. S. pneumoniae is
frequently associated with lower-respiratory infections, particularly in the development of
pneumonia. Group B Streptococcus predominantly acts as a commensal bacterium within
healthy adults, but significantly contributes to neonatal infections. The increased burden
of GBS infections within infants, makes it a primary interest of research within the area of

neonatal health and wellness.

Table 1.1 Clinically relevant Streptococcus strains and affiliated infections

Type Species Lancefield Serogroup | Typical Human Disease
S. pyogenes A pharyngitis
_ neonatal sepsis and
S. agalactiae B o
meningitis
S endocarditis, pneumonia,
S. equisimilis C _ _ _
upper respiratory infection
subcutaneous or organ
S. anginosus F,G?2 abscesses, endocarditis,
upper respiratory infection
S. sanguis H endocarditis, caries
S. salivarius K endocarditis, caries

S. mitis, S. mutans
non-Lancefield cocci endocarditis, caries
“viridans” streptococci

S. pneumoniae non-Lancefield cocci pneumonia

aHeterogeneous phenotypes



1.3 Group B Streptococcus: an introduction

Group B Streptococcus (Streptococcus agalactiae, Group B Strep, GBS) is a biofilm-
producing facultative anaerobe. It is B-hemolytic, meaning these cocci produce
streptolysin, an enzyme responsible for the complete lysis of red blood cells. This full
hemolytic activity separates GBS from other streptococcal species and is also believed
to be an important virulence factor for GBS (see section 1.6). From initial categorization
according to hemolytic activity, GBS strains are further separated according to capsular
polysaccharide (CPS) serotyping. Serotype is determined via the experimental reactivity
of CPSs with antigens in immunological assays.*” There are currently nine known GBS
serotypes, denoted as serotypes I-1X, with an additional classification between serotypes
la and Ib. Structurally, these CPSs vary in monosaccharide composition, branching
pattern, and types of glyosidic linkages (Figure 1.1). Of special note, is serotype VIII, that
contains an L-rhamnose monosaccharide, unique among all other GBS serotypes.
Clinically, in North America, invasive GBS disease is primarily associated with serotypes
[, Ill, and V, wherein these serotypes represent approximately 60-80% of isolates from
clinical infections.” 8 Prevalent serotypes can also differ across geographic regions. By
example, serotypes Il and IV were found to be among the most common within clinical
isolates from Iran.® 1° The CPS of GBS strains is believed to be a virulence factor for GBS

infection (see section 1.6).
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Figure 1.1 Chemical structures of GBS CPS repeating units

1.4 GBS transmission

1.4.1 Introduction

As GBS predominantly behaves as a commensal, many adults are passively colonized

with GBS at some point in their lifetime without ever developing signs of infection.' Those

adults most at risk for serious GBS infections include individuals who are



immunocompromised, are HIV-positive and/or have diabetes.'> '3 In contrast, infants are
particularly susceptible to GBS infections due to their undeveloped immune system.

Critically, GBS transmission from adults to infants, both through vertical and horizontal
mechanisms, significantly increases the risk of neonatal infection.'*'6¢ GBS is a frequent
colonizer of the maternal gastrointestinal and genital tracts, and approximately 20-30%
of pregnant women will be vaginally colonized with GBS at some point during pregnancy.®
'7 It is estimated that if untreated, 50% of their infants will then be colonized with GBS at
birth and 1% will continue on to develop invasive GBS disease. Consequently,
rectovaginal maternal colonization is the leading risk factor for infant GBS disease. This
highlights a critical challenge in combating neonatal GBS infections. That is, detection
and prevention of GBS transmission must be achieved amidst the commensal ubiquity of

GBS in adults.

1.4.2 Infant GBS early onset disease (EOD)

Infant GBS early onset disease (EOD) is denoted by GBS infection acquired less than
seven days after parturition. EOD represents approximately 60-70% of cases of GBS
disease in infants and is predominantly associated with infections from GBS serotypes
la, IIl, and V."® EOD is typically acquired from GBS within the vaginal cavity that an infant
is exposed to during labor or through ruptured membranes.' These infections can
ultimately lead to chorioamnionitis, meningitis, and neonatal sepsis. As such, EOD is

associated with the highest rates of mortality for GBS infections.



1.4.3 Infant GBS late onset disease (LOD)

Late onset disease (LOD) is specific to GBS infection acquired anywhere from seven
days to three months after birth. LOD is typically less fatal than EOD. LOD is
predominantly associated with GBS serotype Ill, and LOD can be acquired multiple
ways.2%-22 Skin-to-skin contact with mothers during breast feeding can contribute to LOD.
Infants can also acquire GBS from external sources, such as infected surfaces, hospital
settings, and contact with other adults and infants. There is also reason to believe that
GBS can be transmitted through breast milk itself.?>?6 However, only 1-3% of mothers
have GBS within their breast milk and the relationship between GBS-containing breast

milk and GBS colonization of infants is not fully understood.

1.5 Clinical burden of GBS infections

Globally, maternal GBS colonization is associated with approximately 3.5 million preterm
births every year (Table 1.2).2” Additionally, around 300,000 cases result in invasive GBS
disease, with approximately 55,000 cases ultimately leading to stillbirth. Invasive GBS
disease can cause chorioamnionitis, meningitis, and neonatal sepsis.?®3? These
outcomes can be fatal to infants or cause lasting neurological and developmental
damage.

The highest rates of GBS-related adverse pregnancy outcomes are seen in low- to
middle- income countries such as Africa and south Asia (Figure 1.2). These regions see
higher rates of fetal infection, indicating clear geographical disparities in the prevention of
GBS transmission. This is most likely attributed to lower rates of maternal GBS screening

and use of antibiotic prophylaxis within these regions (see section 1.7). As such, there is



a need to develop preventative strategies that can be implemented more effectively in

countries with limited healthcare resources.

Table 1.2 Disease outcomes for maternal GBS colonization, 2015 %7

Factor

Details

Estimated Cases

GBS maternal colonization

isolation by culture of GBS
from vagina, rectum or
peri-anal region during

pregnancy

21,734,000

preterm birth associated
with maternal GBS

colonization

delivery prior to 37 weeks’
gestation were mother had
GBS isolates

Up to 3.5 million

maternal GBS disease

isolation of GBS in
pregnant or postpartum

women with sepsis

33,000

stillbirth

birth of fetus with no signs
of life and evidence of

invasive GBs disease

57,000

infant GBS invasive

disease

isolation of GBS from
infant with signs of clinical

disease

319,000
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Figure 1.2 Worldwide distribution of GBS disease and burden?’

1.6 GBS virulence: key components and regulatory mechanisms

1.6.1 GBS virulence factors: an introduction

GBS has several key virulence factors that enable infectivity in humans (Table 1.3).3% 34
A subset of GBS virulence factors are used to combat host-cells and the host immune
response. Some GBS virulence factors promote host cell lysis, like B-hemolysin (3-H) and
cyclic adenosine monophosphate (CAMP, cAMP) factor (Cfb). Other virulence factors
directly engage the host immune response. By example, penicillin-binding protein 1a
(PBP1a) promotes resistance to antimicrobial peptides (AMPs), and Cb5a peptidase
impairs neutrophil recruitment.35-4°

Another large category of GBS virulence factors are used to increase GBS adherence to
host cells. Pili structures are one key component of GBS biofilm architecture (see section
1.6.2). These protein-derived fibers extend from the cell surface to catch and adhere to

other bacteria or host cells. Additionally, the CPS itself can bind to host-derived sialic



acid-binding immunoglobulin-like lectins (siglecs) to promote adhesion.4'*** These CPS-

siglec interactions are one likely reason that some GBS serotypes cause more infections

than others.

Table 1.3 Key GBS virulence factors

Virulence Factor
Category

GBS examples

Function

pore forming

toxins

B-hemolysin (B-H)

CAMP factor (Cfb)

trigger host cell lysis

alanylation of LTA

decreases negative charge to

Cba peptidase (ScpB)

resistance to repel AMPs
AMPs
PBP1a creates resistance
pili promotes adherence and biofilm
fibrinogen-binding protein A _ o
binds to ECM fibrinogen
and B (FbsA/FbsB)
host-cell
laminin-binding protein (Lmb) binds to ECM laminin
adherence
immunogenic bacterial binds complement regulatory
adhesin (BibA) protein C4BP
CPS adheres to host cell siglecs
superoxide dismutase (SodA) detoxifies singlet oxygen
other

impairs neutrophil recruitment

through cleavage of C5a




Fibrinogen-binding proteins A/B (FbsA/FbsB) and laminin binding proteins (Lmb) also
contribute to GBS adhesion and virulence. These proteins bind to respective host-derived
components and allow for direct interaction between microbe and host.33 34 4447 Tgken
together, these virulence factors increase the ability of GBS to interact and adhere within

a host, making it a dangerous pathogen to neonates.

1.6.2 GBS biofilms: a contributing factor to GBS virulence

Virulence components involved in GBS adherence are also integral in the formation of
GBS biofilms.*%-%2 Biofilm is a multi-bacterial architecture that is developed as planktonic
cells adhere to host cells or abiotic surfaces (Figure 1.3). After initial surface adhesion,
cells then use quorum sensing to aid in self-adherence and the development of three-
dimensional bacterial architecture.*> % From here, cells generate ECM through the
production and secretion of proteins, lipids, eDNA, and carbohydrates. In GBS, this
includes the production of pili, CPS, and additional adhesin proteins. This ECM confers
protection from antibiotic treatment and prevents clearance from host-derived immune
cells. GBS biofilms are thought to play a key role in GBS infection and have been shown
to become more robust in acidic environments such as the vaginal cavity.>* Additionally,
due to their heightened difficulty in elimination from medical devices, biofilm matrices are
particularly associated with hospital-acquired infections and might have implications in

the transmission of GBS to infants during labor and delivery in hospital settings.%®
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Figure 1.3 Lifecycle of Streptococcus biofilm

1.6.3 GBS virulence regulation via two-component systems

Virulence factors are regulated at the cellular level through multiple methods, but the most
predominant regulatory mechanism in GBS is the use of two-component signal
transduction systems (TCSs) (Figure 1.4).56-58 TCSs are responsible for sensing and
responding to external signals. TCSs contain a trans-membrane histidine kinase
component responsible for detecting external signal inputs. Common signals that are
sensed by TCSs include availability of nutrients, external pH, antibiotic pressure, or other
foreign bacterial metabolites. Upon detection of a signal, histidine phosphorylation then
engages a response regulator component.>® This component then facilitates changes in
bacterial transcription, thereby, changing bacterial physiology as a response to the initial

external signal.
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Figure 1.4 Conceptual model of bacterial TCS

Within GBS there are an estimated twenty TCSs, with the functions of only five having
been thoroughly studied; CovRS (CsrRS), DItRS, RgfBC, FspRS, and CiaRH.%: 60-64 Of
particular interest, is the CovRS system that is thought to be a global regulatory system
for GBS, heavily involved in cellular regulation in both acidic and high-carbohydrate
environments.®%-%8 Transcriptionally, CovRS regulation has been shown to impact over
100 genes, with predominant changes occurring to those that regulate cell envelope
processes.?% 6% 70 These include genes implicated in cell wall processes, transport
proteins and lipopeptides, as well as cell membrane bioenergetics. CovRS deletion
mutants see significant downregulation in transcription of these genes. For these reasons,

CovRS is believed to be a key TCS used to promote GBS virulence and pathogenesis.
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1.7 Antibiotic preventions for GBS infections

1.7.1 Introduction: relevant antibiotic structures and mechanisms of action

Antibiotics are essential in the treatment of bacterial infections. For about a century,

scientists have worked diligently to identify potent antibacterial compounds, their

respective bacterial targets, and how to circumvent mechanisms of antibiotic resistance.

The most predominant classes of clinically used antibiotics today target or inhibit the

biogenesis of essential bacterial components, such as the cell wall, cell membrane,

proteins, DNA, RNA, and folate (Table 1.4/Figure 1.5).7". 72

Table 1.4 General antibiotic classes and respective bacterial targets

Antibiotic Class Example Antibiotic Target
B-lactam penicillin penicillin-binding protein (cell wall)
glycopeptide vancomycin peptidoglycan and lipid Il (cell wall)
antimicrobial peptide polymyxin B cell membrane
aminoglycoside gentamicin 30S ribosomal subunit (protein synthesis)

macrolide erythromycin
oxazolidinone linezolid
50S ribosomal subunit (protein synthesis)
tetracycline minocycline
lincosamide clindamycin
quinolone ciprofloxacin topoisomerase Il (DNA replication)
sulfonamide sulfadiazine folate biosynthesis
rifamycin polyketide rifampicin RNA polymerase (RNA synthesis)

nitrofuran

nitrofurantoin

DNA synthesis

13
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Briefly described, components within the cell envelope have been targeted for antibiotic
interventions. Cell wall targeting antibiotics including penicillin (1.1), ampicillin (1.2),
cefazolin (1.3), and vancomycin (1.5) have proved particularly efficacious in the treatment
of gram-positive bacterial infections.”®”®> Conversely, cell membrane targeting antibiotics
like polymyxin B, are of specific use in combating gram-negative infections.

Another large subset of antibiotics inhibits the intracellular assembly of proteins via
interactions with the bacterial ribosome.”® 77 Lincosamides, macrolides, oxazolidinones,
and tetracyclines all interact at the 50S subunit of the ribosome. These classes include
clinically used antibiotics such as clindamycin (1.4), minocycline (1.6), linezolid (1.7), and
erythromycin (1.8).”® Aminoglycosides such as gentamicin (1.11) impede protein
synthesis through interaction with the 30S ribosomal subunit.”® 8 Antibiotics such as
these can be used in the treatment of both gram-positive and gram-negative bacterial
infections.

Aside from the ribosome, antibiotics can also target other intracellular processes. Several
antibiotics target genomic materials. DNA synthesis and integrity can be altered by
nitrofurans (1.15 and 1.16) and quinolones, such as ciprofloxacin (1.18).87-83 Alternatively,
RNA synthesis can be stunted by rifamycin polyketides like rifaximin (1.9) and rifampicin
(1.10).34 Another intracellular target of antibiotics is folate biosynthesis (see section
3.5).85.86 Folate is required by bacterial cells to make nucleotides. Sulfonamides (1.12
and 1.13) and trimethoprim (1.14) are known to inhibit the folate biosynthetic pathway.
Folate-targeting antibiotics and DNA/RNA targeting antibiotics can be used against both

gram-positive and gram-negative bacterial infections. However, these classes are most
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commonly used in the treatment of gram-positive species due to higher rates of cellular
penetration and efficacy.

While only a brief introduction to the breadth and diversity of antibiotics, these represent
some of the most important small molecules drugs of the last century. | direct interested
readers further to the cited books, reviews, and perspectives for a more detailed study of

antibiotic mechanisms of action and current drug development efforts.”!- 72 87-91

1.7.2 Antibiotic prophylaxis to prevent GBS transmission

Antibiotics are the gold-standard of treatment for infectious GBS disease. Most commonly
used are penicillin (1.1) and other B-lactams, clindamycin (1.4), and vancomycin (1.5).
More importantly, these antibiotics are also used to prevent transmission of GBS. To
prevent EOD, mothers are vaginally screened for GBS colonization during pregnancy
around 36 weeks. Those that test positive for GBS are then administered intrapartum
antibiotic prophylaxis (IAP) during labor to prevent transmission. The molecular nature of
this treatment is decided based on maternal allergy considerations and GBS strain
sequencing for resistance (Figure 1.6). IAP has been shown to prevent EOD with up to

90% efficiency, but there are significant limitations to these current antibiotic treatments.
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Figure 1.6 |IAP treatment decision making workflow

1.7.3 Current limitations of antibiotic treatments

IAP is a powerful tool in the prevention of EOD, but it requires the universal screening of
pregnant mothers for GBS colonization, followed by effective administration of an
antibiotic during delivery. Both GBS screening and antibiotic administration needs to
occur at their respective time-points to make IAP effective. Resultantly, resource-limited
regions struggle to provide sufficient screening and treatment options to administer IAP
universally and effectively. Since maternal GBS screening is also only conducted at one
time-point, GBS colonization can be “missed” entirely, and therefore go untreated.
Additionally, there is currently no good therapeutic method to prevent LOD.

With these considerations of therapeutic strategies, the use of antibiotics in any context
is also plagued by the emergence of antibiotic resistance.®? Most significantly, GBS has
developed resistance to clindamycin (1.4) in approximately 40% of clinical isolates and

resistance to erythromycin (1.8) in approximately 50% of isolates.®® This resistance can
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be conferred via erm (erythromycin ribosome methylation) genes that decrease ribosomal
binding affinity of the antibiotics, or through mef (macrolide efflux) genes that increase
antibiotic efflux.®* The rise of antibiotic resistance in GBS strains represents only a fraction
of the global health crisis affiliated with the evolution of multi-drug resistant bacteria.” 9"
95, 96

Additionally, there is increased concern over habitual use of antibiotics due to their effects
on commensal bacteria. The infant microbiome aids in the development of a healthy
immune system, but there is speculation that antibiotic treatment can deter this
development.¥”-%° |AP changes the microbiome of the mother and as a result, the infant.
It has been demonstrated that neonates exposed to IAP exhibit lower colonization rates
of healthy gut commensals such as bifidobacteria and lactobacilli.’® Considering IAP-
induced effects on the neonatal microbiome and ever-increasing rates of antibiotic
resistance, there is clear and urgent need for novel GBS prevention and treatment

strategies.

1.8 Purpose of dissertation

The dual nature of GBS as a harmless commensal in healthy adults, but a pathogenic
danger to infants, complicates GBS detection, treatment, and prevention. Ever-increasing
rates of antibiotic resistance also strengthens the necessity for novel molecular
therapeutics, amenable in preventing neonatal GBS infection. This dissertation
investigates novel antibiotic treatments for GBS infections. Both synthetic- and
mammalian-derived carbohydrates and glycoconjugates are studied for use in inhibiting

GBS growth, virulence, and biofilm formation. The synthesis and discovery of novel GBS

18



treatments will increase contributions towards bettering neonatal health and preventing

infant mortality.
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Chapter 2
Synthesis and application of ellagic acid glycosides in preventing group B

Streptococcus biofilm formation

2.1 Abstract

GBS is a bacterium that presents a significant health risk to infants. Unfortunately, current
strategies used to prevent GBS transmission also alter the composition and development
of the infant and maternal microbiome. Resultantly, continued antibiotic drug discovery
efforts are needed, with emphasis on the study of selective antimicrobial compounds that
minimize deleterious effects on the greater microbiome population. Herein, we investigate
the synthesis and use of glycosylated ellagic acid derivatives as potential antibacterial
agents against GBS. We identify that ellagic acid arabinoside has significant antibiofilm
properties against GBS and inhibits early streptococcal adhesion mechanisms. We also
show that synthetic ellagic acid glycosides inhibit the growth of other ESKAPE pathogens,
thereby increasing interest in further development of such molecules as antibacterial

therapeutics.’

2.2 Ellagitannin natural products

Plants biosynthesize numerous types of polyphenol or tannin natural products.
Gallotannins and ellagitannins are two predominant classes within these natural products
and can be highly variable in structure.?” Most simply, these natural products are derived
from only a few subunits (Figure 2.1A). Gallotannins are comprised of galloyl motifs (2.1)

and various glycosides (2.2), while ellagitannins also feature hexahydroxydiphenoyl
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moieties (HHDP, 2.3). A few representative monomeric ellagitannins are highlighted,
including sanguiin H-5 (2.4), pariin M (2.5) and pedunculagin (2.6), but there are over

1,000 known ellagitannin natural products (Figure 2.1B).

A. Ellagitannin building blocks

A0 om0
o
o]
OH St
Ho L RO == wg oM oH
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galloyl (G) various glycosides hexahydroxydiphenoyl (HHDP)
21 2.2 23

B. Representative monomeric ellagitannins

d lagi
sanguiin H-5 . pe ur;c; agin
24 pariin M .
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Figure 2.1 Ellagitannin structures (A.) Ellagitannin building blocks (B.) Representative
monomeric ellagitannins

The structural building blocks of tannins are biosynthesized, in part, by the shikimate
biosynthetic pathway (Scheme 2.1).” 8 Beginning from erythrose 2.7 and
phosphoenolpyruvate (2.8), formation of intermediate 2.9 and subsequent cyclization
yields dehydroquinate 2.10. From carbocycle 2.10, dehydration gives dehydroshikimate
2.11, which acts as a branching point within this biosynthetic pathway. Reduction of 2.11
yields shikimic acid (2.12), which can be further elaborated into aromatic amino acids.®

10 Alternatively, oxidation of 2.11 yields gallic acid (GA, 2.13). GA (2.13) can also be
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dimerized to afford ellagic acid (EA, 2.14). GA and EA polyphenols are the central building
blocks for the synthesis of complex gallotannins and ellagitannins, respectively.

Initially, GA (2.13) can be appended to a variety of glycosides to yield gallotannin natural
products. D-glucose (glc, 2.15) is the most commonly incorporated monosaccharide, but
other readily available plant carbohydrates can also be incorporated. These include
galactose (gal, 2.16), xylose (xyl, 2.17), arabinose (ara, 2.18) and rhamnose (rha, 2.19).
The glycosyltransferase enzymes involved in these reactions are numerous and still being
fully elucidated. From various monosaccharides and gallic acid, monomeric gallotannins
are ultimately biosynthesized. From here, GA moieties can undergo further oxidative
dimerization to generate ellagitannin natural products. These are named as such, since
upon hydrolysis, ellagitannins release EA (2.14)." Both monomeric ellagitannins and
gallotannins can undergo subsequent dimerization and oligomerization to afford higher
order tannin natural products.

The complex structure of ellagitannins is of continued interest in total synthesis
endeavors, and present-day research focuses on highly substituted scaffolds with ever
increasing degrees of complexity.' 12 Through synthetic developments by the Quideau,
Khanbabaee, and Feldman labs, dozens of ellagitannin natural products have been
synthesized and undergone structural confirmation. These significant contributions to
ellagitannin total synthesis, have inspired present day interest in the isolation,

characterization, and synthesis of novel ellagitannin natural products.
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Scheme 2.1 Representative biosynthesis of gallotannin and ellagitannin natural products.
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2.3 Biological activity of ellagitannins

2.3.1 Introduction

Ellagitannins have most extensively been studied for their dietary roles and antioxidant
activity.'> 1 This antioxidant activity is attributed to the excess of polyphenols within these
natural products that makes them prone to oxidation and increases their ability to
neutralize reactive oxygen species. Additionally, as these molecules are abundant in fruits
and berries, they can be metabolized by some gut microbes including strains of
Bifidobacterium and Gordonibacter.’>'” Metabolic degradation of ellagitannins leads to
the production of urolithin metabolites, that have been linked to modulation of the gut
microbiome (Scheme 2.2).: '® EA (2.14), is hydrolyzed to intermediate 2.20, which
undergoes initial decarboxylation to urolithin M-5 (2.21). From here, it is believed that
subsequent reduction generates a variety of urolithin metabolites with varying degrees of
polyphenolic character (2.22-2.24). The enzymes involved in these processes remain
largely unknown, but this removal of phenolic moieties helps to increase lipophilicity and
absorption of urolithin metabolites in the gut. Resultantly, the beneficial effects of these

metabolites are of continued interest to researchers.
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Scheme 2.2 Metabolism of EA to urolithins

2.3.2 Antibacterial activity of ellagitannins

With studies into the antioxidant and probiotic effects of ellagitannins, alternative roles as
potential antibacterial agents have been largely unexplored. One recent study conducted
by Quave and coworkers, identified an extract from the Rubus ulmifolius blackberry plant
had significant antibacterial and antibiofilm activity against Staphylococcus aureus.'®
Across multiple S. aureus strains, the fraction, denoted 220D-F2, had an MICg ranging
from 530-1040 ug mL" and an MBICg ranging from 50-100 ug mL™". This significant
antibiofilm activity was further supported by confocal microscopy visualization of S.
aureus biofilms (Figure 2.2). When dosed at 50 ng mL™", the extract 220D-F2 was able to
completely prevent observable biofilm formation in both methicillin-sensitive and

methicillin-resistant S. aureus (MSSA, MRSA respectively).
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USA-200 (UAMS-1)

A

USA-300 (UAMS-1782)

Wild type AsarA mutant 100 ug/mL of 220D-F2 50 pg/mL of 220D-F2  12.5 ug/mL of 220D-F2

Figure 2.2 Impact of 220D-F2 on S. aureus biofilm as assessed by confocal microscopy.
Microtiter plate biofilm assays were undertaken with UAMS-1 (top, MSSA) or UAMS-1782
(bottom, MRSA) after the addition of either 220D-F2 at the indicated concentrations or
excipient (DMSO) to the growth medium. Confocal images were obtained after 20 hours
of incubation. An orthogonal view is included to illustrate overall biofilm architecture at a
magnification of 10x. Isogenic sarA mutants grown in BM with DMSO were included as
negative controls.'®

Further mass fragmentation (MS/MS) studies on extract 220D-F2 revealed the active
constituents were ellagitannins, specifically mono-glycosylated EA derivatives (Figure
2.3). Based off the MS/MS data, the monosaccharide residues were proposed to be that

of rhamnose (2.25-2.26) and xylose (2.27-2.28), however, the site and stereochemistry

of glycosylation was not initially determined.

EA rhamnosides EA xlyosides

Figure 2.3 Proposed structures of active constituents in isolate 220D-F2
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2.3.3 Fontaine synthesis of EA glycosides

A follow up study from Fontaine and coworkers was conducted to verify the structures of
the active components in 220D-F2.2° They synthesized two EA glycosides, an EA
xyloside 2.34 and EA rhamnoside 2.35, to investigate which molecule might be
responsible for antibiofilm activity against MRSA (Scheme 2.3). Their synthesis began
from EA (2.14), whereby per-TBS protection afforded the TBS-protected EA 2.29. From
here in situ deprotection of the C-3 TBS ether and glycosylation with a xylosyl (2.30) or
rhamnosyl (2.31) iodide donor, yielded protected EA glycosides 2.32 and 2.33
respectively.?! Notably, this glycosylation proceeds in only 13-15% yield. Desilylation and

deacetylation then afforded the final EA glycosides 2.34 and 2.35.
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Scheme 2.3 Fontaine synthesis of EA glycosides?
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Initial biological investigation in MSSA strain UAMS-1 identified that the EA xyloside 2.34
had antibacterial activity (MICgo- 32 ug mL") and the EA rhamnoside 2.35 had antibiofilm
activity (MBICg - 128 ng mL-"). Neither of these molecules were as potent as the original
natural product extract 220D-F2 and as a result there were still several unaddressed
questions regarding the biological activity of EA glycosides.

While these studies demonstrated the antibiofilm activity of EA rhamnoside 2.35, little was
understood about how the compounds elicit antibiofilm effects and the reasons for
monosaccharide specific-antibiofilm activity.?? Additionally, Fontaine’s work did not
investigate the effects of the synthetic EA glycosides against MRSA or any other bacterial
strains. Other previous total syntheses of EA glycosides also failed to investigate the
range of antibacterial effects of such compounds.?’: 2325 Resultantly, we became
interested in developing a synthetic strategy to access EA glycosides that would enable

a broader evaluation of their biological activity and mechanism of action.

2.4 Synthesis of EA glycosides

2.4.1 Rationale and retrosynthesis

Based off these earlier studies into EA glycosides and biological activity, we became
interest in testing these ellagitannins for activity against GBS. As GBS is disproportionally
pathogenic in infants, the prevention of GBS transmission from adults to infants is crucial
(see section 1.5). We hypothesized that the natural abundance of EA glycosides in normal
dietary fruits would limit deleterious effects on healthy commensal bacteria, while
inhibiting the proliferation of pathogenic microbes. For these reasons, we decided to

design our own total synthesis campaign to produce glycosylated EA derivatives.?

36



Retrosynthetically, we envisioned a late stage O-glycosylation to allow for diversification
of monosaccharide substituents (Scheme 2.4). We initially chose xylose (2.17),
arabinose (2.18), and rhamnose (2.19) as monosaccharide targets owing to their
previously demonstrated activity and abundance within phenolic natural products.?’° We
also wanted to synthetically access EA (2.14) from cross-coupling of the monomeric
precursor GA (2.13). This would enable derivatization of the EA core and increase

accessibility to starting materials.
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L-arabinose ellagic acid (EA)
218 214

Scheme 2.4 Retrosynthetic analysis of EA glycosides

2.4.2 Total synthesis of EA glycosides

With these considerations in mind, we began our total synthesis from methyl gallate (2.36)
(Scheme 2.5). Finkelstein per-O-benzylation and subsequent electrophilic bromination
provided intermediate aryl bromide 2.38.2° This aryl bromide was then coupled under
Ullmann conditions to provide biaryl 2.39. This sterically-encumbered biaryl bond
formation proceeds in relatively high yields when compared to those of similar methyl
ester substituted systems.?” The use of palladium and nickel additives did not improve
the cross-coupling yield, however the only reaction byproduct is the dehalogenated

starting material 2.37, which can be recovered and resubjected.?’-?°
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From biaryl 2.39, debenzylation and subsequent dilactonization gave EA (2.14), which
has extremely poor solubility in most organic solvents.?° By example, EA is soluble at 9.7
ug mL" water, 671 ug mL" methanol, and 2.5 mg mL"' DMSO. These poor solubilities
make EA unideal for use in direct glycosylation reactions. As a result, we immediately
per-O-silylated EA (2.14) to arrive at 2.40 in 55-70% yield over three steps. TIPS-EA 2.40
is soluble in conventional organic solvents such as chloroform and ethyl acetate; a
consideration that was critical for designing future glycosylation efforts. From 2.40,
selective TBAF-mediated mono-deprotection afforded the C-3 phenol 2.41, providing an

EA acceptor for initial glycosylation attempts.?3
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Scheme 2.5 Synthesis of EA acceptor 2.41

From acceptor 2.41, we then envisioned a phenolic O-glycosylation to form the key

glycosidic linkage. The previous method used by Fontaine and coworkers was extremely

38



low yielding and we wanted to significantly improve upon it.?° We used xylosyl donors in
an initial glycosylation screen with acceptor 2.41, in an attempt to form the general EA

xyloside 2.42 (Scheme 2.6).
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Scheme 2.6 Initial glycosylation screen with xylosyl donors and EA acceptor 2.41

Ouir first attempts focused on the use of trichloroacetimidate xylosyl donors due to their

highly reactive nature and ability to be activated with catalytic amounts of Lewis acid.3": 32
Resultantly, we screened the use of acetylated a-xylosyl trichloroacetimidate donors

activated with Lewis acids over a range of temperatures (Scheme 2.6, Entries I-1l). We
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also attempted glycosylation with the acetylated B-xylosyl trichloroacetimidate (Scheme
2.6, Entry lll), however, none of these attempts yielded the desired EA xyloside 2.42.
Due to a non-productive coupling, we used an armed benzyl-protected xylosyl
trichloroacetimidate donor, in glycosylation with 2.41 (Scheme 2.6, Entry IV).33 34
Unfortunately, this strategy was also unsuccessful in forming the glycosidic linkage. As
these imidate donors proved ineffective, we then attempted to use a xylosyl bromide
donor in Koenigs-Knorr glycosylation conditions (Scheme 2.6, Entry V) but these
reaction conditions also failed.3% 3¢ We then used the xylosyl bromide donor under basic
phase-transfer glycosylation conditions with 2.41 in an attempt to promote Sn2-type
glycosylation (Scheme 2.6, Entry VI). However, this reaction and others like it also failed
to yield the desired glycoside 2.42. In each of these conditions (Scheme 2.6), the EA
acceptor 2.41 remained unreacted and the xylosyl donors underwent eventual quenching
or hydrolysis. These results, and other previous reports, indicated that the phenolic EA
acceptor 2.41 is an extremely poor nucleophile and sterically hindered, leaving
conventional glycosylation strategies ineffective.?

For these reasons, we decided to use a similar glycosylation strategy as Fontaine and
coworkers (Scheme 2.7).20-37. 38 TIPS-EA 2.40 was regioselectively desilylated at the C-
3 EA phenol using TBAF to generate an intermediate quaternary ammonium salt in situ.
This was then treated with glycosyl iodide donors (2.30, 2.31, 2.43) and TBAI, at which
point the reaction slurry was heated over two days to yield the desired glycosylated
products 2.44-2.46.%7- 38 These glycosylation conditions ranged from 15-30% yields, and
while this was still very low, it was double that of previous methods. The diminished yields

of these glycosylations are attributed to the loss of excess TIPS protecting groups, which
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decreases solubility of the acceptor and hinders further reactivity. These reasons and the
poor reactivity of other EA acceptors, ultimately necessitated the use of these unique

glycosylation conditions.
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Scheme 2.7 Successful glycosylation of EA glycosides and X-ray crystallography
verification of 1,2-frans stereochemistry

Of benefit, the glycosylation reaction proceeds stereoselectively, giving exclusively the
1,2-trans glycoside. Initial NMR analysis of 2.44 and 2.45 showed 3J1 2 coupling constants
ranging from 4.6-4.8 Hz (see Figures A2.7 and A2.9). This small coupling constant
caused us to speculate that we had formed the 1,2-cis glycoside. However, further
investigation and use of X-ray crystallography revealed we had actually formed the 1,2-
trans EA glycosides (Scheme 2.7, 2.44).%° This is mechanistically hypothesized to occur
via Sn2-like displacement of the a-glycosyl iodide with the EA phenolic acceptor.
Following successful glycosylation, 2.44-2.46 were subjected to two-step global

deprotection, affording glycosides 2.34, 2.47, and 2.35 (Scheme 2.8). These glycosylated
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EA variants had significantly improved solubility properties than those of free EA, and
demonstrated increased solubility in DMSO and buffered aqueous solutions ranging from
pH 8-9. Through our synthetic efforts, we generated approximately 500 mg of each of the

desired EA glycosides 2.34, 2.47, and 2.35 for use in biological assays.
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Scheme 2.8 Final deprotection of EA glycosides

2.5 Biological activity of synthetic EA glycosides

2.5.1 Antibacterial activity of EA glycosides against GBS

After successful synthesis of EA glycosides 2.34, 2.47, and 2.35, we wanted to test their
potential antibacterial effects against GBS. We hypothesized that the compounds would
inhibit biofilm formation as was seen in the analogous gram-positive pathogen S.
aureus.?® We tested the glycosides 2.34, 2.47, and 2.35 in two strains of GBS, GB590

and GB2 (Table 2.1). 4042
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Table 2.1 MIC and MBIC of EA glycosides in GBS strains?

GB590 GB2
Compound
MICs50 | MICgo | MBICs50 | MBICgo | MIC50 | MICgo | MBIC5¢ | MBICoo
2.34 1024 NDP 1024 1024 NDP NDP 512 1024
2.47 1024 1024 512 1024 1024 1024 512 1024
2.35 1024 1024 1024 1024 1024 NDP 1024 NDP

2-all values reported in ug mL™", ®ND — not determined; >1024

These initial antimicrobial assays indicated that the EA glycosides were weakly
antibacterial against GBS. Across both GBS strains, the EA arabinoside 2.47 was the
most antibacterial with an MICg of 1024 ug mL™". It should be noted that we attempted to
used EA as a control compound, but due to its low solubility, could only reach a maximum
dose of 256 ug mL". No changes to bacterial growth or biofilm formation were seen at
this highest concentration of EA.

Most interestingly, the EA xyloside 2.34 and EA arabinoside 2.47 had antibiofilm
properties against GBS. To investigate these results further, we analyzed the changes in
biofilm as a ratio of biofilm to biomass (biofilm/biomass, ODse0/ODso0) (Figure 2.4). This
parameter allows us to verify whether or not a phenotypic change in biofilm is simply due
to lower cellular growth or inherent stunting of biofilm generation. We demonstrated that
both EA glycosides 2.34 and 2.47 inhibit GBS biofilm formation independent of bacterial
growth. Interestingly, the EA rhamnoside 2.35 did not have antibiofilm activity against
GBS, even though it had the most predominant antibiofilm activity in S. aureus.?® These

results indicate there is carbohydrate specificity in the effects of EA glycosides against
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gram-positive biofilm formation and further investigation into the mechanism of action is

necessary.
GB590 Biofilm/Biomass
6-
g
o 44
o
3
o 24
(o)
Il Untreated
B 1024 ug mL™"
3-xyl-EA 3-ara-EA 3-rha-EA Bl 512 g mL!
B 256 pg mL"
128 ug mL!
GB2 Biofilm/Biomass Il 64 yg mL!
8- B 32 g mL!
Bl 16 ygmL"
S 6-
S
k-
o
O 2-
0-

3-xyl-EA 3-ara-EA 3-rha-EA

Figure 2.4 Antibiofilm activity of EA glycosides. Biofilm production as denoted by the ratio
of biofilm/biomass (ODseo/ODeoo) in GB590 and GB2 in the presence glycosylated EA
derivatives relative to biofilm production in THB alone (untreated). Data displayed
represent the relative mean biofilm/biomass ratio + SEM of at least three independent
experiments, each with three technical replicates. * represents p < 0.05, ** represents p
< 0.01, *™* represents p < 0.001, and **** represents p < 0.0001 by one-way ANOVA
comparing biofilm production of GBS in each EA glycoside supplementation condition to
biofilm production of GBS in media alone (untreated).*

2.5.2 Visualization of EA glycoside-mediated effects on GBS biofilms
To investigate how EA glycosides impact GBS biofilm formation, we sought to use
microscopy imaging techniques. Scanning electron microscopy (SEM) has been used

previously to identify changes to biofilm architectures and extracellular matrices (ECM).%*
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45 We conducted imaging in GB590, since it was the most significantly impacted GBS
strain upon treatment with synthetic EA glycosides. Additionally, since EA arabinoside
2.47 had not been previously synthesized, we imaged its effects on GBS biofilm formation

when dosed at 512 ug mL™" (Figure 2.5).

Untreated GB590 3-ara-EA

Figure 2.5 Scanning electron micrographs GB590 biofilm formation in THB after 24 h.
(A.) GB590 at 20,000x magnification. (B.) GB590 when treated with 512 ug mL™" of 2.47
at 20,000x magnification. (C.) GB590 at 50,000x magnification. (D.) GB590 when treated
with 512 ug mL™" of 2.47 at 50,000x magnification.*®

The SEM images revealed that EA arabinoside 2.47 impacts general adhesion of Group
B streptococcal cells to the slide surface. In the untreated GBS samples, the cells adhere

uniformly to the abiotic surface and begin to stack against one another. This monolayer

formation is seen at low magnification (Figure 2.5A) and is the beginning bacterial
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adhesion from which robust three-dimensional biofilm architectures will continue to build.
Alternatively, in the GBS sample treated with EA arabinoside 2.47, there is a lack of
cellular adhesion and monolayer formation at the slide surface. At low magnification
(Figure 2.5B) we see sparse adhesion of streptococcal cells and no cellular clumping or
stacking is observed. Since the cellular adhesion is significantly stunted, this likely
impedes any further biofilm structures from assembling. As these results indicate, EA
glycosides impede early adhesion mechanisms of GBS biofilms. Antibiofilm activity such
as this, is broadly applicable to the prevention of biofilm formation on surfaces and

medical devices, and offers opportunities in combating antibiotic-resistant infections.

2.5.3 Antibacterial activity of EA glycosides against ESKAPE pathogens

Our studies demonstrated that EA glycosides have antibacterial and antibiofilm effects
against GBS, and previous work has shown these ellagitannins also inhibit the growth of
MSSA. This indicates EA glycosides inhibit gram-positive pathogens, but EA glycosides
had not yet been investigated for activity against gram-negative pathogens. To investigate
this, we collaborated with the Community for Open Antimicrobial Drug Discovery
(COADD) to screen the synthetic EA glycosides 2.34, 2.47, and 2.35 against several
ESKAPE pathogens (Table 2.2).” These assays tested for growth inhibitory effects
against Staphylococcus aureus (MRSA), Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Acinetobacter baumannii, and two fungal pathogens, Candida
albicans and Cryptococcus neoformans. For these assays, each EA glycoside (2.34,
2.47, 2.35) and EA (2.14) were dosed at a constant concentration of 32 ug mL"" and

growth inhibition was recorded.
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Table 2.2 Growth inhibition of EA glycosides against additional pathogens®®°

K. P. A. C. C.
Compound | S. aureus | E. coli . .
pneumoniae | aeruginosa | baumannii | albicans | neoformans®
2.34 50 44 39 8 43 12 -86
2.47 42 25 26 23 25 14 -6
2.35 42 38 45 18 35 25 -2
EA (2.14) 65 5 11 3 8 21 3

aAssay conditions performed according to COADD standard operating procedures*’
b-All values expressed in percent (+10%) ¢Negative number is attributed to growth of
fungus

These antimicrobial assays against several ESKAPE pathogens indicated that EA
glycosides 2.34, 2.47, and 2.35 have antibacterial activity against gram-negative bacteria
in addition to gram-positive species. As anticipated, the highest antibacterial effects were
seen against S. aureus (MRSA), ranging from 42-50% growth inhibition across EA
glycosides. EA (2.14) alone also significantly inhibited MRSA growth by 65%, suggesting
the glycoside is not necessary for these growth inhibitory effects. Notably, the EA
glycosides showed unique activity across the gram-negative ESKAPE pathogens, where
2.34 inhibited A. baumanii by 43% and 2.35 inhibited growth of K. pneumoniae by 45%.
In these pathogens, the EA glycosides largely outperformed free EA (2.14), indicating a
carbohydrate-specific antibacterial effect.

Uniquely, while most EA glycosides did not inhibit growth of the fungal pathogens C.
albicans or C. neoformans, 2.34 did significantly promote the growth of C. neoformans.
Closer interrogation revealed that the capsular polysaccharide (CPS) of C. neoformans

is a primary virulence factor and contains xylose within its repeating unit structure.*® We
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hypothesize that C. neoformans can utilize the xylose residue from 2.34 within the
synthesis of its capsular polysaccharide and this ultimately promotes C. neoformans
growth. These results have illustrated the broad-spectrum antibacterial activity of EA
glycosides and encourages further studies into the antibiofilm effects of such molecules

on gram-negative biofilms.

2.6 Conclusion and future directions

Through this work, we synthesized a variety of glycosylated EA derivatives and
investigated their biological activity against GBS. Our work showed the EA arabinoside
2.47 had significant antibiofilm activity against multiple strains of GBS and this antibiofilm
activity was due to a stunting of initial bacterial adhesion mechanisms. We also
demonstrated synthetic EA glycosides prevent the growth of gram-negative pathogens
such as K. pneumoniae and A. baumannii. In summation, this work has demonstrated the
ability of ellagitannin natural products to inhibit the growth and biofilm formation of
pathogenic bacteria, but other studies would contribute to the development of such
molecules as antimicrobial therapeutics.

While we showed EA glycosides could inhibit the growth of gram-negative pathogens, we
have not yet studied if the glycosides inhibit biofilm formation within these strains. We
hypothesize the glycosides will have similar antibiofilm properties as seen in gram-
positive pathogens, but this remains to be investigated. Conducting similar antibiofilm
assays and microscopy visualizations would provide support for the broad-spectrum utility
of the synthetic EA glycosides in biofilm prevention.

Additionally, the studies herein have largely focused on the antibacterial effects of EA

glycosides on pathogenic bacteria, but we are also interested if these compounds impact
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healthy commensals. Naturally occurring EA glycosides are ingested through normal diet
in the form of fruits and berries, and as such they are thought to play a healthy regulatory
role within the microbiome.’>18 4° As we have evidence that EA glycosides can inhibit the
growth and adhesion of pathogenic microbes, it would be worth investigating if treatment
with EA glycosides might conversely increase commensal proliferation and act as a
probiotic. To investigate this further, strains of varying commensals including
Bifidobacterium, Lactobacillus, Streptococcus, and Bacteroides species should be
evaluated for growth effects of EA glycoside treatment. We would anticipate the EA
glycosides would not inhibit the growth of these bacteria and might even promote the
growth of some commensals. This activity would identify EA glycosides as potential
molecules for maintaining microbiome symbiosis. Studies such as these would continue
to identify novel use for EA glycosides in regulating a healthy microbiome and combating

infectious disease.

2.7 Experimental methods

General synthetic procedures and materials

All moisture-sensitive reactions were performed in flame-dried or oven-dried glassware
under an atmosphere of argon. Oven-dried stainless-steel syringes or cannula were used
to transfer moisture- and air-sensitive liquids. Reaction temperatures were controlled and
monitored using a hot plate stirrer with a thermocouple thermometer. Analytical thin-layer
chromatography (TLC) was performed on Sorbtech Silica XHL UV-254, glass-backed,
250 pm plated, and visualized using UV, cerium ammonium molybdate stain,

anisaldehyde stain, or potassium permanganate stain. Flash column chromatography
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was performed as described by Still et al. using silica gel 230-400 mesh.%° Yields were
reported as purified, isolated compounds. Solvents were dried through a Braun MB-SPS
solvent system and used immediately or stored over 3 A or 4 A molecular sieves. N-
bromosuccinamide was recrystallized from water. Copper powder was activated as
described by Kleiderer et al.5' Glycosyl iodide donors were prepared as reported by
Mukhopadhyay et al.®® Compounds 2.37 and 2.38 were prepared as reported by Hirokane
et al.?> Other commercial reagents were used as received.

NMR spectra were obtained on Bruker 400 MHz and Bruker 600 MHz spectrometers and
are reported relative to deuterated solvent signals. Data for '"H NMR spectra are
presented as follows: chemical shift (& ppm), multiplicity (s = singlet, d = doublet, t = triplet,
g = quartet, p = pentet, m = multiplet, td = triplet of doublet, dp = doublet of pentent, dq =
doublet of quartet, br = broad, app = apparent), coupling constants (Hz) and integration.
Deuterated chloroform was standardized to 7.26 ppm. Deuterated methanol was
standardized to 3.31 ppm. Deuterated DMSO was standardized to 2.50 ppm. *C NMR
spectra were obtained on Bruker 101 MHz and 151 MHz spectrometers and are reported
relative to deuterated solvent signals. Deuterated chloroform was standardized to 77.0
ppm. Deuterated methanol was standardized to 49.0 ppm. Deuterated DMSO was
standardized to 39.52 ppm. High-resolution mass spectra (HRMS) were obtained from
the Vanderbilt Mass Spectrometry Research Center using a Synapt G2-S HDMS (Milford,
Ma, USA) mass spectrometer. Low-resolution mass spectra (LRMS) were collected using
a Thermo Fisher MSQ-Plus-40000 mass spectrometer. Melting points were recorded on

a Fisher-dohns 12-144 melting point apparatus. Optical rotations (OR) were measured
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with an Autopol IV Automatic Polarimeter at a concentration of 1 mg mL™". IR spectra

were recorded neat via ATR on a Nicolet iS 5 FTIR spectrometer.

Compound preparation and characterization

OBn

] OBn
MeO,C OBn
BnO. I CO,Me
BnO
OBn

2.39

Dimethyl 4,4'.5,5',6,6'-hexakis(benzyloxy)-[1,1'-biphenyl]-2,2'-dicarboxylate (2.39)
To activated Cu (0.33 g, 5.19 mmol, 8.39 equiv.) was added 2.38 (330 mg, 0.619 mmol,
1 equiv.) and DMF (0.10 mL, 6 M). and the resulting slurry heated at 110 °C for three
hours. After this time, additional DMF (0.65 mL, 1 M) was added, and the reaction was
heated at 150 °C overnight. After cooling to room temperature, the reaction was diluted
with EtOAc (5 mL) and passed through Celite. The filtrate was washed with 1 N HCI (2 x
10 mL) and brine (5 mL) before being dried over NaxSO4 and concentrated in vacuo. The
crude oil was then purified via flash column chromatography (SiO2, 20-40%
EtOAc/hexanes) to afford 2.39 (120 mg, 0.31 mmol, 43%) as an oil. R = 0.17 (20%
EtOAc/hexanes); m.p. 60 °C; '"H NMR (400 MHz, CDCl3) & 7.55 (s, 2H), 7.52 (d, J = 6.5
Hz, 4H), 7.46 — 7.32 (m, 10H), 7.28 — 7.21 (m, 7H), 7.17 — 7.10 (m, 6H), 6.88 (dd, J= 7.8,
1.8 Hz, 4H), 5.20 (dd, 4H), 4.98 (dd, 4H), 4.91 (d, J = 11.1 Hz, 2H), 4.77 (d, J = 11.1 Hz,
2H), 3.59 (s, 6H).;"*C NMR (101 MHz, CDCl3) 5 166.9, 151.8, 151.1, 145.6, 137.9, 137 4,
136.8, 128.7, 128.7, 128.4, 128.2, 128.1, 127.8, 127.8, 127.6, 127.5, 125.6, 111.1, 75.5,

74.7, 71.2, 52.0; IR vmax cm™: 1727, 1431, 1367, 1329, 1188, 1100, 1054, 1021, 999,
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981, 909, 765, 744, 731, 696, 617, 608; LR-ESI-MS (m/z): calcd for CseHs50010" (M+H)*

907.3, found 907.2.

ellagic acid (EA)
2.14

Ellagic acid (EA), (2.14) To Pd(OH)2 (960 mg, 1.37 mmol, 20 mol %), 2.39 (6.23 g, 6.87

mmol, 1 equiv.) in EtOAc (70 mL, 0.1M) was added and the solution sparged with argon
for 5 min. The solution was then sparged with H> gas for 5 min before being allowed to
sit under a Hz balloon for 18 h. The completed reaction was then sparged with argon for
15 min to remove any residual Hz. The slurry was dissolved in pyridine (40 mL) and the
solution filtered through a pad of Celite to remove Pd(OH).. The filtrate was concentrated
in vacuo and the crude material (2.52 g, 6.87 mmol) was slurried in 1:1 MeOH:H>0 (0.2
M, 30 mL), and heated at 85 °C for 4 h. The resulting green solid was then concentrated

in vacuo and was taken forward to the next step.

2,3,7,8-tetrakis((triisopropylsilyl)oxy)chromeno[5,4,3-cde]Jchromene-5,10-dione
(2.40) To DMF (0.25 M, 27 mL), 2.14 (2.08 g, 6.87 mmol, 1 equiv.) was added and stirred
as a slurry. DMAP (839 mg, 6.87 mmol, 1 equiv.) was added, followed by imidazole (2.81

g, 41.21 mmol, 6 equiv.) and TIPSCI (6.62 g, 34.34 mmol, 5 equiv.). The slurry was then
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heated at 80 °C for 18 h. The resulting mixture was cooled to room temperature and DCM
(30 mL) was added to dissolve the remaining solid. The solution was filtered through
Celite and the filtrate washed with 1N HCI (2 x 20 mL) and brine (20 mL). The organics
were then dried over Na>SO4 and concentrated in vacuo to yield a crude solid. This solid
was then triturated with hot i-PrOH and filtered to yield pure 2.40 as a white solid (3.91 g,
4.22 mmol, 61% over three steps). Ri = 0.80 (10% EtOAc/hexanes); m.p. >250 °C; 'H
NMR (400 MHz, CDCIs3) &6 7.63 (s, 2H), 1.58 (p, J = 7.6 Hz, 6H), 1.42 (p, J = 7.5 Hz, 6H),
1.15 (overlapping d, J = 2.7 Hz, 72H);'3C NMR (101 MHz, CDCls) & 159.4, 150.1, 141.5,
139.9, 115.0, 113.4, 109.6, 18.2, 18.1, 14.3, 13.4; IR vmax cm™': 2944, 2866, 1747, 1600,
1489, 1414, 1359, 1266, 1187, 1085, 1015, 994, 927, 882, 816, 759, 720, 680, 646, 618,
608; LR-ESI-MS (m/z): calcd for CsoHgsOsSis™ (M+H)* 927.5, found 927.4. The spectral

data was consistent with literature values.?3

3-hydroxy-2,7,8-tris((triisopropylsilyl)oxy)chromeno[5,4,3-cde]chromene-5,10-

dione (2.41) To per-TIPS protected EA 2.40 (250 mg, 0.27 mmol, 1 equiv.) in DCM (0.1
M, 2.7 mL) at 0 °C, TBAF was added (1 M in THF, 0.9 equiv.) and the solution allowed to
stir for 10 min. The reaction was quenched by addition of 1 M HCI and then extracted
with DCM (2 x 10 mL) and washed with brine (5 mL). The organics were then dried over
Na>SO4 and concentrated in vacuo to yield a crude solid which was purified via flash

column chromatography (SiO2, 0-10% MeOH/DCM) to afford 2.41 (175 mg, 0.23 mmol,
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85%). Rr= 0.10 (10% EtOAc/hexanes; 'H NMR (400 MHz, CDCls) 8 7.65 (s, 1H), 7.63 (s,
1H), 1.56 (p, J = 7.5 Hz, 3H), 1.42 (p, J = 7.5 Hz, 6H), 1.16 (s, 18H), 1.14 (s, 18H), 1.05
(s, 18H). 3C NMR (101 MHz, CDCls) & 159.2, 159.1, 159.0, 150.4, 150.1, 149.7, 145 4,
141.6, 140.7, 140.0, 136.7, 136.2, 115.5, 115.1, 114.4, 113.7, 113.0, 111.0, 109.9, 109.3,

18.2,14.2,13.5, 12.8.

General Glycosylation Procedure?®

TIPS-EA (2.40, 1 equiv.) was dissolved in DCM (0.1 M) and the solution stirred over
activated 4 A molecular sieves for 1 hour. To this dried solution, TBAF was added (1 M
in THF, 0.9 equiv.) and the reaction monitored by TLC for completion. A solution of
glycosyl iodide (4 equiv.) in DCM (1 mL) was added, followed by TBAI (1 equiv.) and the
slurry was heated at 35 °C in the dark for two days or until glycosyl iodide disappearance
via TLC. The reaction was cooled to room temperature and then concentrated in vacuo.
The concentrated oil was treated with cold EtOAc and filtered to remove excess TBAI.
The filtrate was re-concentrated to afford a crude oil which was then purified via flash
column chromatography (SiO2, 10-30% EtOAc/hexanes) to afford pure glycosylated

products 2.44-2.46.

(2S,3R,4S,5R)-2-((5,10-dioxo-2,7,8-tris((triisopropylsilyl)oxy)-5,10-

dihydrochromeno[5,4,3-cde]chromen-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl
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triacetate (2.44) 322 mg, 29%; Rr = 0.33 (20% EtOAc/hexanes); m.p. 120°C; [a]*%> -
50.0° (1 mg mL-", CHCIs); "H NMR (600 MHz, CDCl3) & 7.63 (overlapping s, 2H), 5.81 (d,
J=4.8Hz, 1H), 5.32 (dd, J = 7.0, 4.8 Hz, 1H), 5.23 (t, J = 6.7 Hz, 1H), 5.02 (td, J = 6.0,
4.0 Hz, 1H), 4.46 (dd, J=12.4,4.1 Hz, 1H), 3.55 (dd, J = 12.5, 5.7 Hz, 1H), 2.15 (s, 3H),
2.14 (s, 3H), 2.07 (s, 3H), 1.56 (p, J = 7.6 Hz, 3H), 1.40 (dp, J = 24.3, 7.6 Hz, 6H), 1.13
(overlapping d, J =7.5 Hz, 54H); *C NMR (151 MHz, CDCls)  170.0, 170.0, 169.3, 158.9,
158.8, 151.3, 150.4, 142.8, 141.6, 139.7, 138.9, 115.5, 115.4, 113.8, 113.5, 113.0, 109.5,
99.7, 69.7, 69.6, 68.5, 61.9, 21.0, 20.9, 20.8, 18.1, 18.0, 18.0, 14.2, 13.4, 13.0; IR Lmax
cm™: 2945, 2867, 1749, 1603, 1479, 1411, 1360, 1241, 1219, 1187, 1085, 1017, 916,
881, 814, 760, 717, 688, 646, 624, 614, 600; LR-ESI-MS (m/z): calcd for Cs2HgoO15Si3z*

(M+H)* 1029.5, found 1030.2.

245

(2S,3R,4S,5S)-2-((5,10-dioxo-2,7,8-tris((triisopropylsilyl)oxy)-5,10-
dihydrochromeno[5,4,3-cde]chromen-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl
triacetate (2.45) 180 mg, 23%; Rs = 0.33 (20% EtOAc/hexanes); m.p. 120°C; [a]*> -
26.0° (1 mg mL™", CHCIz); '"H NMR (600 MHz, CDCls) 5 7.64 (s, 1H), 7.63 (s, 1H), 5.68
(d, J=4.7 Hz, 1H), 5.50 (dd, J = 7.0, 4.7 Hz, 1H), 5.26-5.34 (m, 2H), 4.28 (dd, J = 12.2,
5.9 Hz, 1H), 3.62 (dd, J = 12.1, 2.9 Hz, 1H), 2.17 (overlapping s, 6H), 2.12 (s, 3H), 1.56
(p, J = 7.6 Hz, 3H), 1.40 (dp, J = 21.0, 7.6 Hz, 6H), 1.14 (overlapping d, J = 7.5 Hz 54H);

3C NMR (151 MHz, CDCI3) d 170.4, 170.3, 169.4, 159.0, 158.9, 151.5, 150.4, 142.9,
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141.7,139.8, 139.1, 115.6, 115.3, 113.9, 113.5, 113.0, 109.5, 99.8, 69.2, 68.8, 66.6, 61.5,
21.0,20.9, 18.1,18.0, 18.0, 14.2, 13.4, 13.0; IR vmax cm™': 2944, 2866, 1747, 1602, 1478,
1411, 1359, 1241, 1218, 1187, 1084, 1017, 995, 966, 917, 880, 861, 814, 760, 717, 685,

647; LR-ESI-MS (m/z): calcd for Cs2HgoO15Sis™ (M+H)*™ 1029.5, found 1029.4.

o
TIPSO
o
OTIPS
90
o
O
AcO (e}

OAc
2.46

(2S,3R,4R,5S,6S)-2-((5,10-dioxo-2,7,8-tris((triisopropylsilyl)oxy)-5,10-
dihydrochromeno[5,4,3-cde]chromen-3-yl)oxy)-6-methyltetrahydro-2H-pyran-
3,4,5-triyl triacetate (2.46) 119 mg, 21%; R¢ = 0.40 (20% EtOAc/hexanes); m.p. 124 °C;
[a]?%p -8.0° (1 mg mL-', CHCIs); "H NMR (600 MHz, CDCl3) & 7.65 (s, 1H), 7.63 (s, 1H),
5.74 (dd, J = 3.5, 1.8 Hz, 1H), 5.66 (d, J = 1.7 Hz, 1H), 5.59 (dd, J = 10.2, 3.4 Hz, 1H),
5.17 (t, J = 10.1 Hz, 1H), 4.83 (dq, J = 9.9, 6.3 Hz, 1H), 2.16 (s, 3H), 2.09 (s, 3H), 2.01
(s, 3H), 1.56 (p, J = 7.6 Hz, 3H), 1.42 - 1.38 (m, 6H), 1.16 — 1.09 (m, 57H); "*C NMR (151
MHz, CDCl3) & 170.3, 170.0, 169.7, 158.9, 158.7, 151.3, 150.4, 143.5, 141.6, 139.7,
139.1, 115.4, 115.2, 114.2, 113.5, 112.9, 109.5, 99.7, 70.5, 69.3, 68.7, 21.0, 20.9, 20.8,
18.1,18.0,17.9,17.3, 14.2,13.4, 13.1; IR umaxcm™': 2944, 2866, 1747, 1602, 1478, 1411,
1358, 1239, 1216, 1186, 1139, 1083, 1016, 996, 963, 916, 880, 861, 813, 760, 716, 686,

647; LR-ESI-MS (m/z): calcd for Cs3Hs2015Sis™ (M+H)*™ 1043.5, found 1043.5.
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General Deprotection Procedure®

To protected EA glycosides 2.44-2.46 (1 equiv.) in 10:1 DMF/H20 (0.1 M) was added
K2COs3 (1.3 equiv.) and the solution allowed to for 5 h at room temperature. The reaction
was diluted with toluene (5 mL) and adjusted to pH~6 with dilute AcOH. The solution was
concentrated in vacuo and the resulting solid co-evaporated toluene (3 X 5 mL). The
solid was then re-dissolved in 10:1 MeOH/H20 (0.1 M) and K2CO3 (1.5 equiv.) was added.
The resulting slurry was allowed to stir for 2 days at RT. To quench, Dowex H+ resin was
added until reaction pH~4 and the resulting solution was filtered and concentrated in
vacuo. The final solid was dissolved in H2O and lyophilized to dryness to afford the

desired deprotected ellagic acid glycosides 2.34, 2.47 and 2.35.

HO

3-B-xyl-EA
2.34

2,3,7-trihydroxy-8-(((2S,3R,4S,5R)-3,4,5-trihydroxytetrahydro-2H-pyran-2-

yl)oxy)chromenol[5,4,3-cde]lchromene-5,10-dione (2.34) 30 mg, 20% over two steps;
m.p. >250°C; [a]*°p +12.0° (1 mg mL-!, DMSO); '"H NMR (600 MHz, ds-DMSO) & 7.50 (s,
1H), 7.36 (s, 1H), 5.36 (d, J = 6.9 Hz, 1H), 3.81 (dd, J = 11.4, 5.0 Hz, 1H), 3.47-3.41 (m,
2H), 3.29 (t, J = 8.3 Hz, 1H), 3.11 (dd, J = 11.6, 9.1 Hz, 1H); "*C NMR (151 MHz, de-
DMSO) 6 159.3, 159.0, 151.9, 149.4, 141.9, 136.1, 135.9, 113.4, 112.5, 112.0, 111.1,
109.1, 103.0, 75.5, 73.3, 69.4, 65.8; IR vmax cm™': 3234, 1716, 1608, 1582, 1484, 1430,
1359, 1186, 1104, 1046, 919, 822, 756, 604; HR-ESI-MS (m/z): calcd for C19gH14012™ (M-

H)- 433.0407, found 433.0403. The spectral data was consistent with literature values.?
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3-a-ara-EA
247

2,3,7-trihydroxy-8-(((2S,3R,4S,5S)-3,4,5-trihydroxytetrahydro-2H-pyran-2-

yl)oxy)chromeno[5,4,3-cde]Jchromene-5,10-dione (2.47) 40 mg, 32% over two steps;
m.p. >250°C; [a]®p -10.0° (1 mg mL-", DMSO); 'H NMR (600 MHz, de-DMSO): & 7.51 (s,
1H), 7.42 (s, 1H), 5.53 (d, J = 3.18, 1 H), rest of spectra obscured by residual H,0. 3C
NMR (151 MHz, de-DMSO) & 159.2, 158.8, 152.1, 148.9, 141.8, 136.2, 135.6, 113.4,
112.4,112.0, 111.0, 109.9, 101.7, 71.0, 70.1, 64.6, 62.7; IR vmax cm™': 3251, 1704, 1608,
1429, 1366, 1188, 1107, 1065, 1021, 948, 920, 880, 820, 758, 618; HR-ESI-MS (m/z):

calcd for C19H14012" (M-H) 433.0407, found 433.0395.

3-a-rha-EA
2.35

2,3,7-trihydroxy-8-(((2S,3R,4R,5R,6S)-3,4,5-trihydroxy-6-methyltetrahydro-2H-

pyran-2-yl)oxy)chromeno[5,4,3-cde]chromene-5,10-dione (2.35) 70 mg, 60%; m.p.
>250°C; [a]*% -22.0° (1 mg mL-', DMSO); '"H NMR (600 MHz, de-DMSO): & 7.56 (s, 1H),
7.47 (s, 1H), 5.52 (d, J = 1.38, 1H), rest of spectra obscured by residual H-0. *C NMR
(151 MHz, de-DMSO) & 159.3, 159.1, 152.9, 148.8, 142.8, 140.2, 137.2, 136.7, 113.7,
112.6, 112.1, 111.7, 110.8, 107.7, 102.9, 71.9, 71.0, 70.8, 70.8, 70.6, 70.5, 18.2; IR Umax

cm': 3265, 2926, 1722, 1608, 1487, 1428, 1361, 1183, 1096, 1058, 1021, 951, 914, 826,
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757, 600; HR-ESI-MS (m/z): calcd for C20H16012" (M-H)  447.0564, found 447.0567. The

spectral data was consistent with literature values.?°

Bacterial strains and culture conditions

Table 2.3 Bacterial strains

Bacterial Strain

Source

S. agalactiae strain GB590
(GB00590)

Clinical isolate, Shannon Manning, Michigan
State, Genome Accession Number:
NZ_LGAI01000000

S. agalactiae strain GB2 (GB00002)

Clinical Isolate, Shannon Manning, Michigan
State, Genome Accession Number:
SAMNO00991164

S. aureus strain 43300

American Tissue Culture Collection (ATCC)

E. coli strain 25922

American Tissue Culture Collection (ATCC)

K. pneumoniae strain 700603

American Tissue Culture Collection (ATCC)

A. baumannii strain 19606

American Tissue Culture Collection (ATCC)

P. aeruginosa strain 27853

American Tissue Culture Collection (ATCC)

C. albicans strain 90028

American Tissue Culture Collection (ATCC)

C. neoformans strain 208821

American Tissue Culture Collection (ATCC)

All S. agalactiae strains were grown on tryptic soy agar plates supplemented with 5%
sheep blood (blood agar plates) at 37 °C in ambient air overnight. Strains were sub-
cultured from blood agar plates into 5 mL of Todd-Hewitt broth (THB) and incubated under
shaking conditions at 180 rpm at 37 °C in ambient air overnight. Following overnight

incubation, bacterial density was quantified through absorbance readings at 600 nm
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(ODe0o) using a Promega GloMax-Multi Detection System plate reader. Bacterial numbers

were determined using the predetermined coefficient of 1 ODggo = 10° CFU mL™".

Additional bacterial strains were grown and assayed by COADD according to their

standard operating procedures detailed below:

COADD sample preparation

Samples were prepared in DMSO to a final testing concentration of 32 ug mL™" in 384-
well, non-binding surface plate (NBS) for each bacterial/fungal strain, and in duplicate
(n=2), and keeping the final DMSO concentration to a maximum of 1% DMSO. All the

sample-preparation where done using liquid handling robots.

COADD antimicrobial assay

All bacteria were cultured in Cation-adjusted Mueller Hinton broth (CAMHB) at 37 °C
overnight. A sample of each culture was then diluted 40-fold in fresh broth and incubated
at 37 °C for 1.5-3 h. The resultant mid-log phase cultures were diluted (CFU mL"
measured by ODeoo), then added to each well of the compound containing plates, giving
a cell density of 5 x 10° CFU mL™" and a total volume of 50 uL. All the plates were covered
and incubated at 37 °C for 18 h without shaking.

Inhibition of bacterial growth was determined measuring absorbance at 600 nm (ODeoo),
using a Tecan M1000 Pro monochromator plate reader. The percentage of growth
inhibition was calculated for each well, using the negative control (media only) and

positive control (bacteria without inhibitors) on the same plate as references. The
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significance of the inhibition values was determined by modified Z-scores, calculated

using the median and MAD of the samples (no controls) on the same plate.

COADD antifungal assay

Fungi strains were cultured for 3 days on Yeast Extract-Peptone Dextrose (YPD) agar at
30 °C. A yeast suspension of 1 x 108 to 5 x 106 CFU mL™" (as determined by ODs30) was
prepared from five colonies. The suspension was subsequently diluted and added to each
well of the compound-containing plates giving a final cell density of fungi suspension of
2.5 x 108 CFU mL-" and a total volume of 50 uL. All plates were covered and incubated
at 35 °C for 24 h without shaking.

Growth inhibition of C. albicans was determined measuring absorbance at 530 nm
(ODs30), while the growth inhibition of C. neoformans was determined measuring the
difference in absorbance between 600 and 570 nm (ODeoo-570), after the addition of
resazurin (0.001% final concentration) and incubation at 35 °C for additional 2 h. The
absorbance was measured using a Biotek Synergy HTX plate reader. The percentage of
growth inhibition was calculated for each well, using the negative control (media only) and
positive control (fungi without inhibitors) on the same plate. The significance of the
inhibition values was determined by modified Z-scores, calculated using the median and

MAD of the samples (no controls) on the same plate.

COADD quality control

Colistin and vancomycin were used as positive bacterial inhibitor standards for gram-

negative and gram-positive bacteria, respectively. Fluconazole was used as a positive
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fungal inhibitor standard for C. albicans and C. neoformans. The antibiotics were provided
in 4 concentrations, with 2 above and 2 below its MIC value, and plated into the first 8
wells of column 23 of the 384-well NBS plates. The quality control (QC) of the assays was
determined by the antimicrobial controls and the Z'-factor (using positive and negative
controls). Each plate was deemed to fulfil the quality criteria (pass QC), if the Z'-factor
was above 0.4, and the antimicrobial standards showed full range of activity, with full
growth inhibition at their highest concentration, and no growth inhibition at their lowest

concentration.

Determination of minimum inhibitory concentration (MIC) and minimum biofilm inhibition
concentration (MBIC) in GBS

GBS cultures were grown overnight as described above and used to inoculate fresh THB
to achieve 5 x 10° CFU mL™". To 96 well tissue culture treated, sterile polystyrene plates
was added the inoculated media in the presence of increasing concentrations of ellagic
acid glycosides 2-4 to achieve a final volume of 100 puL per well. Bacteria grown in THB
in the presence of DMSO served as the control. The plates were incubated under static
conditions at 37 °C in ambient air for 24 h. Bacterial growth was quantified through
absorbance readings (ODesoo). The minimum inhibitory concentrations (MICs) were
assigned at the lowest concentration of compound at which a percentage of growth (50%
or 90%; MICso or MICgo respectively) was observed compared to that of the control.

To measure biofilm production, culture medium was then removed, and wells were
washed gently with phosphate buffered saline (PBS, pH 7.4) to remove non-adherent

cells; the remaining biofilms were stained with a 10% crystal violet solution for 5-10 min.
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Following staining, wells were washed with PBS and allowed to dry at room temperature
for at least 30 min. After drying, the remaining crystal violet stain was solubilized via
addition of 100 uL of 80% ethanol/20% acetone solution. Biofilm formation was quantified
through absorbance readings (ODsgo). Results were analyzed compared to controls in the
absence of ellagic acid glycosides. The minimum biofilm inhibition concentrations (MBIC)
were assigned at the lowest concentration of compound at which a percentage of
absorbance (50% or 90%; MBICso or MBICgo respectively) was observed compared to

that of the control. Biofilm to biomass ratios were reported as the ratio ODsg0/ODeoo.

Statistical analysis

Unless otherwise stated, all data is representative of at least three biological replicates
with three technical replicates each. Data are expressed as the mean + SEM. Statistical
analyses were performed in GraphPad Prism Software v. 7.0c. Statistical significance for
biofilm production was determined using one-way ANOVA with post hoc Dunnett's
multiple comparison test comparing biofilm production in the presence of EA glycosides

to biofilm production in media alone.

Scanning electron microscopy sample preparation

Bacterial cells were analyzed by scanning electron microscopy as previously described
with some modifications.** Briefly, bacteria were cultured in Todd-Hewitt broth (THB) in
wells containing 12 mm glass coverslips coated with poly-L-lysine (Corning, Bedford MA)
at 37 °C for 24 h. At 24 h, supernatants were removed and samples were fixed with 2.0%

paraformaldehyde and 2.5% gluteraldehyde in 0.05 M sodium cacodylate buffer for 24 h.
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Secondary fixation with 0.1% osmium tetroxide was performed for 5 min prior to
sequential dehydration with increasing concentrations of ethanol. After ethanol
dehydration, samples were dried at the critical point using a critical point dryer machine
(Tousimis), mounted onto aluminum sample stubs, and sputter-coated with 80/20
gold-palladium. Afterward, samples were painted with a thin strip of colloidal silver
(Electron Microscopy Sciences) at the edge to facilitate charge dissipation. Samples were
imaged with a FEI Quanta 250 field-emission gun scanning electron microscope. Images

shown are representative of three technical replicates.
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Appendix A2

Data and NMR spectra relevant to Chapter 2
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Figure A2.2 '3C NMR (101 MHz, CDCls3) of 2.39 o
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Figure A2.3 '"H NMR (400 MHz, CDCl;) of 2.40
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Figure A2.4 '3C NMR (101 MHz, CDClI;) of 2.40
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Figure A2.5 "H NMR (400 MHz, CDCl;) of 2.41
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Figure A2.8 'C NMR (151 MHz, CDCl;) of 2.44
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Figure A2.9 "H NMR (400 MHz, CDCI;) of 2.45
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Figure A2.11 '"H NMR (400 MHz, CDCI;) of 2.46
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Figure A2.14 '3C NMR (151 MHz, d¢-DMSO) of 2.34
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Figure A2.15 HSQC (600 MHz, d¢-DMSO) of 2.34
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Figure A2.16 COSY (600 MHz, ds-DMSO) of 2.34
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Figure A2.17 HMBC (600 MHz, d¢-DMSO) of 2.34
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Figure A2.19 '3C NMR (151 MHz, ds-DMSO) of 2.47 18000
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Figure A2.20 HSQC (600 MHz, ds-DMSO) of 2.47
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Figure A2.21 COSY (600 MHz, ds-DMSO) of 2.47
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Figure A2.22 HMBC (600 MHz, ds-DMSO) of 2.47
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Figure A2.23 "H NMR (600
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Figure A2.24 '3C NMR (151 MHz, d
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Figure A2.25 HSQC (600 MHz, ds-DMSO) of 2.35
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Figure A2.26 COSY (600 MHz, dg-DMSO) of 2.35
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Figure A2.27 HMBC (600 MHz, ds-DMSO) of 2.35
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Figure A2.28 CIF/PLATON report for 2.44

check CIF/PLATON report

Structure factors have been supplied for datablock(s) sac-0611

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: sac-0611

Bond precision: C-C = 0.0125 A Wavelength=1.54184
Cell: a=15.1547(2) b=11.8637(2) c=31.8968(5)
alpha=90 beta=96.3795(14) gamma=90
Temperature: 100 K
Calculated Reported
Volume 5699.24(15) 5699.22(16)
Space group P 21 P 1211
Hall group P 2yb P 2yb
Moiety formula C52 H80 015 Si3 C52 H80 015 Si3
Sum formula C52 H80 015 Si3 C52 H80 015 Si3
Mr 1029.43 1029.43
Dx,g cm-3 1.200 1.200
Z 4 4
Mu (mm-1) 1.277 1.277
F000 2216.0 2216.0
F000" 2225.53
h,k, lmax 18,14,39 18,14,39
Nref 22988[ 12076] 19907
Tmin, Tmax 0.850,0.955 0.732,1.000
Tmin’ 0.751

Correction method= # Reported T Limits: Tmin=0.732 Tmax=1.000
AbsCorr = GAUSSIAN

Data completeness= 1.65/0.87 Theta(max)= 73.578
R(reflections)= 0.0833( 16698) wR2 (reflections)= 0.2389( 19907)
S =1.030 Npar= 1303

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-level.
Click on the hyperlinks for more details of the test.
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@ alert level B

PLAT220_ALERT_2_B Non-Solvent Resd 1 C Ueq(max)/Ueq(min) Range 6.4 Ratio
PLAT220_ALERT 2 B Non-Solvent Resd 2 C Ueq(max)/Ueq(min) Range 6.4 Ratio
PLAT340_ALERT 3_B Low Bond Precision on C-C BONAS seeeeeeeeeesess 0.01246 Ang.
PLAT360_ALERT 2_B Short C(sp3)-C(sp3) Bond C38B - C40B 1.27 Ang.
¥ alert level C
DIFMX02_ALERT 1 _C The maximum difference density is > 0.1*ZMAX*0.75

The relevant atom site should be identified.
PLAT094_ALERT_2_C Ratio of Maximum / Minimum Residual Density .... 2.26 Report
PLAT097_ALERT 2_C Large Reported Max. (Positive) Residual Density 1.09 eA-3
PLAT213_ALERT 2_C Atom C5 has ADP max/min Ratio ..... 3.6 prolat
PLAT213_ALERT 2_C Atom C9 has ADP max/min Ratio ..... 3.6 prolat
PLAT213_ALERT 2_C Atom C30B has ADP max/min Ratio ..... 3.3 prolat
PLAT213_ALERT 2_C Atom C40B has ADP max/min Ratio ..... 4.0 prolat
PLAT220_ALERT_2_C Non-Solvent Resd 1 O Ueq(max)/Ueq(min) Range 5.1 Ratio
PLAT222_ALERT_3_C Non-Solv. Resd 1 H Uiso(max)/Uiso(min) Range 6.1 Ratio
PLAT222_ALERT_3_C Non-Solv. Resd 2 H Uiso(max)/Uiso(min) Range 6.9 Ratio
PLAT230_ALERT _2_C Hirshfeld Test Diff for Cc4 --C5 6.5 s.u.
PLAT234_ALERT_4_C Large Hirshfeld Difference 02 --C5 0.22 Ang.
PLAT234_ALERT_4_C Large Hirshfeld Difference 05 --C8 0.21 Ang.
PLAT234_ALERT 4 _C Large Hirshfeld Difference 06 --C8 0.24 Ang.
PLAT234_ALERT 4_C Large Hirshfeld Difference C38B --C40B 0.22 Ang.
PLAT234_ALERT 4_C Large Hirshfeld Difference C41B --C42B . 0.17 Ang.
PLAT241_ALERT 2_C High ‘MainMol’ Ueq as Compared to Neighbors of C5 Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of 05 Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C4 Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C10 Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C29 Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of SilB Check
PLAT242_ALERT_2_C Low ‘MainMol’ Ueq as Compared to Neighbors of Si2B Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C26B Check
PLAT242_ ALERT 2 _C Low ‘MainMol’ Ueq as Compared to Neighbors of C29B Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C32B Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C35B Check
PLAT242_ALERT 2_C Low ‘MainMol’ Ueq as Compared to Neighbors of C38B Check
PLAT412_ALERT_2_C Short Intra XH3 .. XHn H38B . .H40E 1.87 Ang.

X,¥,2 = 1_555 Check

PLAT601_ALERT 2_C Structure Contains Solvent Accessible VOIDS of 56 Ang**3
PLAT915_ALERT_3_C No Flack x Check Done: Low Friedel Pair Coverage 73 %
PLAT978_ALERT_2_C Number C-C Bonds with Positive Residual Density. 0 Info
¥ Alert level G
PLAT072_ALERT_2_G SHELXL First Parameter in WGHT Unusually Large 0.13 Report
PLAT083_ALERT 2_G SHELXL Second Parameter in WGHT Unusually Large 7.27 Why ?
PLAT395_ALERT 2_G Deviating X-0-Y Angle From 120 for 013 128.6 Degree
PLAT395_ALERT 2_G Deviating X-0-Y Angle From 120 for 014 134.1 Degree
PLAT395_ALERT_2_G Deviating X-0-Y Angle From 120 for 015 144.5 Degree
PLAT395_ALERT_2_G Deviating X-0-Y Angle From 120 for O13B 129.4 Degree
PLAT395_ALERT 2_G Deviating X-0-Y Angle From 120 for 014B 132.1 Degree
PLAT395_ALERT 2_G Deviating X-0-Y Angle From 120 for O15B 146.2 Degree
PLAT720_ALERT_4_G Number of Unusual/Non-Standard Labels .......... 8 Note
PLAT791_ALERT 4_G Model has Chirality at C1 (Chiral SPGR) S Verify
PLAT791_ALERT 4_G Model has Chirality at C1B (Chiral SPGR) S Verify
PLAT791 ALERT 4 G Model has Chirality at C2 (Chiral SPGR) R Verify
PLAT791 ALERT 4 G Model has Chirality at C2B (Chiral SPGR) R Verify
PLAT791_ALERT 4_G Model has Chirality at C3 (Chiral SPGR) S Verify
PLAT791_ALERT 4_G Model has Chirality at C3B (Chiral SPGR) S Verify
PLAT791_ALERT 4_G Model has Chirality at C4 (Chiral SPGR) R Verify
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PLAT791_ALERT_4_G Model has Chirality at C4B (Chiral SPGR) R Verify
PLAT910_ALERT_3_G Missing # of FCF Reflection(s) Below Theta(Min). 1 Note
PLAT912_ALERT 4_G Missing # of FCF Reflections Above STh/L= 0.600 123 Note

0 ALERT level A Most likely a serious problem - resolve or explain

4 ALERT level B = A potentially serious problem, consider carefully
32 ALERT level C = Check. Ensure it is not caused by an omission or oversight
19 ALERT level G = General information/check it is not something unexpected

1 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
34 ALERT type 2 Indicator that the structure model may be wrong or deficient
5 ALERT type 3 Indicator that the structure quality may be low
15 ALERT type 4 Improvement, methodology, query or suggestion
0 ALERT type 5 Informative message, check

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 06/01/2019; check.def file version of 19/12/2018
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Chapter 3
Human milk oligosaccharides as antibiotic adjuvants against group B

Streptococcus

3.1 Abstract

Human milk oligosaccharides (HMOs) are a class of complex carbohydrates unique in
infant nutrition. These carbohydrates have been shown to have powerful antibiotic activity
against GBS, but little is known about how they facilitate this activity and how it might be
harnessed in the development of new therapeutics. In this chapter, we will discuss the
structure and biosynthesis of HMOs, as well as their use as antibiotic adjuvants. We
identify HMOs can be used to reverse antifolate-antibiotic resistance in GBS and that two

component regulatory systems are involved in HMO-antibiotic synergy."

3.2 Human milk oligosaccharides

3.2.1 Macromolecular composition of human breast milk

Human breast milk is considered the gold-standard in infant nutrition. Breast milk is
comprised of approximately 54% lactose, 32% fat, 6% protein, and 8% human milk
oligosaccharides (HMOs) (Figure 3.1).? HMOs are a group of complex carbohydrates
unique to human breast milk. The concentration of HMOs in breast milk varies between
mothers and throughout lactation. Typically, the concentration of HMOs is highest in the
milk produced immediately after delivery, known as the colostrum.® Over time, the
concentration of HMOs in breast milk diminishes. This biologically supports the fact that

HMOs are most important in the earliest stages of infant development. Notably, these
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oligosaccharides are also not well represented by current infant formulas. As a result,
there is need to better understand the biological importance of HMOs and develop better

breast milk mimics.

Human Milk Composition

HMOs
Legend
m Fats u Protein
u Lactose Sialylated HMOs

u Non-fucosylated neutral HMOs = Fucosylated HMOs
m Sialylated and fucosylated HMOs

Figure 3.1 Macromolecular composition of human breast milk

3.2.2 Chemical structure and biosynthesis of HMOs

Structurally, HMOs are comprised of five pyranose monosaccharide residues; B-D-
glucose (Glc, 3.1), B-D-galactose (Gal, 3.2), N-acetyl-B-D-glucosamine (GIcNAc, 3.3), a-
L-fucose (Fuc, 3.4), and the sialic acid N-acetyl-a-D-neuraminic acid (NeuNAc or Sia, 3.5)

(Figure 3.2).46
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OH OH

H
Ho S
HO 0, o HO 0
HO OH HO OH HO OH
o OH

H NHAc

B-D-glucose (Gic) B-D-galactose (Gal) N-acetyl-B-D-glucosamine (GlcNac)
3.1 3.2 3.3
OH OH CoH
HO o
A g, & A L
OH cHN
HO OH
a-L-fucose (Fuc) N-acetyl-a-D-neuraminic acid (NeuNAc)
3.4 3.5

Figure 3.2 Monosaccharides used in HMO biosynthesis and corresponding SNFG

HMO biosynthesis begins in the Golgi apparatus of the mammary gland. Here, lactose is
first synthesized via B-(4) connection of Gal-Glc (Figure 3.3). This is catalyzed by the
enzyme [1—4-galactosyltransferase 1 (31-4GalT1) which is bound to a-lactalbumin in a
lactose synthase complex.” 8 Lactose is then functionalized using N-acetyllactosamine
as an elongation residue or lacto-N-biose (LNB) as a terminating residue. These

elongated oligosaccharides can be either linear (iso-) or branched (para-) in nature.

a2 lacto-N-biose lactose
A a3 — ——
g3 g3 p4
a4
® .. AN
a6 n=0-15

N-acetyllactosamine

Figure 3.3 Schematic representation of HMO biosynthesis

From this core oligosaccharide, subsequent fucosylation or sialylation is genetically
guided based on secretor status and Lewis (Le) blood group.® Secretor status is

determined by the presence of a gene encoding for a-2-fucosyltransferase (FUTZ2), while
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Le blood group encodes for the a3/4-fucosyltransferase (FUT3). These enzymes are
responsible for the installation of fucose onto HMO cores. Similarly, sialic acid decoration
occurs after initial HMO elongation, although less is understood about the enzymes that
govern the sialylation process.

Overall, of the HMOs present in human breast milk, approximately 62% are fucosylated,
25% are non-fucosylated, 12% are sialylated, and <1% are both sialylated and
fucosylated (Figure 3.1).'° To date, over 200 unique HMO structures have been isolated
and fully characterized through a combination of biological isolation, mass spectrometry,
and nuclear magnetic resonance analyses.'" '> Table 3.1 contains a few representative

HMO structures and the corresponding symbol nomenclature for glycans (SNFG).

Table 3.1 Select HMO structures and corresponding SNFG

HMO Name Chemical Structure SNFG

HO OH OH
lactose (Lac) é&Oé& "
HO OH
3.6

Ho ,OH OH
o o
2’-fucosyllactose ”O%O&&W o
o OH
’ O
(2-FL) Zrdos

HO

1

o

3.7

HO
O o]
3-fucosyllactose HO%%&&OH p1-4
OH
(¢
(3_FL) OH ont al-8
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3.3 Biological activity of HMOs: previous studies

3.3.1 HMOs as prebiotics

The infant gut does not possess the enzymatic machinery to digest and use HMOs as a
direct energy source.’® Instead, microbes have evolved to utilize HMOs during the
development of the infant microbiome. Early studies revealed that HMOs act as powerful
prebiotics for commensal bacteria within the infant gut.'* 'S Particularly, Bifidobacterium
and Bacteroides species within the infant gut use HMOs almost exclusively as carbon
sources, encoding robust enzymatic machinery to harness HMOs and convert them into

short chain fatty acids (SCFA) (Scheme 3.1).16-2"
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B-D-Gal a-D-Gal
3.2 3.20
HsC o OH
GalK OH
OH
HO
L-fucose
34
OH
HT /OH /OH Ho
O HO— 0 LNBP 0
Hoi/v\/oﬁ/@/(m —— 3 HO l
OH NHAc HO op Fucl
lacto-N-biose galactose-1-phosphate
OH OH
Y oP
UgpA OH O
L-fuculose-1- phosphate
OH l FucK / FucA
“°§§‘
HO o
HOoP HO\)I\/OP
glucose-1-phosphate dihydroxyacetone phophate
l l TpiA
OH O OH OH
F6PPK H Tal H f oP
Ho/\_)\‘/U\/OH N \[('\;/\OP \n/\/
SH  OH O OH o]
fructose erythrose-4-phosphate glyceraldehyde-3-phosphate
GAPDH / Pgk
Gpm / Eno / Pyk
o]

0 0 PFL/ Pyk HO%
e >
)J\OP )J\COA o
pyruvic acid

acetyl phosphate acetyl CoA
AckA ¢th2
Adh2
OH
0 HO\n/:\
)]\OH ~on o)
acetic acid ethanol lactic acid
3.22 3.23 3.25

Scheme 3.1 HMO metabolism and conversion to SCFAs by Bifidobacterium
Abbreviations: Abbreviations: acetate kinase (AckA), aldehyde-alcohol dehydrogenase 2
(Adh2), enolase (Eno), galactokinase (GalK), galactose mutarotase (GalM),
glyceraldehyde-3-phosphate dehydrogenase C (GAPDH), glucose 6-phosphate
isomerase (Gpi), phosphoglycerate mutase (Gpm), fructose-6-phosphoketolase
(F6PPK), L-fucose isomerase (Fucl), L-fuculose kinase (FucK), L-fuculose-1P aldolase
(FucA), lactate dehydrogenase (Ldh2), lacto-N-biose phosphorylase (LNBP), phosphate
(P), phosphoglyceric kinase (Pgk), phosphoglucomutase (Pgm), formate
acetyltransferase (Pfl), pyruvate kinase (Pyk), transaldolase (Tal), triosephosphate
isomerase (TpiA), UTP-glucose-1-phosphate uridylyltransferase (UgpA)
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Most notably, galactose (3.2) and lacto-N-biose (3.21) can be metabolized to yield acetic
acid (3.22) and ethanol (3.23). Additionally, acetyl CoA can be further metabolized to
pyruvic acid (3.24) and lactic acid (3.25). Fucose (3.4) can also be fermented to yield
pyruvic acid (3.24) and lactic acid (3.25).

The production of these SCFAs serves multiple roles. First, SCFAs aide in immune
system development and modulation.?> 2* Secondly, this fermentation promotes
colonization of the producing commensals and establishes a healthy microbial population
within the infant gastrointestinal tract. Finally, the abundance of healthy commensals
decreases potential colonization by pathogenic bacteria and other firmicutes such as
Clostridia and Enterococcus.?*?¢ As a result, HMOs maintain infant microbiome

symbiosis and promote healthy downstream immunological and neuronal development.

3.3.2 HMOs as antimicrobials

While HMOs have strong prebiotic effects on commensals, they have also been
demonstrated to have antimicrobial effects on pathogenic microbes. Most notably, HMOs
have significant antibacterial and antibiofilm effects against GBS (see section 3.3.3).
HMOs have also been shown to combat other pathogenic microbes. HMOs can inhibit
both Candida albicans infectivity and the attachment of the parasite Entamoeba
histolytica.?”- 2 Antiviral effects of HMOs have also been investigated, specifically in
studies with human immunodeficiency virus (HIV), rotavirus, norovirus, and influenza.?*-
32 Many of these antiviral effects are attributed to competitive binding of HMOs at cell
surface glycan binding proteins. This competition limits viral adhesion. This receptor-

decoy mechanism is one common way that HMOs deter microbial pathogenesis.
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3.3.3 Antibacterial activity of HMOs against GBS

Early work within the Townsend lab demonstrated that pooled HMOs (that is combined
HMO isolates from multiple donors) have significant antibacterial effects against multiple
strains of GBS (Table 3.2).33 3 Pooled HMOs also inhibit GBS biofilm formation on abiotic
surfaces. The antibacterial activity of pooled HMOs is seen in concentrations ranging from
2.56-10.25 mg mL-". This concentration of HMOs is on the order of that seen in typical
breast milk samples, so these results indicate there is a natural antibacterial contribution

of HMOs during breast feeding.

Table 3.2 Inhibitory activity of pooled HMOs against GBS

GBS Strain Serotype MIC of Pooled HMOs?

GB2 la 2.56

GB37 Vv 5.12

GB83 v 5.12
GB590 Il 10.25
GB651 Ib 5.12
GB653 I 5.12

10/84 Vv 5.12

aMIC values in mg mL""

3.4 HMOs as antibiotic adjuvants
3.4.1 Previous studies
Due to the rise in antibiotic drug resistance within streptococcal strains (see section 1.7.3)

novel antibacterial strategies are needed for continued treatment of GBS infections. One
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such strategy is the use of an antibiotic adjuvant, wherein a second compound is used in
cotreatment with an antibiotic to increase the overall effectiveness of a drug. This strategy
has been successfully applied in antibiotic treatments such as Augmentin (amoxicillin and
clavulanate) and Bactrim (trimethoprim and sulfamethoxazole).3®

Resultantly, early work investigated if HMOs could potentiate the activity of clinically
relevant antibiotics in similar antibiotic adjuvant strategies. To do this, GBS was grown in
the presence of a sub-inhibitory concentration of pooled HMOs and another clinically used
antibiotic was serially diluted to determine the MIC of the combination. It was determined
that pooled HMOs could potentiate the activity of several antibiotics in multiple strains of

GBS (Table 3.3).3¢

Table 3.3 Initial HMO-antibiotic combination study

GB590 GB2
RO L wer | migsee | PR | MO |G| PR
penicillin 0.03 0.03 0 0.03 0.016 2
ampicillin 0.063 0.063 0 0.13 0.063 2
cefazolin 0.13 0.063 2 0.13 0.063 0
vancomycin 1.0 0.5 2 1 0.5 2
clindamycin 0.031 0.016 2 0.031 0.008 4
linezolid 2 1 2 2 1 2
gentamicin 16 1 16 16 2 8
erythromycin 0.31 0.001 32 0.016 0.001 16
minocycline 4 0.5 8 2 0.25 8

aMIC values in ug mL™' ®HMOs dosed at IC2s value °fold reduction
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Gentamicin, erythromycin, and minocycline all saw significant potentiation when co-
dosed with HMOs, with maximum fold reductions in MIC of 16, 32, and 8 for the respective
combination treatments. Notably, these three antibiotics all inhibit protein synthesis
through intracellular-targeting of the ribosome (see section 1.7.1). Conversely, none of
the cell wall targeting antibiotics saw potentiation of activity when co-dosed with HMOs.
As a result, it was hypothesized that HMOs increase GBS cell permeability and facilitate

easier influx of ribosomal-targeting antibiotics.

3.4.2 Expanded study

Previous work demonstrated the utility of HMOs in increasing ribosomal-targeting
antibiotic efficacy, but it was not well understood if this utility extended towards other
intracellular-targeting antibiotics. To test this, we expanded our studies to investigate
HMO-mediated effects on the activity of antibiotics with other intracellular targets (see
section 1.7.1). We included antibiotics that impact bacterial DNA synthesis and integrity,
RNA synthesis, and folate biosynthesis (Table 3.4).3" Ciprofloxacin (1.18), levofloxacin
(1.17), nitrofurantoin (1.16) and furazolidone (1.15) were chosen to represent antibiotics
that target DNA synthesis. Rifampicin (1.10) and rifaximin (1.9) impair RNA synthesis,
and sulfisoxazole (1.12), sulfadiazine (1.13), and trimethoprim (1.14) are all antifolate
antibiotics. Collectively, these antibiotics all have intracellular targets and were of interest

within our expanded study.
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Table 3.4 Expanded HMO-antibiotic combination study

GB590 GB2
Anibietie MIC? LG FR® | MIC? 1l FR®
w/HMOs?P w/HMOs?P

trimethoprim >1024 16 64 1024 2 512
rifampicin 0.0313 0.0156 2 0.125 0.0156 8
ciprofloxacin 2 1 2 2 1 2
levofloxacin 1 0.5 2 1 0.5 2
rifaximin 0.125 0.0625 2 0.125 0.0625 2
sulfisoxazole >64 >64 0 >64 >64 0
sulfadiazine >64 >64 0 >64 >64 0
nitrofurantoin 2 4 0 4 2 2
furazolidone 64 64 0 64 32 2

aMIC values in ug mL™' ®HMOs dosed at ~1.42 mg mL-"' ¢fold reduction

Through similar HMO-antibiotic combination assays in GBS, we identified that HMO-
mediated antibiotic potentiation was not conserved across every intracellular-targeting
antibiotic. By example, fluoroquinolone- and nitrofuran-derived antibiotics saw no
significant potentiation when dosed with HMOs. Additionally, GBS was intrinsically
resistant to the sulfonamides, sulfisoxazole (1.12) and sulfadiazine (1.13), with no
significant potentiation seen when dosed with HMOs. The antibiotic activity of rifaximin
(1.9) was also unchanged when cotreated with HMOs, but in GB2 the HMO-rifampicin

combination promoted an 8-fold decrease in MIC.
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Most impressively, this work identified that HMOs can significantly improve the antibiotic
activity of trimethoprim (TMP, 1.14). TMP alone has an MIC >1024 ug mL-! in GB590 and
GB2, but the HMO-trimethoprim combination (HMO-TMP) increased antibiotic efficacy
significantly. In GB590, the HMO-TMP MIC was 16 ug mL™', which corresponded to at
least a 64-fold reduction in MIC. In GB2, the HMO-TMP MIC was 2 ug mL™', which
corresponded to a 512-fold reduction in MIC over that of TMP alone. This represented
the largest fold change in MIC observed to-date within our antibiotic adjuvant studies and
is of particular importance since most GBS strains are resistant to TMP (see section
3.5.2). With significant potentiation seen for some intracellular-targeting antibiotics, but
not all, these observations suggest that HMOs selectively aid in potentiating the activity
of antibiotics. These unique potentiation profiles prompted us to further investigate the

nuances of HMO-TMP activity and its utility against GBS.

3.5 HMO-TMP combination as a powerful tool to combat antifolate resistance

3.5.1 Bacterial folate biosynthesis

Trimethoprim (TMP, 1.14) is an antibiotic that targets the folate biosynthetic pathway. In
bacteria, the biosynthesis of folate is required to generate purines and pyrimidines used
in the ultimate synthesis of DNA.3® Folate biosynthesis begins from guanosine
triphosphate (3.26), which over several steps is converted to 3.27 (Scheme 3.2).3% 40
From this, phosphorylation and subsequent installation of para-aminobenzoic acid
(PABA, 3.29) yields intermediate 3.30. Coupling of 3.30 with L-glutamate gives
dihydrofolate (3.31). Dihydrofolate reductase (DHFR) is then responsible for the final

reduction of dihydrofolate (3.31) to yield tetrahydrofolate (3.32). Within the folate
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biosynthetic pathway, TMP (1.14) inhibits DHFR and prevents the formation of
tetrahydrofolate (3.32). TMP also has significantly increased binding affinity for bacterial
DHFR over mammalian DHFR.*' This makes TMP a selective and potent antibiotic

intervention strategy.

e}

NH o

N o)
4 o)
< | /)\ N N TS
on —
0=P-0 —— X X, 00 /3
| o HgN)\N N 7 < HoN N N
fe) H H
3 ATP AMP

3.28
OH OH 327

guanosine triphosphate

3.26 CO.H
HoN” :

pABA
3.29 PP;

DHPS

O  COH
o H/\/\COZH

o i K
N
HNJ]iNj/\u DHFS H)N\J]i j/\H
PN 7N M SN N
2 H
3.30

H ADP  |-Glu
dihydrofolate Pi ATP

CO,H

OMe

MeO. N_ _NH,
DHFR Ii Y
_N

NADP* MeO

NADPH

NH,

trimethoprim
o CO,H 1.14

tetrahydrofolate
3.32

Scheme 3.2 Bacterial folate biosynthetic pathway. Abbreviations: 6- hydroxymethyl-7,8-
dihydropterin pyrophosphokinase (HPPK), adenosine triphosphate (ATP), adenosine
monophosphate (AMP), para-aminobenzoic acid (pABA), dihydropteroate synthase
(DHPS), pyrophosphate (PPi), dihydrofolate synthase (DHFS), L- glutamate (L-glu),
adenosine diphosphate (ADP), inorganic phosphate (Pi), dihydrofolate reductase
(DHFR), reduced nicotinamide adenine dinucleotide phosphate (NADPH), oxidized
nicotinamide adenine dinucleotide phosphate (NADP™).
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If unperturbed, the folate biosynthetic pathway yields tetrahydrofolate (3.32), which is then
utilized as a cofactor for a variety of one-carbon metabolic processes.*> One notable
process is the production of thymidine, a DNA base necessary for bacterial cell division

(Scheme 3.3).
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Scheme 3.3 Tetrahydrofolate as a cofactor in dTMP biosynthesis. Abbreviations: serine
hydroxymethyltranferase (SHMT), deoxyuridine monophosphate (dUMP),
deoxythymidine monophosphate (dTMP), dihydrofolate reductase (DHFR), reduced
nicotinamide adenine dinucleotide phosphate (NADPH), oxidized nicotinamide adenine
dinucleotide phosphate (NADP?).

Here, tetrahydrofolate (3.32) is first methylated via serine hydroxymethyl transferase
(SHMT) to form intermediate 3.33. Using 3.33, thymidylate synthetase then catalyzes
methyl group transfer and reduction onto deoxyuridine monophosphate (dUMP, 3.34) to
ultimately yield deoxythymidine monophosphate (dTMP, 3.35) and dihydrofolate (3.31).
dTMP then is fed into the nucleotide pools for DNA synthesis, and dihydrofolate (3.31)

can be recycled via DHFR to regenerate tetrahydrofolate (3.32). The use of
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tetrahydrofolate in the synthesis of thymidine nucleotides highlights one key role of this

cofactor and the global metabolic impact of TMP within bacterial cells.

3.5.2 Bacterial resistance to TMP

Although TMP has selective inhibitory effects on bacterial folate biosynthesis, there are
several mechanisms by which streptococci have developed resistance to TMP.434° For
one, Streptococcus can limit TMP efficacy by decreasing membrane permeability to
physically block entry of TMP.®® Mutations in the inherent DHFR or the neighboring
environment can also render TMP inactive. Single point mutations within the dfr genes
can weaken TMP binding to DHFR and thus, dampen or impede antibiotic efficacy.5' This
can be also facilitated via horizontal transfer of dfr genes that encode resistant DHFRs.
Additionally, Streptococcus has been shown to upregulate dfr gene expression to
increase DHFR production. This overproduction of DHFR compensates for metabolic
disruption by TMP and renders the antibiotic ineffective.

Through these resistance mechanisms, most GBS strains have become fully resistant to
TMP treatment. In GB2 and GB590, the MIC of TMP was >1024 ug mL-"' (Table 3.4). The
Clinical and Laboratory Standards Institute (CLSI) marks the antibiotic breakpoint for TMP
in Streptococcus to be at 76 ng mL™', so resultantly these strains are clinically considered
“resistant”.5 53 Notably, upon cotreatment with HMOs, the TMP MIC is 16 ug mL'and 2
ug mL"in GB590 and GB2 respectively. By CLSI standards, these GBS strains would in
turn be categorized as “sensitive” to TMP. Considering this, the HMO-TMP treatment is
particularly novel due to its ability to overcome the intrinsic TMP-resistance mechanisms

of GBS.
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3.5.3 HMO-TMP combination treatment is efficacious across GBS serotypes

As HMOs had been shown to restore antibiotic efficacy of TMP, we then explored the
breadth these effects across GBS serotypes (Table 3.5). In almost all of the tested GBS
strains, the MIC of TMP is 21024 ug mL'. This confirms across serotypes that GBS is not
susceptible to TMP treatment alone. Upon HMO-TMP treatment, all six strains of GBS
saw significant potentiation, ranging from 8-fold to 512-fold reduction in MIC. The highest
effect was seen in serotype IV GB2, where the MIC of HMO-TMP is 2 ug mL™". This
demonstrates HMOs are a powerful tool for reversing antibiotic resistance in multiple

serotypes of GBS.

Table 3.5 HMO-TMP combination treatment across GBS strains

MIC of TMP | MIC of HMO- Fold
Strain | MIC of HMOs® | /out HMOSs® TMPbe Reduction
10/84 5.12 >1024 8 >256
GB2 2 56 1024 2 512
GB590 5.12 >1024 32 >64
GB651 5.12 512 32 16
GBS3 5.12 >1024 128 >8
GB37 5.12 >1024 128 >8

aMIC values in mg mL-' ®MIC values in ug mL"" “HMOs dosed at ~1.42 mg mL""
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3.5.4 HMO-TMP is a synergistic antibiotic combination

Due to the powerful nature of the HMO-TMP combination, further studies were conducted
to validate that HMOs and TMP engage in a synergistic manner. Antibiotic combination
treatments can be either additive in nature, that is the activity of the combination is the
sum of every independent antibiotic activity, or combinations can be synergistic in nature.
Combinations are deemed synergistic if the combined activity exceeds the sum of the
activities of each independent antibiotic.

Checkerboard assays were conducted in GB2 and GB590 strains to determine if the
HMO-TMP combination was synergistic or additive in nature. Conventionally, synergy is
determined by the fractional inhibitory concentration (FIC) index value, where ZFIC =
FICA + FICB = (MICA in combination/MICA alone) + (MICB in combination/MICB alone),
where A is TMP and B is pooled HMOs.> Synergy is defined when the FIC is < 0.5 for
each antibiotic combination. It was demonstrated that in GB590, synergy was achieved
when dosing HMOs from 1.28—-2.56 mg mL"" in combination with TMP dosed at 8—-128 ug
mL-" (ZFIC values 0.28-0.50). In GB2, the combination was synergistic with treatment of
HMOs between 0.64—1.28 mg mL™" in conjunction with TMP from 4-32 ug mL™" (ZFIC
values 0.28-0.50). These assays firmly demonstrated the HMO-TMP combination to be

truly synergistic in nature.

3.5.5 HMO-TMP and the folate biosynthetic pathway

We then investigated the effect of the HMO-TMP combination on the folate biosynthetic

pathway within GBS. TMP-mediated inhibition of DHFR ultimately prevents downstream
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synthesis of thymidine (Scheme 3.3). Considering this, we investigated if thymidine

supplementation would alter the activity of HMO-TMP in GBS (Table 3.6).

Table 3.6 HMO-TMP treatment in the presence of thymidine

THB THB+20 pug mL-' thymidine
Strain
™ owmic | wmic H"I’\":g FRe | MIC | miC H"I’\":g -
a b = a b =
HMOs* | TMp> | HNO- HMOs* | TMpe | HNO-
GB590 | 1025 | >1024 | 32 564 | 1025 | 1024 | 128 8
GB2 | 256 | 1024 2 512 | 256 | 1024 | 16¢ 64

aMIC values in mg mL™" ®MIC values in pg mL" “HMOs dosed at ~1.42 mg mL"! ¢fold
reduction

Upon supplementation with thymidine, the HMO-TMP combination treatment lost
significant activity, with up to 8-fold loss of efficacy in thymidine-supplemented broth. In
GB2, the HMO-TMP MIC was 2 ug mL™" in THB, but increased to 16 ug mL™" in thymidine-
supplemented THB. Notably, thymidine supplementation had no effect on the MIC of
HMOs alone. These results indicated that the HMO-TMP combination interacts within the
folate biosynthetic pathway, but HMOs alone do not. This supports the hypothesis that
HMOs potentiate the activity of TMP by enabling its on-target function within the folate

biosynthetic pathway.

3.6 HMO-TMP activity is facilitated through CovRS
3.6.1 CovRS: an introduction
To further understand the antibiotic mechanism of action, we also investigated if two-

component signal transduction systems (TCSs) (see section 1.6.3) within GBS might play
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a role in HMO antibacterial activity, both when used as an antibiotic alone and in
coordination with TMP. We focused our initial experiments on investigating how CovRS
might be essential for HMO antibiotic activity or antibiotic synergy. CovRS is a GBS TCS
responsible for sensing high-glucose environments and promoting GBS proliferation.>> Of
note, CovS is the sensory component of this TCS, while CovR is the response regulator
(Figure 3.4). Previous work identified CovRS as essential for GBS virulence and
carbohydrate sensing, so we hypothesized that this TCS was involved in GBS response

to HMOs.

Signal

CovS ‘/ O

(sensor)

00000000000000000000030000000000000000000000
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CovR )

(response regulator) Asp<E

Figure 3.4 CovRS conceptual model

3.6.1 CovRS is implicated in the antibiotic synergy of HMO-TMP

We tested both HMOs and the HMO-TMP combination against CovRS deletion mutants
to investigate if this TCS is responsible for the HMO antibacterial activity within GBS
(Table 3.7). This included the wildtype strain GB37 and GB37ACovR and GB37ACovS

mutants generated by the Gaddy lab via allelic exchange with a spectinomycin resistance
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cassette. Across strains, neither the solo HMO or solo TMP MICs were impacted
significantly. HMOs saw only a 2-fold difference in MIC between wildtype GB37 and either
GB37ACoVR or GB37ACovS. The MIC of TMP was >1024 ug mL" in all of these strains.
These results indicated that the CovRS system is not implicated in the independent
activity of these antibiotics.

Nevertheless, there were significant changes seen when looking at the efficacy of the
HMO-TMP combination across CovRS mutants. In GB37, HMO-TMP had an MIC of 128
ug mL" and in GB37ACovR the combination was also effective, with an MIC of 32 ug
mL-". However, in GB37ACovS, the HMO-TMP combination was no longer effective with
an MIC of >1024 ug mL™". In GB37ACovS, HMO-TMP activity reverts to similar potency

seen for TMP alone, indicating a total loss of the desired antibiotic synergy.

Table 3.7 HMO and HMO-TMP activity within ACovRS mutants

i a b MIC d
Strain MIC HMOs MIC TMP HMO-TMPb- FR
GB37 5.12 >1024 128 >8
GB37ACoVvR 2.56 >1024 32 >64
GB37ACovS 2.56 >1024 >1024 0

aMIC values in mg mL™" ®*MIC values in ug mL' “HMOs dosed at ~1.42 mg mL"" ¢fold
reduction

These results suggest that CovS is necessary for the activity of the HMO-TMP
combination. As CovsS is the sensory component of this TCS, we hypothesize that CovS
senses HMOs as a “high-carbohydrate” environment and the subsequent bacterial

response allows for increased antibiotic efficacy of TMP. The nuances between the
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interactions of this TCS and the HMO-TMP combination will need to be further explored

to better understand these results.

3.7 Conclusion and future directions

Our work has demonstrated that HMOs are potent antibacterial agents against GBS and
can be used in coordination with other antibiotics to restore antibiotic efficacy and combat
resistance mechanisms. Our expanded study revealed additional HMO-mediated
antibiotic potentiation patterns. The HMO-TMP combination is synergistic and overcomes
GBS resistance mechanisms to restore the utility of TMP. The activity of this combination
treatment can be lost upon genetic deletion of CovS, indicating that CovRS is involved in
the antibiotic synergy of HMO-TMP. Several follow-up studies can be conducted to better
understand GBS mechanisms of TMP resistance and synergy of HMO combination
treatments.

Of initial interest, the basal permeability of TMP within GBS strains could be determined
to study how TMP penetration is impacted upon cotreatment with HMOs. This could be
conducted using subcellular fractionation of GBS at various timepoints, where
subsequent quantitative mass spectrometry would indicate how much TMP has reached
a particular location within the GBS cell and remained intact. We hypothesize GBS treated
with TMP alone would see little to no TMP build-up within the cytoplasmic cellular fraction,
due to low intrinsic permeability of TMP in GBS. We also suspect there would be much
higher accumulation of TMP in the cytoplasm of the HMO-TMP treated GBS samples. An

experiment such as this would detail the permeability of TMP and could also be applied
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to other HMO-antibiotic combination treatments to better understand the impacts of
antibiotic permeability in treating GBS infections.

CovRS could also be further investigated to determine its role in HMO-TMP synergy. We
identified that CovS is necessary for HMO-TMP synergy and generally, CovS is
responsible for sensing external signals to relay to CovR for further cellular regulation.
The signal being sensed by CovS upon HMO-TMP treatment is still not fully understood.
One hypothesis, is that the HMOs are sensed as a “high-carbohydrate” environment and
might facilitate transcriptional changes to permit greater cellular flux. This increase in flux
would allow TMP to enter the cell easier and elicit on-target function. This could be tested
by utilizing other carbohydrate sources, such as glucose supplementation, to mimic a
high-carbohydrate environment and determine if the effects of a glucose-TMP
combination are similar to the HMO-TMP combination. In an alternative hypothesis, CovS
could be sensing TMP, in a well evolved resistance mechanism. Sensing TMP might relay
a cellular response in which HMOs become more effective and increase GBS
susceptibility. A mechanism such as this might suggest CovRS is used by GBS to sense
certain antibiotics and generate resistant phenotypes, so studies of other antibiotic
resistant GBS strains and combinations would be particularly insightful.

Finally, we are currently using RNA sequencing to determine what transcriptional
changes are occurring in GBS upon HMO-treatment. We hypothesize that transcriptional
profiles for genes involved in cell envelop processes will be significantly impacted upon
HMO treatment. These identified genes might also overlap with those identified by studies
detailing CovRS-mediated GBS regulation.>® Experiments such as these would explore

the cellular processes that are impacted by HMOs and their continued use as antibiotic
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adjuvants to combat antibiotic resistance. Indeed, this work has already provided a strong
basis for antibiotic drug discovery and development. Gitai and coworkers identified a
similar dual combination treatment that had increase activity against both gram-positive
and gram-negative pathogens with no detectable resistance.®” The combination was TMP
and a novel cell-permeabilizing antibiotic. These coordinated results support antibiotic

combination treatments as effective tools in the fight against antibiotic resistance.

3.8 Experimental methods

Bacterial strains and culture conditions

Table 3.8 Bacterial strains

Bacterial Strain Source
S. agalactiae strain GB590 clinical isolate, Shannon Manning, Michigan State
S. agalactiae strain GB2 clinical isolate, Shannon Manning, Michigan State
S. agalactiae strain 10/84 ATCC
S. agalactiae strain GB83 clinical isolate, Shannon Manning, Michigan State
S. agalactiae strain GB651 clinical isolate, Shannon Manning, Michigan State
S. agalactiae strain GB37 clinical isolate, Shannon Manning, Michigan State
S. agalactiae strain genetic mutant, Jennifer Gaddy, Vanderbilt
GB37ACovR University
S. agalactiae strain genetic mutant, Jennifer Gaddy, Vanderbilt
GB37ACovS University

All strains were grown on tryptic soy agar plates supplemented with 5% sheep blood

(blood agar plates) at 37 °C in ambient air overnight. All strains were subcultured from
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blood agar plates into 5 mL of Todd-Hewitt broth (THB) and incubated under shaking
conditions at 180 RPM at 37 °C overnight. Following overnight incubation, bacterial
density was quantified through absorbance readings at 600 nm (ODeoo) using a Promega
GloMax-Multi Detection System plate reader. Bacterial numbers were determined using
the predetermined coefficient of 1 ODgoo = 10° CFU mL™".

GB37ACovR and GB37ACovS were prepared previously within the Gaddy lab via in-
frame marked deletion of respective open reading frames. Briefly, 1-kbp regions upstream
and downstream of the covR or covS coding region was cloned into a temperature
sensitive plasmid and disrupted with a spectinomycin resistance cassette. The plasmid
was electroporated into electrocompetent GB037 and colonies were selected on agar
plates supplemented with 6 ug/mL of spectinomycin. To facilitate double crossover
events, the cells were incubated on spectinomycin-supplemented plates at 42 °C to
repress plasmid replication and force chromosomal insertion of the plasmid. Mutation was

confirmed by whole genome sequencing.

HMO isolation

Human milk was obtained from healthy, lactating women between 3 days and 3 months
postnatal and stored between -80 and -20°C. De-identified milk was provided by Dr. Jorn-
Hendrik Weitkamp from the Vanderbilt Department of Pediatrics, under a collection
protocol approved by the Vanderbilt University Institutional Review Board (IRB#100897),
or Medolac. Milk samples were thawed then centrifuged for 45 minutes. Following
centrifugation, the resultant top lipid layer was removed. The proteins were then removed

by diluting the remaining sample with roughly 1:1 v/v 180 or 200 proof ethanol, chilling
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the sample briefly, and centrifuging for 45 minutes followed by removal of the resulting
HMO-containing supernatant. Following concentration of the supernatant in vacuo, the
HMO-containing extract was dissolved in phosphate buffer (pH 6.5, 0.2 M) and heated to
37°C. B-galactosidase from Kluveromyces lactis was added and the reaction was stirred
until lactose hydrolysis was complete. The reaction mixture was diluted with roughly 1:0.5
v/v 180 proof ethanol, chilled briefly, then centrifuged for 30 minutes. The supernatant
was removed and concentrated in vacuo, and the remaining salts, glucose, and galactose
were separated from the oligosaccharides using size exclusion chromatography with P-2
Gel (H2O eluent). The oligosaccharides were then dried by lyophilization.
Correspondingly, HMO isolates from donors were combined and solubilized in water to

final concentration of 102.6 mg mL".

Broth microdilution minimum inhibitory concentration assay

All strains were grown overnight as described above and used to inoculate fresh THB or
THB + 20 ug mL™" thymidine to achieve 5 x 105 CFU mL™". To 96 well tissue culture treated,
sterile polystyrene plates was added the inoculated media in the presence of increasing
concentrations of antibiotic or HMO cocktail to achieve a final volume of 100 pL per well.
Bacteria grown in media in the absence of any com-pounds served as the controls. The
plates were incubated under static conditions at 37 °C in ambient air for 24 h. Bacterial
growth was quantified through absorbance readings (ODeoo). The minimum inhibitory
concentrations (MICs) were assigned at the lowest concentration of compound at which

no bacterial growth was observed.

126



For HMO-antibiotic combination assays, overnight subcultures were used to inoculate
fresh THB or THB + 20 ug mL-! thymidine to achieve 5 x 10° CFU mL™". Freshly inoculated
media was then supplemented with HMOs at their IC25 concentration (~1.24 mg mL™"). To
96 well tissue culture treated, sterile polystyrene plates was added the inoculated media
supplemented with HMOs in the presence of increasing concentrations of antibiotic.
Bacteria grown in media in the absence of any compounds served as one control.
Bacteria grown in media supplemented with HMOs in the absence of any antibiotic served

as a second control. MICs were determined as previously described.

Checkerboard assay

Group B Streptococcus (GB2 and GB590) were grown overnight as described above and
used to inoculate fresh THB to achieve 5 x 10° CFU mL-". To 96 well tissue culture treated,
sterile polystyrene plates, 100 uL per well of inoculated media was added. Trimethoprim
was two-fold serially diluted descending down the plate to achieve a final volume of 100
WL per well. The final row was left without trimethoprim. The HMO cocktail was two-fold
serially diluted going from right to left across the plate. The far-left column was left without
HMO cocktail. Bacteria grown in media in the absence of either compound served as the
controls. The plates were incubated under static conditions at 37 °C in ambient air for 24
h. Bacterial growth was quantified through absorbance readings (ODeoo). The minimum
inhibitory concentrations (MICs) were assigned at the lowest concentration of compound
at which no bacterial growth was observed. The fractional inhibitory concentration (FIC)
index was used to evaluate synergy. The calculation of the FIC index is as follows: 2FIC

= FIC A + FIC B = (MIC of drug A in the combination/MIC of drug A alone) + (MIC of drug
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B in the combination/MIC of drug B alone), where A is trimethoprim and B is the HMO
cocktail. The combination is considered synergistic when the ¥FIC is <0.5, additive or

indifferent when the 2FIC is >0.5 to <4, and antagonistic when the 2FIC is 4.

Statistical analysis

HMO antimicrobial and combination assay data represent 3 biological replicates, each
with 3 technical replicates. Data for synergy assays represents 3 biological replicates.
Data are expressed as the mean biomass + SEM. Statistical analyses were performed in

GraphPad Prism Software v. 7.0c.
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Chapter 4
Metabolomic interrogation of HMO-mediated antibacterial activity in group B

Streptococcus

4.1 Abstract

HMOs have significant antibacterial activity against GBS, but the cellular response to
treatment with HMOs has not been previously characterized. Untargeted metabolomic
analyses can provide information about antibiotic-induced changes to cellular
metabolism. This chapter will detail our use of metabolomic analysis to investigate the
HMO mechanism of action in GBS. We determine that upon HMO treatment, GBS lipid
metabolism is most significantly impacted, with smaller changes also observed in purine
and pyrimidine metabolism. These results demonstrate HMOs perturb lipid biosynthesis

and organization within GBS, ultimately leading to growth inhibition.

4.2 Bacterial metabolism: an overview

Metabolism is broadly defined as the chemical reactions that occur within an organism to
sustain life. Metabolism is responsible for converting nutrients into useable cellular energy
and synthesizing molecules necessary for maintaining cell integrity and function. This
includes the biosynthesis of lipids, proteins, and fatty acids. Subdivided under
metabolism, catabolism is responsible for the breakdown of external molecules into
useable biosynthetic building blocks, whereas anabolism is responsible for the buildup of
molecules from acquired building blocks. Taken together, catabolism and anabolism

perform the chemical reactions ultimately responsible for cellular survival.
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Bacterial metabolism relies on sensing and responding to the surrounding environment
and nutritional availability.? To sense such molecules, bacteria frequently harness two-
component signal transduction systems (TCSs) (see section 1.6.3). Of critical importance
to bacterial metabolism are pathways involved in carbohydrate acquisition, amino acid
biosynthesis, lipid/fatty acid metabolism, and nucleotide biosynthesis.® # Carbohydrate
acquisition and metabolism acts as a vital carbon source for bacteria and contributes to
the biosynthesis of short chain fatty acids (see section 3.3.1). Lipid and fatty acid
metabolism are required for the formation of structural membranes, and amino acid
biosynthesis is necessary for the formation of new proteins. Purine and pyrimidine
metabolism are other essential pathways that generate nucleotides for DNA synthesis.
These essential pathways and specific metabolites within will be detailed in further
sections (see section 4.4), but their ubiquity across bacterial pathogens makes these

metabolic pathways of prime interest for study.

4.3 Metabolomic analyses as methods for determining antibiotic mechanism of action

The well-studied metabolic pathways within bacterial cells makes metabolite-guided
studies a robust tool in analyzing changes to bacteria and bacterial environments.5 ©
Global metabolomic profiling can be used to study bacterial survival in low-nutrient
settings and the cellular effects of antibiotic treatments. Since clinically-used antibiotics
affect known cellular targets and facilitate downstream changes to metabolic activity,
metabolomic analyses have also been used to identify the mechanism of action of novel
antibiotics.>'" One such example was the use of untargeted metabolomics in identifying

the mechanism of action of the novel antibiotic pretomanid (Figure 4.1).° Metabolomic
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analysis revealed pretomanid treatment in Mycobacterium smegmatis caused metabolite
accumulations within the pentose phosphate pathway (PPP). These accumulations
increased downstream synthesis of methylglyoxal, to the point that overabundance of
methylglyoxal became inhibitory to M. smegmatis growth. This study and others like it,
demonstrate the powerful use of metabolomics to showcase cellular changes that occur

upon antibiotic treatment.
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Figure 4.1 Accumulations of pentose phosphate pathway metabolites caused by
pretomanid.® The associated heatmap schematically depicts the relative concentration of
each metabolite in six replicates of untreated controls and t=6 h pretomanid-treated
Mycobacterium smegmatis liquid cultures. Abbreviations: glucose-6-phosphate
dehydrogenase (G6PD), deazaflavin dependent nitroreductase (Ddn).

4.4 Metabolomic analysis of HMO-induced perturbations in GBS: experimental design
and rational

Our previous work using phenotypic microbial assays, demonstrated HMOs to be potent
antibacterial agents against GBS and powerful tools to combat antifolate resistance (see

Chapter 3) . Nevertheless, little was understood about the precise mechanism of action

of HMOs or the molecular changes HMOs caused within GBS. We proposed the use of
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untargeted metabolomics to identify what metabolic pathways might be significantly
affected by HMO treatment and to provide support for a potential mechanism of action.
For our study, we partnered with the Vanderbilt Center for Innovative Technology (CIT)
to observe and characterize the metabolomic profiles of two GBS populations: the first an
untreated GBS control sample, the second a GBS sample treated with 1 mg mL-" HMOs
(resulting in approx. 30% growth inhibition).'> This HMO concentration was chosen to
verify antibacterial activity, but still permit bacterial growth and metabolite isolation. The
samples were grown in Todd-Hewitt broth (THB) which is traditionally used in the culture
of GBS. This broth is highly supplemented and includes beef heart infusion, peptone, and
glucose. The GBS strain GB2 was used for this study, as it was the most susceptible GBS
strain to HMOs tested to-date (see Table 3.2).

Procedurally, metabolite isolates from both the untreated and HMO-treated cell cultures
were subjected to either reverse-phase liquid chromatography (RPLC) or hydrophilic
interaction liquid chromatography (HILIC). These LC purification methods were then
followed by tandem mass spectrometry (MS/MS) and mass fragmentation analyses. From
these data, individual mass spectra and fragmentation patterns were compared to known
metabolite data bases to putatively identify metabolites and their relative abundance
within samples.'®'7 The identified metabolites and relative abundances for each sample
type were then compared against one another, that is untreated GBS vs HMO-treated
GBS. Upon analysis for statistically significant perturbations, the net metabolite profiles
showed distinct differences between the HMO-treated and untreated GBS samples
(Figure 4.2A). This indicated that there were global changes to the nature of GBS

metabolism upon HMO-treatment. In total, approximately 900 metabolites were putatively
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identified and saw statistically significant fold change (FC, FC 2 |2|) with a significant p-

value (p < 0.05) (Figure 4.2A/B).
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Figure 4.2 Pairwise comparisons of experimental conditions and significantly perturbed
metabolites. (A.) Quantity of significant metabolites per LC purification method. (B.)
Volcano plots of significantly perturbed metabolites per LC purification method.

4.5 GBS metabolic pathways perturbed upon HMO treatment

4.5.1 Global metabolic pathway analysis

With the identification of approximately 900 statistically significant metabolites, the

putatively identified hits were then categorized according to their metabolic pathway of

involvement. This gave a global pathway analysis of HMO-perturbations in GBS, from
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which, we were able to determine which metabolic pathways had been most significantly
perturbed. This analysis revealed the most statistically impacted pathways were those of
linoleic acid metabolism, sphingolipid metabolism, and glycerophospholipid metabolism
(Table 4.1). There were also significant effects observed in pyrimidine metabolism.
Mapping these impacted pathways identified strong effects to GBS lipid metabolites and

prompted us to look closer at the observed trends within these metabolic shifts.

Table 4.1. Pathway analysis of perturbed GBS metabolites

Hits / Total Impact

Metabolic Pathway Metabolites Raw p-value Factor

linoleic acid metabolism 6/15 2.05E-05 0.229
sphingolipid metabolism 6/25 5.81E-05 0.215
glycerophospholipid metabolism 4/39 1.33E-03 0.2403
pyrimidine metabolism 8/60 4.36E-03 0.238
pantothenate and CoA biosynthesis 3127 0.116 0.135
lysine degradation 4/47 0.142 0.103

purine metabolism 6/92 0.204 0.062

cysteine and methionine metabolism 4/56 0.221 0.187

4.5.2 HMO-mediated perturbations to linoleic acid metabolites

4.5.2.1 Introduction: bacterial fatty acid synthesis and utilization of linoleic acid

Linoleic acid (LNA, 4.1) is a polyunsaturated fatty acid most commonly biosynthesized by
plants, but necessary for mammals.'®2° Humans consume LNA in their diet, from which

LNA is readily converted to a variety of other unsaturated fatty acids via enzymatic
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oxidations and alkene isomerizations. These fatty acids and related metabolites are
required in numerous biological processes, particularly the maintenance of cardiac cells
and heart health. While the mammalian necessity for LNA is well understood, less is
known about LNAs role in bacterial metabolism.

Bacterial fatty acids are necessary for the maintenance of cell membranes and for
bacterial interactions with the host-immune response. Bacterial fatty acids are
biosynthesized by the fatty acid synthase type Il (FAS-II) system.?'2> FAS-Il within
Streptococcus is regulated by the fab genes, where fabA is a critical
dehydratase/isomerase enzyme for the formation of unsaturated fatty acids and fabB is
an essential elongation enzyme.?* 25 In GBS, FAS-Il has been shown to make both
saturated and unsaturated fatty acids, including palmitic, palmitoleic, stearic, and
octadecenoic acids.? 2" GBS does not directly biosynthesize LNA. Nevertheless, it has
been shown that GBS can uptake LNA for recruitment in anabolism of essential lipids.
This was demonstrated by Brinster and coworkers, who showed that in the presence of
exogenous LNA, GBS incorporates LNA into cell membrane structure, whereby
approximately 20% of the total fatty acid composition is LNA-derived.?” This indicates that
GBS has acquired the ability to utilize exogenous fatty acids in lipid biosynthesis (see

Scheme 4.1) and LNA is one such substrate.

4.5.2.2 Impact of HMOs on linoleic acid metabolites
Through metabolomic analysis, we identified that HMOs impact linoleic acid metabolites
significantly in GBS. As discussed, GBS does not biosynthesize LNA directly, so rather

than correlating to a direct bacterial pathway, this result likely indicates a significant
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change to how HMO-treated GBS cells uptake LNA. The presence of LNA metabolites is
due to the beef heart tissues in Todd-Hewitt broth (THB) which was used for sample
preparation.

At the specific metabolite level, every identified LNA metabolite was higher in abundance
in the HMO-treated GBS sample relative to the untreated control (Figures 4.3-4.4). LNA
(4.1) was identified with a FC > 9 (p = 0.012), indicating significant uptake from culture
media. Additionally, several oxidized variants of polyunsaturated fatty acids were
observed. These included 9,10-DiHODE (4.2, FC > 5, p = 0.003), 12(13)-EpOME (4.3,
FC>10,p=0.014), and 9-OxoODE (4.6, FC > 10, p = 0.003). This increased abundance
of oxidized LNA metabolites is most likely from similar GBS recruitment of exogenous
fatty acids from growth media. Of note, the accumulation of epoxyoctadecanoic acids
(EpOMESs) and dihydroxyoctadecanoic acids (DiIHOMESs) has also been previously linked
to changes in Na+ and K+ ion channels and downstream effects on cell membrane
fluidity.'®

Globally, the accumulation of these LNA associated metabolites suggests that HMO-
treatment elicits defects within native GBS lipid biosynthesis. Resultantly, it can be
postulated that GBS attempts to treat these defects by increased recruitment and
catabolism of exogenous fatty acids. This metabolic shift might be an attempt to recruit
exogenous fatty acids into the cellular membrane, which could also affect membrane

integrity and lead to the resultant antibacterial activity of HMOs.

141



A. HILIC positive

class class
Linoleic Acid 1 Treated
Untreated
9,10-DiHODE 05

12,13-DiHOME

13-0x00DE

05
910-EpOME I
1

171N 0NH
ZU TN oNH
TL7EN0NH
ZL EN 0MH
112N 0MH
ZL7Zn oMH
1L EH OMH
ZL EH ONH
1L TH OMH
ZUTTH ONH
1L tH OMH

2L tH OMH

B. RPLC positive

class class

12,13-DiHOME 1.5 B Treated
1 Untreated

—
910-EpHOME

9-0x00DE
13-0x00DE

9,10-DHOME

135-HODE
1213-EpOME
9,12,13-TriHOME

910-EpOME

1L TN ONH
ZLTNTONH
TL €N ONH
ZLENTOMH
1L 2N 0NH
ZL Zn oNH
TLEHONMH
ZLEH ONH
T TH OMH
ZL TH ONH
TL tH ONH

ZLtH OMH

Figure 4.3 Heat-map representation of linoleic acid metabolites. (A.) HILIC positive LC-
MS/MS analysis. (B.) RPLC positive LC-MS/MS analysis. Samples (columns) and
features (rows) were processed using Euclidean Average clustering via Metaboanalyst
4.0. The heat map was generated for Pareto scaled, log transformed data, and colors are
displayed by relative abundance, ranging from low (blue) to high (red) as shown in the
legend. See Table A4.2 for further details.

142



OH

linoleic acid 9,10-DiIHOME
4.1 4.2
OH o
o) [e]
/\/\A/W]\ \/\/\/K/;/\/\/\)kOH
OH
OH
12,13-EpOME 12,13-DiIHOME
4.3 4.4
o) o) o o)
/\/\/;A/\/\/\)I\OH \/\/\:/\)J\/\/\/\/U\OH
9,10-EpOME 9-OxoODE
4.5 4.6

Figure 4.4 Representative structures of relevant LNA metabolites

4.5.3 HMO-induced perturbations to GBS glycerophospholipid metabolism

4.5.3.1 Introduction: bacterial glycerophospholipid metabolism

Fatty acids are essential for the cell membrane, since they act as metabolic precursors
to the glycerophospholipids that ultimately form the intact membrane.?830
Glycerophospholipids contain a negatively charged hydrophilic phosphonate group
attached to a hydrophobic fatty acid chain. These polarity differences impart amphiphilic
character that creates a cohesive membrane to protect cells from external degradation.
Metabolically, glycerophospholipid biosynthesis first begins with the formation of
phosphoglycerides (Scheme 4.1). Bacterial phosphoglycerides include phosphatidic acid
(PA, 4.9), phosphatidyl serine (PS, 4.11), phosphatidyl ethanolamine (PE, 4.12),
phosphatidyl glycerol (4.14), and cardiolipin (CL, 4.15) subclasses. Initial reduction of
dihydroxyacetone phosphate (DHAP, 4.7) yields 4.8 which acts as the critical substrate
for fatty acid conjugation. From 4.8, glycerol phosphate acyltransferase (GPAT) installs
two fatty acid chains to generate the phosphatidic acid scaffold 4.9. Of note, the fatty acid

side chains can be either endogenous or exogenously derived, and the two sidechains
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can be identical or mismatched. From 4.9, conjugation of serine yields phosphatidyl
serine variants (4.11) and subsequent decarboxylation gives phosphatidyl ethanolamine

phosphoglycerides (4.12).
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Scheme 4.1 Biosynthesis of phosphoglycerides. Abbreviations: dihydroxyacetone
phosphate (DHAP), glycerol phosphate dehydrogenase (GAPDH), glycerol phosphate
acyltransferase (GPAT), phosphatidic acid (PA), CDP-diglyceride synthase (CHDS),
phosphatidylserine synthase (PHSS), phosphatidyl serine (PS), phosphatidylserine
decarboxylase (PSD), phosphatidyl ethanolamine (PE), phosphatidylglycerolphosphate
(PGP), cardiolipin synthase (CLS), cardiolipin (CL).
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Alternatively, from 4.9 conjugation of glycerol yields phosphatidyl glycerol variants (4.14).
4.14 can then be catalyzed by cardiolipin synthase (CLS), to generate cardiolipin
phosphoglycerides (4.15). Through the combination of bacterial phosphoglycerides and
endogenous and exogenous fatty acids, bacteria synthesize a plethora of
glycerophospholipids. From these, cells utilize complex machinery to assemble the cell

membrane, through mechanisms that are still not well defined.3"

4.5.3.2 Impact of HMOs on GBS glycerophospholipid metabolism

Our metabolomic study showed that HMO-treatment significantly affects GBS metabolism
of glycerophospholipids (Figures 4.5-4.6). Overall, the metabolites identified were more
abundant within the HMO-treated sample, similar to the accumulation seen in LNA
metabolites (see section 4.5.2.2). Several metabolites associated with phosphoglyceride
head groups were observed such as choline (4.16, FC > 1, p = 0.010), dihydroxyacetone
phosphate (DHAP, 4.7) (FC > 1, p = 0.181), and diethanolamine (4.17, FC > 2, p =
0.0003). Notably, DHAP (4.7) is the molecule of origin for glycerophospholipid anabolism.
Further glycerophospholipid metabolites were identified with single intact fatty acid side
chains, such as PE(O-18:1(92)/0:0) (4.18, FC > 50, p = 0.006), PE(P-16:0e/0:0) (4.19,
FC > 27, p = 0.0005), and LysoPC(14:0/0:0) (4.20, FC > 16, p = 0.015). We hypothesize
that the accumulation of these metabolites is from HMO-mediated stunting of
glycerophospholipid anabolism. Altering reactions within this pathway might lead to
increased quantity of metabolic intermediates. Uniquely, glycerophospholipid
PE(19:1(92)/12:0) (4.21, FC > 2, p = 0.020) was identified as one of the few metabolites

with lower relative abundance in the HMO-treated sample and further investigation might
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identify reasons behind this unique metabolite profile. Globally, the identified
glycerophospholipid metabolites indicate a conserved accumulation within the HMO-
treated GBS sample and further support the hypothesis of HMO-mediated inhibition of

native lipid biosynthesis.
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Figure 4.5 Representative structures of relevant glycerophospholipid metabolites
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Figure 4.6 Heat map representation of glycerophospholipid metabolites. (A.) HILIC
positive LC-MS/MS analysis. (B.) RPLC positive LC-MS/MS analysis. Samples (columns)
and features (rows) were processed using Euclidean Average clustering via
Metaboanalyst 4.0. The heat map was generated for Pareto scaled, log transformed data,
and colors are displayed by relative abundance, ranging from low (blue) to high (red) as
shown in the legend. See Table A4.3 for further details.
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4.5.4 Other HMO-induced changes to GBS metabolism

Our metabolomics study also identified significant changes to other metabolic pathways.
In addition to the lipid metabolites discussed earlier, sphingolipid metabolism was also
significantly affected by HMO treatment. Sphingolipids are biosynthesized by mammalian
cells and, similar to LNA, are present within the growth media.?> 33 As in the case of LNA,
GBS accumulates sphingolipids in response to HMO-treatment and these results further
support the hypothesis that HMOs affect lipid biosynthesis and cell membrane assembly.
Taken together, these impacts on exogenous fatty acid recruitment suggest that HMO
treatment could also significantly impact GBS interactions with host-derived cells and
metabolites.

Since our current results suggest HMOs increase GBS cell permeability, we also
investigated if cell wall-affiliated metabolites were impacted by HMO treatment." From
our analysis, we were able to identify two cell wall-affiliated metabolites, both of which
were higher in abundance within the HMO treated sample (Figure 4.7). These
metabolites were UDP-MurNAc (FC > 19, p = 0.032) and UDP-GalNAc/GIcNAc (FC > 11,
p = 0.175). Unfortunately, a higher experimental mass range would be needed to identify

a more significant amount of these cell wall precursors and better identify a global trend.
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Figure 4.7 Heat map representation of cell wall metabolites from HILIC positive LC-
MS/MS analysis. Samples (columns) and features (rows) were processed using
Euclidean Average clustering via Metaboanalyst 4.0. The heat map was generated for
Pareto scaled, log transformed data, and colors are displayed by relative abundance,
ranging from low (blue) to high (red) as shown in the legend. See Table A4.4 for further
details.

ILTH ONH
ZLUTH OMH
TLEH ONH
ZLEH ONH
TLtH OMH
ZLUtH OMH
1L TN 0NH
ZU TN ONH
112N 0NH
ZLU 2N oMK
ILEN 0NH
ZLEN OMH

4.6 Conclusion and future directions

The study conducted herein provided the first evaluation of the metabolic response of any
cell type to HMO-mediated perturbations. From our metabolomics study, we were able to
elucidate the metabolic impact HMOs have on GBS and identify significant changes to
endogenous lipid metabolism and exogenous lipid recruitment. These effects indicate that
HMOs significantly impact the catabolism and anabolism of essential cell membrane
components, ultimately yielding an antibacterial effect.

Further analyses need to be conducted from our original experiments above, to better
understand the global interactions of each impacted GBS metabolic pathway. Individual
metabolites within glycerophospholipid metabolism should be mapped out and their
relative abundances compared between the untreated and HMO-treated samples. This
would provide a more detailed view of metabolite accumulation or depletion throughout
the pathway and potentially identify specific metabolic reactions that are highly affected

by HMOs. Since GBS tries to recruit exogenous fatty acids upon HMO treatment, we
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anticipate HMOs directly impede endogenous fatty acid production and decrease activity
in FAS-Il. Changes within this production would necessitate increased use of exogenous
fatty acids and induce changes to glycerophospholipid metabolism. Narrowing our
analysis to the metabolite level will provide a more detailed understanding of which
enzymatic reactions are being significantly impacted.

In addition to better investigating the single metabolite level, more work needs to be done
to understand HMO effects on purine and pyrimidine biosynthesis and if these pathways
also interact with lipid metabolism. While pyrimidine metabolism was the fourth-most
affected GBS metabolic pathway, we did not fully analyze the metabolite identifications
and fold changes that were observed. Analyzing this pathway further would demonstrate
the changes to nucleotide biosynthesis that are observed upon HMO treatment. We
hypothesize that HMOs do not directly inhibit purine and pyrimidine biosynthesis, but
instead, as GBS struggles to make lipid metabolites in response to HMO treatment,
significant downstream stress is placed on pyrimidine metabolism. Investigation into the
nucleotide biosynthetic pathways and the perturbed metabolites within would better
identify the interplay between various pathways in bacterial metabolism.

Most pertinent to future GBS metabolomic studies will be the experimental removal of
exogenous fatty acids. This can be achieved by conducting similar metabolomic studies
with GBS samples grown under minimal media conditions. Minimal media, or chemically-
defined media, is culture media that contains only essential nutrients for bacterial growth,
with known supplements of carbohydrate and amino acid sources if required. This change
in growth media will eliminate the source of excess exogenous fatty acids from THB and

disable GBS recruitment of such molecules. We anticipate that in the absence of these
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exogenous LNA derivatives and sphingolipids, GBS growth will be inhibited more
significantly by HMOs. Metabolically, this might result in even more pronounced changes
to glycerophospholipid metabolism or other downstream pathways. Conducting such
experiments in minimal growth media conditions would provide a better understanding of
HMO-mediated effects on GBS without external fatty acid supplementation. This would
better reveal the bacterial targets of HMOs and the corresponding antibiotic mechanism

of action.

4.7 Experimental methods

Sample preparation for metabolomic analysis

Group B Streptococcus (S. agalactiae strain GB2, clinical isolate, Shannon Manning,
Michigan State) was grown overnight as described above and used to inoculate 10 mL of
fresh THB media to achieve 5 x 10° CFU mL™". Untreated GB2 in 10 mL of media served
as a control, while other GB2 cultures were treated with HMOs at 1.00 mg mL™". After 24
hours, the samples were centrifuged at 1500 RPM for 20 min to generate a bacterial
pellet. The media was removed and the pellet washed with 200 yL of 50 mM ammonium
formate buffer. The pellet was then resuspended in 200 pL of 50 mM ammonium formate
buffer and transferred to a sterile Eppendorf tube. This was then centrifuged at 1500 RPM
for 10 min to generate a bacterial pellet. The buffer was removed and the pellet flash
frozen in liquid N2 and stored until use.

Bacterial cell pellets were lysed using 400 pL ice cold lysis buffer (1:1:2,
ACN:MeOH:ammonium bicarbonate 0.1M, pH 8.0, LC-MS grade) and vortexed.

Individual samples were sonicated using a probe tip sonicator, 10 pulses at 30% power,
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cooling down in ice between samples. A BCA protein assay was used to determine the
protein concentration for each individual sample, and adjusted to a total amount of protein
of 200ug total protein in 200 pL of lysis buffer. Isotopically labeled standard molecules,
Phenylalanine-D8 (CDN Isotopes, Quebec, CA), and Biotin-D2 (CIL, MA, USA), were
added to each sample to assess sample preparation reproducibility. Metabolites were
extracted from untreated control and HMO treated cultures using protein precipitation by
the addition of 800pL of ice-cold methanol (4x by volume) and incubated overnight at -80
°C. Following incubation, samples were centrifuged at 10,000 rpm for 10 min to eliminate
precipitated proteins and the metabolite containing supernatant was dried in vacuo and

stored at -80 °C until further UPLC-HRMS/MS analysis.

Global untargeted metabolomic analyses

Metabolite extracts were analyzed using reverse-phase liquid chromatography (RPLC)
and hydrophilic interaction liquid chromatography (HILIC) followed by subsequent mass
spectrometry analysis using a high-resolution Q-Exactive HF hybrid quadrupole-Orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a
Vanquish UHPLC binary system and autosampler (Thermo Fisher Scientific, Bremen,
Germany). A quality control sample was prepared by pooling equal volumes of each
sample. Isotopically labeled standards, Tryptophan-D3, Carnitine-D9 (CDN Isotopes,
Quebec, CA), Valine-D8, and Inosine-4N15 (CIL, MA, USA), were added to each sample
to assess MS instrument reproducibility.

Metabolite extracts (10 pL injection volume) were separated on a SeQuant ZIC-HILIC 3.5-

pm, 2.1 mm x 100 mm column (Millipore Corporation, Darmstadt, Germany) held at 40 °C
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for the HILIC analysis. Liquid chromatography was performed at 200 yL min' using
solvent A (6mM ammonium formate in 90% water, 10% acetonitrile) and solvent B (5mM
ammonium formate in 90% acetonitrile, 10% water) with the following gradient: 95% B for
2 min, 95-40% B over 16 min, 40% B held 2 min, and 40-95% B over 15 min, 95% B held
10 min (gradient length: 45 min). For the RPLC analysis metabolite extracts (10 pL
injection volume) were separated on a Hypersil Gold, 1.9 ym, 2.1mm x 100 mm column
(Thermo Fisher) held at 40 °C. Liquid chromatography was performed at a 250 pyL min-’
using solvent A (0.1% formic acid (FA) in water) and solvent B (0.1% FA in acetonitrile
(ACN)) with the following gradient: 5% B for 1 min, 5-50% B over 9 min, 50-70% B over
5 min, 70-95% B over 5 min, 95% B held 2 min, and 95-5% B over 3 min, 5% B held 5
min (gradient length: 30 min).

MS analyses were acquired over a mass range of m/z 70-1050 using electrospray
ionization positive mode. MS scans were analyzed at a resolution of 120000 with a scan
rate of 3.5 Hz. The AGC target was set to 1 x 10° ions, and maximum ion IT was at 100
ms. Source ionization parameters were optimized, these include: spray voltage - 3.0 kV,
transfer temperature - 280 °C; S-lens - 40; heater temperature - 325 °C; sheath gas - 40,
aux gas - 10, and sweep gas flow - 1. Tandem spectra were acquired using a data
dependent acquisition (DDA) in which one MS scan is followed by 2, 4 or 6 MS/MS scans.
MS/MS scans are acquired using an isolation width of 1.3 m/z, stepped NCE of 20 and
40, and a dynamic exclusion for 6 s. MS/MS spectra were collected at a resolution of
15000, with an AGC target set at 2 x 10° ions, and maximum ion IT of 100 ms. Instrument
performance and reproducibility in the run sequence was assessed by monitoring the

retention times and peak areas for the heavy labeled standards added to the individual
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samples prior to and during metabolite extraction to assess sample processing steps and

instrument variability.

Metabolomics data processing

UPLC-HRMS/MS raw data were imported, processed, normalized and reviewed using
Progenesis Ql v.2.1 (Non-linear Dynamics, Newcastle, UK). All MS and MS/MS sample
runs were aligned against a quality control (pooled) reference run, and peak picking was
performed on individual aligned runs to create an aggregate data set. Following peak
picking, unique spectral features (retention time and m/z pairs) were grouped based on
adducts and isotopes, and individual features or metabolites were normalized to all
features. Compounds with <25% coefficient of variance (%CV) were retained for further
analysis. P-values were calculated by Progenesis QI using variance stabilized
measurements achieved through log normalization, and metabolites with a p < 0.05
calculated by a one-way analysis of variance (ANOVA) test, and fold change (FC) > | 2|
were considered significant.

Tentative and putative identifications were determined within Progenesis QI using
accurate mass measurements (<5 ppm error), isotope distribution similarity, and
fragmentation spectrum matching based on database searches against Human
Metabolome Database (HMDB), Metlin, the National Institute of Standards and
Technology (NIST) database and an in-house database.'*'” Annotations from both RPLC
and HILIC analyses were performed for all significant compounds (p-value < 0.05, FC >
|2]). Annotations were further analyzed using pathway overrepresentation analysis using

MetaboAnalyst 4.0.% 34 The level system for metabolite identification confidence was
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used. The level 3 (L3) of confidence for the metabolite identifications was assigned for
those molecules that showed minimal experimental evidence than level 2 (L2), but do
prioritize a top candidate. These are accepted by the metabolomics community and
represent families of molecules that cannot be distinguished by the data acquired,

predominantly because there are too many isomers as possible candidate metabolites.
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Appendix A4

Supplementary metabolomics figures relevant to Chapter 4
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Table A4.1 Quality metrics obtained for the heavy labeled standard molecules used for
this study to assess the metabolite extraction, instrument performance and injection

volume reproducibility.

Measurement QC Pool Sample HILIC
Assessment
Process Variability Biotin — D2 1.16 0.88
Phenylalanine-D8 1.58 1.59
Instrument Variability Carnitine — D9 1.95 4.32
Valine — D8 1.55 3.76
Tryptophan-D3 1.80 2.92
Inosine — 4N15 4.99 3.20
RPLC Positive HILIC Positive
B o | [
(<] —_ S )
: - o : =) » @
[$)
Q ® £ |
% - @
! w0 w0 T @ » 0 2w
PC1 (76%) PC1 (73%)

Figure A4.1 Global principal component analysis of the two different experimental sample
groups, untreated vs HMO treated. Global principal component analysis of cellular
extracted metabolites for the two biological conditions is illustrating a distinct shift in
metabolic profiles between groups. Presenting the abundance data in PC space allows
us to separate the run samples based on overall variability and shows clear separation of
untreated samples vs HMO treated samples across the first PC dimension (x-axis).
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Table A4.2 Data table of linoleic acid metabolites, where “*” denotes significance with p
< 0.05 and fold change 2 |2|.

HILIC positive
gttt thf::i:ttei:n Ledslly pinovaip) Foldlgah);nge Hlil?ehae: ‘ LI?I‘::: ‘
1.36_317.2086m/z *13-OxoODE L3 2.07E-11 6.54 Treated  Untreated
1.37_296.2351n *9(10)-EpOME L3 2.69E-11 9.06 Treated Untreated
1.38_314.2457n *12,13-DiIHOME 153 3.52E-10 29.71 Treated  Untreated
1.36_312.2301n *9,10-DiHODE L3 2.88E-07 5.04 Treated Untreated
1.40_280.2403n *Linoleic acid L3 6.74E-06 9.67 Treated  Untreated
RPLC positive
EEREINEID Dc:‘;:l':)ttei:n Levell) yAnCvalp) Foldh::ahxange Hl:ng:ae: t L;:vae: t
15.20_314.2454n *12,13-DiIHOME L3 1.22E-07 100.51 Treated  Untreated
14.10_315.2527m/z *9,10-DHOME L3 1.09E-06 3215.51 Treated  Untreated
16.77_295.2265m/z *13-OxoODE L3 1.48E-06 7.20 Treated  Untreated
16.89_295.2265m/z  *9,12,13-TriHOME L3 1.70E-06 17.47 Treated  Untreated
17.24_296.2349n *9(10)-EpOME L3 1.97E-06 38.87 Treated  Untreated
16.22_279.2316m/z *13S-HODE L3 3.83E-06 308.84 Treated  Untreated
15.73_312.2297n *9(10)-EpHOME L3 2.05E-05 30.89 Treated  Untreated
17.33_297.2422m/z *12(13)-EpOME L3 2.11E-05 12.47 Treated Untreated
17.01_295.2265m/z *9-OxoODE L3 0.003337 14.92 Treated  Untreated
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Matched metabolites:
Pathway Metabolites

9,10-Epoxyoctadecenoic acid; 12,13-EpOME:; Linoleic acid;
13S-hydroxyoctadecadienoic acid; Phosphatidylcholine; 8(R)-

';‘33'“ Hydroperoxylinoleic acid: 9,10-DHOME: 12,13-DHOME: 13-
S aboiicm | OXCODE; 13-L-Hydroperoxylinoleic acid; Bovinic acid; (92,122)-

(11S)-11-Hydroperoxyoctadeca-9,12-dienoic acid; (7S.8S)-
DIHODE; Crepenynate; Gamma-Linolenic acid

Figure A4.2 Linoleic acid pathway. Red nodes reveal individual significant metabolites
matched to the linoleic acid metabolic pathway. KEGG C# is shown within a node. The
individual significant metabolites (p<0.05) identified at confidence level L3 are highlighted
in red for the linoleic acid metabolism generated by MetaboAnalyst 4.0 software.
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Table A4.3 Data table of glycerophospholipid metabolites, where “*” denotes
significance with p < 0.05 and fold change 2 |2|.

HILIC positive

Compound ID

7.67_105.0790n
1.41_450.2978m/z
2.80_464.3134m/z

3.88_703.5745m/z
2.40_418.3061m/z
2.78_714.5065m/z

2.84_676.4910m/z
2.79_466.3291m/z
2.89_438.2977m/z
5.88_150.1125m/z
6.18_104.1069m/z

Accepted
Description

*Diethanolamine

*LysoPC(14:0/0:0)

*LysoPC(15:0)

*Palmitoyl sphingomyelin

*PC(0-14:0/0:0)
*PE(16:0/18:3)

*PE(19:1(92)/12:0)
*PE(0-18:1(92)/0:0)

*PE(P-16:0€/0:0)
Triethanolamine
Choline

RPLC positive

Compound ID

1.08_258.1099m/z
1.87_495.2380m/z
4.40_449.2060m/z

23.78_171.0055m/z
1.05_106.0861m/z
3.10_134.0361m/z

17.94_429.3262m/z
1.06_206.0551m/z
5.86_562.2534m/z
7.08_518.2640m/z

Accepted
Description

Glycerophosphocholine

P1(13:0/0:0)
LysoPA(16:0/0:0)
Dihydroxyacetone

phosphate

Diethanolamine

Phosphodimethylethanol

amine
Sphingosine-1-
phosphocholine
Phosphocholine
PS(18:1(92)/0:0)
PC(15:1(92)/0:0)

Level

L2
L3
L3

L3
L2
L3

L3
L3
L2
L3
L2

Level

L2
L3
L3

L3

L3

L3

L3
L3
L3
L3
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Anova (p)

0.000329
6.23E-06
4.83E-06

0.016365
1.67E-15
0.04656

8.18E-06
0.006441
0.000454
0.017506
0.010304

Anova (p)

0.035
0.098
0.923

0.181
0.277
0.536

0.338
0.405
0.516
0.848

Max
Fold Change
213
16.93
3577.99

4.74
Infinity
2.04
2.33
54.19
27.73

1.25
1.34

Max
Fold Change

1.529
1.446
1.336

1.188
1.522
2.352

2.834
1.673
1.231
1.178

Highest
Mean
Treated
Treated
Treated

Treated
Treated
Treated

Untreated
Treated
Treated
Treated
Treated

Highest
Mean

Untreated
Untreated
Untreated

Treated
Treated
Treated

Treated
Treated
Treated
Treated

Lowest
Mean
Untreated
Untreated
Untreated

Untreated
Untreated
Untreated

Treated
Untreated
Untreated
Untreated
Untreated

Lowest
Mean

Treated
Treated
Treated

Untreated

Untreated

Untreated

Untreated
Untreated
Untreated
Untreated
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Matched metabolites:
Pathway Metabolites

Phosphatidylethanolamine; Phosphatidylcholine;
Glycerol 3-phosphate; Triethanolamine;
Diethanolamine; Dihydroxyacetone phosphate; CDP-
diacylglycerol; 2-Acyl-sn-glycerol 3-phosphate; Acyl-
CoA; 2-Acyl-sn-glycero-3-phosphocholine;
LysoPC(18:1(92)); 1,2-Diacyl-sn-glycerol; Citicoline;
Phosphorylcholine; Choline; Acetylcholine ; O-
Phosphoethanolamine; Ethanolamine;
Phosphatidylglycerol; PA(16:0/16:0); PS(16:0/16:0);
Glycerylphosphorylethanolamine; 1-Acyl-sn-glycerol 3-
phosphate; CDP-Ethanolamine; L-Serine-
phosphoethanolamine; Phosphatidylglycerophosphate;
Glycerophosphocholine; N-Methylethanolamine
phosphate; 1-Acyl-sn-glycero-3-phosphoethanolamine;
Phosphodimethylethanolamine; 2-Acyl-sn-glycero-3-
phosphoethanclamine; Dihydroxyacetone Phosphate
Acyl Ester; CDP-glycerol; Phosphatidyl-N-
dimethylethanolamine; Phosphatidyl-N-
methylethanolamine; Acetaldehyde; 2-Acyl-sn-glycero-3-
phosphoserine; 1-Phosphatidyl-D-myo-inositol;
Cardiolipin

Glycerophospholipid
metabolism

Figure A4.3 Glycerophospholipid pathway. Red nodes reveal individual significant
metabolites matched to the linoleic acid metabolic pathway. KEGG C# is shown within a
node. The individual significant metabolites (p<0.05) identified at confidence level L3 are
highlighted in red for the linoleic acid metabolism generated by MetaboAnalyst 4.0
software.
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Matched metabolites:
Pathway Metabolites

Sphinganine; Phytoceramide; Ceramide; Ceramide 1-
phosphate; Sphingosine 1-phosphate; Sphinganine 1-
phosphate; Dihydroceramide; Phytosphingosine; SM;
Sphingosine; Palmityl-CoA; L-Serine; 3-Dehydrosphinganine;

Sphingolipid Galabiosylceramide; Galactosylceramide; GM4;

meiabolism Lactosylceramide; Glucosylceramide; LysoSM(d18:1); 3-O-
Sulfogalactosylceramide (d18:1/24:0); Ceramide 2-
aminoethylphosphonate; Ceramide phosphoethanolamine;
Digalactosylceramidesulfate; O-Phosphoethanolamine;
Galactosylsphingosine

Figure A4.4 Sphingolipid pathway. Red nodes reveal individual significant metabolites
matched to the linoleic acid metabolic pathway. KEGG C# is shown within a node. The
individual significant metabolites (p<0.05) identified at confidence level L3 are highlighted
in red for the linoleic acid metabolism generated by MetaboAnalyst 4.0 software.
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Table A4.4 Data table of cell wall metabolites, where “*” denotes significance with p <
0.05 and fold change 2 |2|.

HILIC positive
Accepted Max Highest Lowest
el Description S e Fold Change  Mean Mean
11.17_680.1096m/z *UDP-MurNAc L2 0.032 19.2 Treated  Untreated
10.70_608.0886m/z UDP-GalNAc/GIcNAc L3 0.175 11.2 Treated  Untreated
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Chapter 5
Chemoproteomic target identification of human milk oligosaccharides in group B

Streptococcus

5.1 Abstract

HMOs have significant antibacterial effects against GBS, but the molecular interactions
between HMOs and GBS remain unknown. Herein, we describe a methodology that
enables the two-step derivatization of unprotected HMOs into a variety of bioorthogonal
tool molecules. The probes are amenable for use in pull-down assays for
chemoproteomic-based target identification and will be used to elucidate the bacterial

targets of HMOs.'

5.2 Chemoproteomic target identification

5.2.1 Using chemical biology to interrogate antibiotic mechanism of action: an
introduction

The efficacy of antibiotics is driven by interactions between small molecules and bacterial
cellular targets. By example, penicillin, trimethoprim, clindamycin, gentamycin, and
nitrofurantoin all vary in their antibacterial mechanism of action, but universally the activity
of each of these antibiotics is facilitated by their molecular interactions with a specific
bacterial target (see section 1.7.1).% 2 Penicillin interacts with transpeptidase enzymes to
inhibit peptidoglycan formation.* Trimethoprim binds to dihydrofolate reductase to prevent
folate biosynthesis.® Clindamycin and gentamycin interact with portions of the bacterial

ribosome to stunt protein generation, and quinolones like nitrofurantoin bind to DNA
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gyrase to halt DNA replication.®8 Antibiotic activity is driven by molecular interactions
between proteins and small molecules, and as such, research continues to develop
methods for identifying them.

To determine antibacterial mechanisms of action, several methods can be exploited.
These include the use of phenotypic biological assays (see Chapter 3), metabolomics
(see Chapter 4), proteomics, as well as chemoproteomic-based target identification (ID).
Target ID or “pull-down” assays are often used to identify small molecule-protein
interactions.>' This is experimentally achieved by the covalent “linking” of small
molecules and proteins, which can subsequently be isolated and analyzed. The workflow
for these assays will be detailed below (see section 5.3), but the initial success of target
ID techniques is largely dependent on the development and use of a multifunctional

molecular probe.

5.2.2 Molecular probes for target ID

Chemoproteomic target ID uses molecular probes to capture native biological interactions
between small molecules and bacterial targets. As a result, the use of multifunctional
molecular probes is necessary to selectively modify and permit the isolation of meaningful
binding events in complex biological systems. Molecular probes generally consist of three
important units: an “active” molecule of interest, a cross-linking group to modify selective

targets, and a purification tag for isolation and analysis (Figure 5.1).
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Crosslinking Group Purification Tag
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H S biotin

benzophenone fluorophore

Figure 5.1 General molecular scaffold and functional groups useful in target ID studies

First and foremost, molecular probes begin with the identification of an active molecule of
interest. These molecules can originate from a wide range of biological research areas
and include novel antibiotic scaffolds, anti-cancer therapeutics, or inhibitors of protein
interactions.

From there, the second unit of the molecular probe is a cross-linking group, capable of
forming bonds with biological targets. Some cross-linking groups include photoactivatable
motifs, such as diazirines 5.1 and benzophenones 5.8 (Scheme 5.1). These can be
excited under ultra-violet (UV) light to produce reactive intermediates.’*'®¢ From diazirine
5.1, excitation permits the extrusion of nitrogen gas and the formation of a singlet carbene
5.3. This can insert directly into X-H bonds to give 5.4, where X = C, N, O, or S.
Alternatively, intersystem crossing (ISC) can generate the triplet carbene 5.5, which can
undergo radical abstraction and recombination to give 5.4 or 5.7. Similarly,
benzophenone 5.8 can be excited under UV irradiation to give a reactive diradical triplet
state 5.9 from which abstraction and recombination ultimately yields 5.11. Through these
mechanisms, diazirine and benzophenone functional groups are able to insert or radically
capture neighboring bonds and, in biological settings, protein targets.'® 17-25 Electrophilic

sulfonyl fluorides can also be used to cross-link nucleophilic amino acids residues, but do
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not require photoactivation.?® In general, the cross-linking group is responsible for

covalently linking the active molecule of interest to its respective biological target.

A. Activation of diazirines

N=N hv H X><H
360 nm .
R R R OR R” R
dlazmne Ny singlet 5.4
carbene
5.3 )
X
360 N H H_ H
nm hv
”@ XH A XH
360 nm I RXR
R trlplet 5.6 5.7
5_2 carbene

5.5

B. Activation of benzophenones

X OH
350nm R// | | \\R
L N
R R ™ >

benzophenone tnplet state 5.11

Scheme 5.1 Activation of various photoactivatable groups (A.) Activation of diazirines
(B.) Activation of benzophenones

Finally, the third motif used in target ID probes is a purification tag that is amenable to
derivatization, detection and purification. These motifs are often alkyne and azide
handles, that can be subjected to click-chemistry with a variety of fluorophores and biotin
derivatives.?”- 2 The attachment of fluorophores and biotin scaffolds ultimately enables
affinity purification of cross-linked small molecule-protein interactions. Bioorthogonal
chemistries are continually developing to increase sensitivity and selectivity of these
methods.?”- 232 Such molecular scaffolds have been used to identify various small

molecule-protein interactions across the field of chemical biology.
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Nevertheless, when compared to other classes of natural products, the use of target ID
methods in investigating carbohydrate interactions with proteins is particularly rare.? 33
This is largely due to the inherent difficulty associated with capturing carbohydrate-protein
interactions.34-3¢ Binding between carbohydrates and proteins is often weak in affinity and
passive. Therefore, many carbohydrate binding events are multivalent in nature, where
one protein binds many carbohydrates or vice versa. This multivalent presentation
increases overall interaction time to yield meaningful biological responses. By example,
the sialic acid residues involved in binding to siglecs during influenza infections, are only
estimated to interact with a Kq= 0.1-3mM.37-3% Although, these single-binding events are
low-affinity interactions, the abundance of siglecs available for binding cumulatively leads
to the downstream host infection and response seen from influenza.

While a robust binding mode for biological impact, multivalent interactions present
significant challenge for isolating single binding events between carbohydrates and
proteins. These challenges are compounded by a lack of synthetic access to complex
carbohydrates and functionalized derivatives. As such, further developments to target ID
methodologies are needed to better capture low-affinity binding events and study

biological interactions of carbohydrates.

5.3 Proposed workflow for using target ID to identify HMO interactions with GBS

Our earlier studies on the antibacterial activity of HMOs (see Chapter 3 and Chapter 4)
supports the hypothesis that HMOs increase GBS cell permeability through perturbations
to lipid biosynthesis and utilization. This increased cell permeability inhibits GBS growth

and can be harnessed in adjuvant therapies with antibiotics currently used in the clinic.
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While our studies have supported this working hypothesis, the specific biological target
of HMOs in GBS remains unknown.

Resultantly, we hypothesized that chemoproteomic target ID could be used to investigate
specific HMO-GBS binding interactions (Figure 5.2). The proposed workflow would
leverage well-precedented bioorthogonal chemistries for the novel study of these complex
carbohydrate binding events. Generally, the proposed workflow begins with the
incubation of an HMO molecular probe with GBS cells, whereby subsequent
photoactivation facilitates cross-linking of the HMO to a specific biological target (Figure
5.2, I-ll). Click reaction then attaches a biotin and/or fluorophore-containing purification

handle (Figure 5.2, IlI).

N =

N - —
Incubation NZ —
(Hmo) e ov ._(m

HMO-GBS target conjugate
GBS Cells

Cell Lysis
Click Reaction

.
e
[-6.00
LC-MS/MS -5.00 i}

MLST Database I Affinity 4 'i‘
Comparison -4.00 Capture N
I ~v .{
- (mo)
V.
®

Identified HMO-GBS
Biological Targets

[

(e@w/ssen)bo)

T
w
[=3
S

-2.00

1.00

SDS - Page Gel Electrophoresis

Figure 5.2 Proposed general workflow for chemoproteomic target ID of HMOs in GBS.
(I.) Incubation of HMO probe with GBS cells and biological targets. (ll.) UV irradiation and
cross-linking of probe and biological target. (lll.) GBS cell lysis and click reaction with
fluorophore and/or biotin derivative. (IV.) Affinity capture and separation via gel
electrophoresis. (V.) Mass spectrometry-guided identification of biological target of HMOs
in GBS.
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From here, affinity purification and fluorescence imaging would allow for isolation of select
bacterial targets (Figure 5.2, IV). Ultimately, mass spectrometry guided analysis of
isolated hits would identify GBS protein targets of HMOs (Figure 5.2, V). This workflow
would permit the discovery of bacterial interactions with HMOs and contribute to our

proposed HMO mechanism of action.

5.4 Rationale and design of HMQO bioorthogonal probes

5.4.1 Identification of antibacterial single-entity HMOs

Chemoproteomic target ID begins with the development of amenable bioorthogonal tool
compounds. There are several bioorthogonal motifs that can be used within target ID
studies (Figure 5.1), but these additional functional groups must not affect the biological
activity of the native molecule. As such, it is imperative that synthetic manipulations are
minimal and do not impact molecular recognition elements of the native compound.

As we thought about synthesizing bioorthogonal HMO probes, we considered the most
facile starting point. While pooled HMOs have significant inhibitory effects on GBS, these
complex mixtures can contain over 200 different single-entity HMOs (see sections 3.2
and 3.3). The complex nature of HMO mixtures makes these solutions unideal for defined
chemical derivatization. As a result, previous work was conducted to identify single-entity

HMOs with significant antibacterial activity against GBS (Table 5.1).4%- 41
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Table 5.1 Single-entity HMO antibacterial activity

GB590 GB2
HMO? Average | Average | Average | Average
Growth Viability Growth Viability
Reduction | Reduction | Reduction | Reduction
pooled HMOs 82% 23% 73% 24%
lactose (Lac) 3% 0% 0% 2%
2’-fucosyllactose (2’-FL) 8% 0% 9% 9%
3-fucosyllactose (3-FL) 15% 0% 0% 4%
difucosyllactose (DFL) 51% 17% 0% 11%
lacto-N-triose Il (LNT II) 54% 12% 22% 8%
3-sialyllactose (3’-SL) 13% 0% 0% 5%
6’-sialyllactose (6’-SL) 18% 0% 0% 4%
lacto-N-tetraose (LNT) 24% 11% 0% 0%
lacto-N-neotetraose (LNNT) 42% 13% 5% 4%
lacto-N-fucopentaose | (LNFP [) 1% 24% 0% 10%
lacto-N-fucopentaose Il (LNFP II) 31% 15% 0% 9%
lacto-N-fucopentaose Il (LNFP [l1) 26% 14% 0% 9%
LS-tetrasaccharide a (LST a) 38% 23% 42% 25%
LS-tetrasaccharide ¢ (LST c) 15% 16% 35% 18%
disialyllacto-N-tetraose (DSLNT) 28% 18% 18% 21%

aHMOs dosed at 5 mg mL™"’
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Notably, difucosyllactose (DFL), lacto-N-triose Il (LNT-Il), and LS-tetrasaccharide A
(LSTa) were determined to be antibacterial in GB590 with approximately 40-50% growth
inhibition. Contrarily, lactose, 2’-fucosyllactose (2’-FL) and 3’-siallylactose (3’-SL) were
inactive (0-10% growth inhibition). Interestingly, these results indicate that there is
variable antibacterial activity across single-entity HMOs with no clear correlation between
overall fucosylation or sialylation patterns. That is, just because an HMO contains a
fucose or sialic acid residue, does not indicate it will have antibacterial effects.
Furthermore, smaller HMOs like LNT-II, are antibacterial in nature, indicating that more
complexity in HMO structure might not be critical for activity against GBS.

Most importantly, lactose was shown to have no independent antibacterial activity against
GBS. As each HMO biosynthetically originates from lactose and as such contains lactose
at the reducing end (see section 3.2.2), this result led us to hypothesize the molecular
interactions necessary for antibacterial activity occur at the non-reducing end of the HMO
scaffold. Collectively, this initial activity screen offered key insights into the molecular
structures that facilitate antibacterial effects against GBS and how we might synthesize

bioorthogonal HMO probes.

5.4.2 Design of bioorthogonal HMO probes

To begin the development of chemoproteomic target ID studies, we proposed to
synthesize a library of bioorthogonal HMOs probes (Figure 5.3). Since lactose alone has
no antibacterial activity against GBS, we speculated that derivatization at the reducing
end of the HMO scaffold might limit deleterious effects to biological function. From the

previous study, we identified several initial antibacterial HMO scaffolds of interest,
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including active HMOs LNT-Il (5.13), DFL (5.14), and LSTa (5.16). We also wanted to
synthesize inactive HMO probes for use as controls and selected 2’-FL (5.12) and LNT
(5.15). This subset of single-entity HMOs represented both antibacterial and inactive
HMOs with varying fucosylation and sialylation patterns.

From the core oligosaccharides, we then identified several bioorthogonal tags that had
previously demonstrated success within target ID studies. These included diazirines 5.17
and 5.20, benzophenones 5.18 and 5.22, and sulfonyl fluoride 5.19.#> 43 Additionally, we
hoped to access fluorescent HMOs through conjugation of fluorophores such as
rhodamine (5.21). The variety of bioorthogonal tags as well as the HMO scaffolds of
interest prompted us to design a synthetic approach that was robust across carbohydrate
scaffolds and functional groups.

We envisioned amide coupling between a carboxylic acid appended functionalized tag
and an aminoglycoside would install the bioorthogonal motifs necessary for target ID. The
aminoglycoside or aminoHMO used within the amide coupling, would then be accessed
via Kochetkov amination.** This proposed two-step sequence would enable protecting-
group free conversion of complex oligosaccharides into a variety of bioorthogonal tool

molecules.
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Figure 5.3 General proposed HMO probe scaffold including HMOs and bioorthogonal
tags of interest

5.5 Kochetkov amination of HMOs

We first used the Kochetkov amination to convert deprotected HMOs into corresponding
B-aminoHMOs. #4447 The reducing-end of carbohydrates is known to be in equilibrium with
the open chain form (Scheme 5.2). This equilibrium can be harnessed synthetically to
generate stereo-defined B-aminoglycosides in a reaction known as the Kochetkov
amination.*®% This reaction proceeds via condensation of ammonium onto the
intermediate open-chain carbohydrate 5.24, to form 5.26. This condensation is most
efficient under moderate thermal heating with excess ammonium carbonate. Higher
temperatures can generate diglycosylamine byproducts 5.27, while microwave-assisted
methods are not amenable for amination of complex oligosaccharides. Resultantly,
careful control of reaction conditions and the elimination of residual water are necessary

to promote desired glycosyl amine formation in the highest yield and percent conversion.
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Of note, the Kochetkov amination proceeds in a stereo-defined manner to produce almost
exclusively the p-aminoglycoside, a phenomenon commonly attributed to the reverse

anomeric effect (RAE).#8-50

OH OH NH OH
3
20 ¢} e 0, OH > 0, OH
ROWOHO OH ROWOHO =0 H.0 ROWOHO —=NH
OH OH 2 OH
5.23 5.24 5.25
OH on > 40°C OH
0 0 Hy =</ -~ 0 o)
ROWOHO N (0] ) O;'E\/IIOR 4>NH3 RO/NOHO NH,
OH OH

5.27 5.26

Scheme 5.2 Mechanism of the Kochetkov amination

Given these considerations, we were able to apply the Kochetkov amination to the
synthesis of a variety of the desired B-aminoHMOs (Scheme 5.3).5" 52 We performed
aminations under mild thermal heating at 35 °C in dimethyl sulfoxide (DMSO) to limit the
presence of water and undesired diglycosylamine formation. These conditions gave high
percent yields (70-80%) with substantial conversion to the desired glycosyl amines 5.28-
5.32. Each oligosaccharide sees inherent differences in amination conversion, likely
owing to differing equilibrium rates between the open-chain and closed-chain forms. By
example, LNT-Il amine 5.30 sees a modest conversion ratio of 1.1:1 desired amine to

starting HMO, while LNT amine 5.29 sees a conversion ratio of 4.7:1.
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Scheme 5.3 Kochetkov amination of HMOs

5.6 Synthesis of diazirine-containing HMO bioorthogonal probes

From pB-aminoHMOs 5.28-5.32, we then envisioned subsequent amide coupling with a
carboxylic acid appended bioorthogonal tag to yield the desired HMO probes. Initial work
aimed to synthesize a small library of diazirine-containing HMO probes that might be used
in target ID assays. Diazirines have gained popularity in chemoproteomic analyses as
they are minimal in size and can be activated using commercial systems.'® 25 42.43
Synthetically, diazirine 5.37 is accessible in 9 steps from ethylacetoacetate (5.33)
(Scheme 5.4)."820 Treatment with excess LDA generates a Weiler-type dianion that is
subsequently quenched with propargyl bromide to install the requisite alkyne
functionality.5® A three-step sequence of ketalization, LiAlHs mediated ester reduction,
and ketal deprotection provides 5.35, setting the stage for diaziridination. Treatment of
5.35 with liquid ammonia and hydroxylamine-O-sulfonic acid gives a diaziridine which is

then oxidized upon exposure to iodine and NEt3 to give diazirine 5.36. Conversion of the
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primary alcohol to an iodide under Appel conditions, followed by displacement with KCN
and subsequent hydrolysis of the intermediate nitrile, provides carboxylic acid 5.37. This
carboxylic acid can also be readily converted to the corresponding electrophilic

succinimide ester 5.38 upon coupling of 5.37 with N-hydroxysuccinimide.

o] o 1. LDA, propargyl bromide, 75-85% o O‘ O‘ 1. LiAlHg4, 90%
EtOJJ\/U\ 2. pTSA, ethylene glycol, 40-50% Etom\\\ 2. pTSA, acetone, 90% HO/\)I\/\

5.33 5.34 5.35

1. NH3, HoNOSOzH
2.1, NEt3
(15% over two steps)

1. 13, PPhs, 72%

0] N=N
o) EDC, NHS, DMF
N N — A)g/\ T A)g/\
o 90% HO.C 2. KCN, 50%
[¢}
5.38

3. aq. NaOH, 52%

Scheme 5.4 Synthesis of minimalistic diazirine tag 5.37

With initial tag 5.37 in hand, we moved to investigate amide coupling reactions with -
aminoHMOs (Scheme 5.5). Across a variety of HMOs, successful coupling to generate
5.39-5.43 was best achieved using the coupling reagents EDC and HOBT.%? HATU and
PyClock coupling reagents can also be used to generate the desired final products in
comparable yield. Additionally, succinimide ester 5.38 can be reacted under basic
conditions with aminoHMOs to promote coupling, however, this method required an extra
synthetic manipulation and afforded lower overall yields. Generally, the low coupling yield
(15-50%) of this amidation reaction is likely due to the poor nucleophilicity of glycosyl
amines, as well as inherent loss of material upon prep-HPLC purification.?* Fortunately,

the only predominant byproduct from these coupling reactions is hydrolyzed starting -
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aminoHMO. This material can be recovered and re-subjected to the two-step Kochetkov

amination/amidation sequence to ultimately limit net loss of material.
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>0,
R\ NH, RN

HO.

}
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{
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Scheme 5.5 Synthesis of diazirine-appended bioorthogonal HMO probes

In total, we successfully made five diazirine-appended HMOs, 2'-FL probe 5.39, LNT
probe 5.40, LNT-Il probe 5.41, DFL probe 5.42, and LSTa probe 5.43. These derivatives
are the first set of bioorthogonal HMO probes synthesized to date and set precedence for

divergent syntheses of other oligosaccharide tool compounds.
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5.7 Expansion of methodology: synthesis of additional HMO bioorthogonal tool
compounds

Upon successful derivatization of HMOs with diazirine 5.37, we then used our two-step
conversion sequence to incorporate other tags and functionality (Scheme 5.6). This
methodology expansion was conducted with 2’-FL as it is one of the most abundant HMOs
in breast milk and has greater commercial accessibility. First, we used our methodology
to generate the analogous aryl diazirine 5.45. We then synthesized the benzophenone
probes 5.44 and 5.46, to demonstrate additional functional group tolerance and that larger
tags could be appended successfully. Finally, we also synthesized a rhodamine labelled
HMO 5.47. This is the first fluorescently labelled HMO made within our program and offers
potential for future use in microscopy imaging of HMOs in biological systems (see section
5.9). Our initial attempts to install sulfonyl fluoride containing bioorthogonal tag 5.19
proved largely unsuccessful, likely due to undesired reactivity of the sulfonyl fluoride
handle with the deprotected oligosaccharide. Overall, we demonstrated this two-step
conversion sequence is amenable to a variety of HMO scaffolds and bioorthogonal tags,

highlighting the utility of this methodology.
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Scheme 5.6 Synthesis of additional HMO bioorthogonal tool compounds

5.8 Validation of antibacterial properties of HMO probes

With the successful synthesis of a library of bioorthogonal HMO probes (5.39-5.43), we
then needed to validate retained antibacterial activity of the HMO probes in GBS. To do
this, we reproduced GBS growth assays analogous to the earlier single-entity studies.*?
41 We conducted these assays in GB590 as it was the strain most susceptible to single-
entity HMOs overall. Based on previous data, we anticipated 2’-FL (5.12) and LNT (5.15)
would be inactive against GBS and LNT-Il (5.13), DFL (5.14), and LSTa (5.16) would
have antibacterial activity. We recapitulated these previous results (Figure 5.4A), where
2’-FL (5.12) and LNT (5.15) were shown to have no antibacterial activity and LNT-II (5.13),

DFL (5.14), and LSTa (5.16) all saw ~30% growth inhibition over 24 hours. We then tested
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our synthesized probes (5.39-5.43) in analogous assays (Figure 5.4B). Remarkably, the
2’-FL and LNT probes (5.39 and 5.40 respectively) remained inactive, while the LNT-II
and DFL probes (5.41 and 5.42 respectively) retained their antimicrobial properties (~25%
growth inhibition over 24 h). Additionally, these molecules did not significantly affect GBS
viability profiles or biofilm formation (see Figures A5.44 and A5.45), indicating little
change to bacterial phenotype from the native HMO structure. These results suggest that
these bioorthogonal HMOs would be amenable for use in target ID studies and our

synthesis did not impact native HMO function.

A. B
GB590 Growth Curve GB590 Growth Curve
@ Blank @ Blank
o 03 - 2-FL Probe
0.2 A LNT &~ LNT Probe
¥ DL ¥ DFL Probe
LN o2 LNT-Il Probe
o ® LSTa o @ LSTaProbe
S 3
Q°0.1 (=)
(@] (@)
0.1
0.09 T TTTTTTTTTTTTTTTTTTTTTTTTTT]
1 0.0
1 10 . 20 30 1 A A oA
Time (Hours) Time (Hours)

Figure 5.4 Growth curves of single-entity HMOs and HMO probes in GB590 when dosed
at ~5 mg mL-". Growth represented by ODeoo reading taken at 0, 2, 4, 6, 8, and 24 hours
over three biological replicates and three technical replicates with SEM depicted for each
timepoint. (A.) Growth curve of single-entity HMOs in GB590. (B.) Growth curve of HMO
probes in GB590.

Interestingly, the only HMO with an altered activity profile after adding the diazirine tag,
was that of the LSTa probe 5.43. The original HMO had antibacterial activity (~30%

growth inhibition over 24 h), but that activity was lost upon addition of the diazirine tag.

LSTa was the only sialylated HMO in our initial library, so this suggests a differing
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mechanism of action for sialylated HMOs. Specifically, we hypothesize that the
antibacterial activity of sialylated HMO variants is related to the charge about the sialic
acid moiety. Our synthetic manipulations might have introduced various salts at the
carboxylic acid moiety that undesirably disabled antibiotic activity. Future derivatization
of sialylated HMOs should better account for these synthetic considerations and attempt
to limit impacts to native sialylated HMO function.

Overall, we validated the retained antibacterial properties of several bioorthogonal HMO
probes 5.39-5.42 as well as their limited effects on GBS viability or biofilm formation (see
Figures A5.44 and A5.45). These favorable results suggest these molecules are useful
tools for antibacterial target ID and will also permit further use of bioorthogonal HMO

scaffolds in chemical biology research areas.

5.9 Conclusion and future directions

With the successful design and synthesis of various bioorthogonal HMO probes, future
work will be focused on the implementation of such molecules within target ID assays
(Figure 5.2). Due to the retained biological activity of the HMO probes 5.39-5.42, we
believe conducting experiments in GBS cultures with these probes will permit the
identification of HMO bacterial targets. The inactive HMO probes 5.39 and 5.40 will be of
use in identifying non-specific binding interactions of HMOs. These are interactions that
might not contribute to antibiotic efficacy, but are still of interest to determine the scope
of binding interactions of HMOs. We anticipate there will be several nonspecific binding
interactions between GBS and HMOs, as HMOs are known to interact with commensal

bacterial cells in a variety of ways that do not inhibit growth.%% 56 Work to identify these
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non-specific interactions will be imperative to filter for targets meaningful for antibiotic
activity. The active HMO probes 5.41 and 5.42 can then be used to identify biological
targets involved in the antibacterial activity of HMOs. Comparison to the inactive HMO
controls will further aid in identification of relevant targets.

From an experimental standpoint, our early work in chemoproteomic target |ID assay
development optimized bacterial culture and lysis conditions for protein isolation in GBS.
Cell lysis is more difficult in GBS than other cell types due to the gram-positive nature and
thick peptidoglycan layer. We determined GBS lysis via wand sonication or boiling in
sodium dodecyl sulfate (SDS) was not efficient enough and only yielded minimal amounts
of soluble protein. Stepwise digestion of the cell wall proved most effective, whereby initial
mutanolysin digest in the presence of a protease inhibitor generates GBS protoplasts.®’
The protoplasts can then be disrupted via rapid freeze/thaw cycling to release cytoplasmic
proteins. From this protein isolation protocol, sufficient protein concentration was obtained
and visualized in-gel. From here, immediate future experiments will need to be conducted
to determine what incubation conditions, including time, temperature, and GBS cell state,
are necessary for successful cross-linking of HMO probes.

To complement these target ID studies, global quantitative proteomics experiments could
also be conducted. Similar to the metabolomics study we conducted (see Chapter 4),
untargeted proteomic analyses could be used to observe proteomic perturbations
between untreated and HMO treated GBS cultures.%® 5° Experiments like these would
leverage technologies such as multi-dimensional protein identification technology
(MudPIT) and stable isotope labeling with amino acids in cell culture (SILAC).6% 81" The

comparison of proteomic profiles could reveal key proteins that are impacted by HMO
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treatment and whether the identified proteins are significantly more or less abundant in
the HMO-treated sample. These discoveries would complement chemoproteomic
analyses, but could also provide a suitable backup experiment should target ID assays
prove unsuccessful.

Additional complimentary experiments would contribute to further understanding HMO
interactions with GBS and other biological systems. We validated our methodology could
synthesize fluorescently labelled HMOs, but this work needs to be extended to include
other HMOs scaffolds and a variety of fluorescent tags (e.g. BODIPY, TAMRA). These
molecules then need to be studied for fluorescent activity in biological systems and
stability, to identify which fluorescent dyes yield the highest intensity and best overall
properties for imaging studies. These fluorescent HMO probes could then be used to
visualize the localization of HMOs within bacterial systems. Confocal microscopy
experiments would reveal if HMOs permeate into GBS cells or rather aggregate
extracellularly. We hypothesize that HMOs do not penetrate GBS cells with high
efficiency, but that HMO interactions at extracellular compartments damage cell
membrane integrity and lead to increased intracellular localization over time. Future
developments of novel HMO fluorescent probes could be used in time-lapsed confocal

microscopy experiments to further investigate this hypothesis.

5.10 Experimental methods
General synthetic procedures and materials
All moisture-sensitive reactions were performed in flame-dried or oven-dried glassware

under an atmosphere of argon. Oven-dried stainless-steel syringes or cannula were used
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to transfer moisture- and air-sensitive liquids. Reaction temperatures were controlled and
monitored using a hot plate stirrer with a thermocouple thermometer. Analytical thin-layer
chromatography (TLC) was performed on Sorbtech Silica XHL UV254, glass-backed, 250
um plated, and visualized using UV, cerium ammonium molybdate stain or ninhydrin
stain. Yields were reported as purified, isolated compounds, with solvent impurities
(DMSO) removed via calculation. Solvents were dried through a Braun MB-SPS solvent
system and used immediately or stored over 3 A or 4 A molecular sieves. Diazirine 5.37
was either purchased from MilliporeSigma or prepared as reported by Yao et al.”® Pure

single-entity HMOs were generously donated by the Danish biotech company, Glycom.

Instrumentation

"H NMR spectra were obtained on a Bruker 600 MHz spectrometer and are reported
relative to deuterated solvent signals. Data for '"H NMR spectra are presented as follows:
chemical shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p =
pentet, m = multiplet, br = broad, app = apparent), coupling constants (Hz) and
integration. Deuterated water was standardized to 4.79 ppm. Deuterated methanol was
standardized to 3.31 ppm. Deuterated DMSO was standardized to 2.50 ppm. *C NMR
spectra were obtained on a Bruker 150 MHz spectrometer and are reported relative to
deuterated solvent signals. Deuterated methanol was standardized to 49.0 ppm.
Deuterated DMSO was standardized to 39.52 ppm. High-resolution mass spectra
(HRMS) were obtained from the Department of Chemistry, Vanderbilt University using a
Synapt G2-S HDMS (Milford, Ma, USA) mass spectrometer. Low-resolution mass spectra

(LRMS) were collected using a Thermo Fisher MSQ-Plus-40000 mass spectrometer.

188



General Kochetkov amination procedure

HMO (5.12-5.16, 100 mg) was dissolved in DMSO (1.0 M), ammonium carbonate (500
mg, 5 x mass of oligosaccharide) was added and the reaction stirred at 35 °C for 3 days.
The solution of was then diluted in a minimal amount of water and lyophilized repeatedly
(at minimum x3) until a constant mass of white solid was obtained. Ratio of conversion
was determined by integration of C-1 anomeric protons of the starting material to that of

the desired product. Mass of residual DMSO was accounted for in reported yields.

(2S,3S,4R,5S,6S)-2-(((2S,3R,4S,5R,6R)-2-(((2R,3S,4R,5R,6R)-6-amino-4,5-
dihydroxy-2-(hydroxymethyl)tetrahydro-2H-pyran-3-yl)oxy)-4,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-3-yl)oxy)-6-methyltetrahydro-2H-pyran-3,4,5-
triol (5.28): 78%, 2.4:1 P:SM; "H NMR (600 MHz, D20) & 5.32 (d, J = 3.9 Hz, 1H), 4.53
(d, J=7.8 Hz, 1H), 4.25 (m, 1H), 4.10 (d, J = 8.8 Hz, 1H), 3.94 (dd, J = 11.9, 2.2 Hz, 1H),
3.94 — 3.85 (m, 3H), 3.86 — 3.65 (m, 10H), 3.63 — 3.55 (m, 1H), 3.45 (ddd, J = 10.0, 5.8,
2.1 Hz, 1H), 3.22 (t, J = 9.0 Hz, 1H), 1.24 (d, J = 6.6 Hz, 3H); 3C NMR (151 MHz, D-0)
5 100.2, 99.3, 85.1, 76.2, 76.0, 75.2, 75.0, 74.0, 73.6, 71.6, 70.4, 69.6, 69.1, 68.1, 66.9,
61.1, 60.3, 15.2; HR-ESI-MS (m/z): calcd for C1sH32NO14 (M-H) 486.1823, found

486.1816.
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HO OH OH HO OH OH
O HO o 0} o)
HO o o %0 NH,
OH NHAc OH OH
5.29

N-((2S,3R,4R,5S,6R)-2-(((2S,3R,4S,5S,6R)-2-(((2R,3S,4R,5R,6R)-6-amino-4,5-
dihydroxy-2-(hydroxymethyl)tetrahydro-2H-pyran-3-yl)oxy)-3,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-5-hydroxy-6-(hydroxymethyl)-4-
(((2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-
yl)oxy)tetrahydro-2H-pyran-3-yl)acetamide (5.29): 74%, 4.7:1 P:SM; '"H NMR (600
MHz, D20) 6 4.72 (d, J = 8.3 Hz, 2H), 4.43 (d, J = 7.7 Hz, 2H), 4.14 (d, J = 3.4 Hz, 1H),
410 (d, J=8.8 Hz, 1H), 3.89 (dd, J = 16.0, 4.4 Hz, 4H), 3.83 — 3.67 (m, 12H), 3.65 - 3.49
(m, 7H), 3.47 (ddd, J = 9.9, 5.2, 2.3 Hz, 1H), 2.02 (s, 3H);"*C NMR (151 MHz, D20) &
174.9,103.5, 102.9, 102.5, 84.9, 82.0, 81.9, 78.6, 75.7, 75.2,75.1,75.1,74.8, 73.9, 72 4,
70.6, 70.0, 68.5, 68.4, 68.3, 61.0, 60.9, 60.5, 60.2, 54.7, 22.2; HR-ESI-MS (m/z): calcd

for C2sHa5N2020" (M-H)  705.2566, found 705.2552.

NHAc OH OH

5.30
N-((2S,3R,4R,5S,6R)-2-(((2S,3R,4S,5S,6R)-2-(((2R,3S,4R,5R,6R)-6-amino-4,5-
dihydroxy-2-(hydroxymethyl)tetrahydro-2H-pyran-3-yl)oxy)-3,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-4,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-3-yl)acetamide (5.30): 66%, 1.1:1 P:SM; 'H
NMR (600 MHz, D.O) 6 4.66 (d, J = 8.2 Hz, 1H), 4.45 - 4.40 (m, 1H), 4.29 (d, J = 8.9 Hz,

1H), 4.13 (d, J = 3.5 Hz, 1H), 3.97-3.87 (m, 4H), 3.77 — 3.69 (m, 7H), 3.63 — 3.55 (m, 5H),
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3.47 — 3.44 (m, 2H), 2.03 (s, 3H); '*C NMR (151 MHz, D20) 5 174.9, 102.9, 102.8, 86.7,
81.9,78.5,78.3,75.6,74.8,74.8,74.3,73.8,73.5,70.0,69.7,68.3, 60.9, 60.5, 55.6, 22.2;

HR-ESI-MS (m/z): calcd for C2oH35N2015" (M-H) 543.2037, found 543.2030.

(2S,3S,4R,5S,6S)-2-(((2R,3R,4R,5R,6R)-2-amino-5-(((2S,3R,4S,5R,6R)-4,5-
dihydroxy-6-(hydroxymethyl)-3-(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-
methyltetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3-hydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-6-methyltetrahydro-2H-pyran-3,4,5-
triol (5.31): 75%, 1.6:1 P:SM; "H NMR (600 MHz, D20O) & 5.44 (d, J = 4.1 Hz, 1H), 5.25
(d, J=3.7 Hz, 1H), 4.45 (q, J = 9.3, 8.6 Hz, 1H), 4.23 (dt, J = 16.4, 8.2 Hz, 1H), 4.05 (d,
J=8.9 Hz, 1H), 3.94 (dd, J = 10.2, 3.5 Hz, 2H), 3.87 — 3.53 (m, 13H), 3.63 — 3.52 (m,
2H), 3.38 (d, J = 9.0 Hz, 2H), 1.23 (overlapping doublets, J = 6.6 Hz, 6H)."*C NMR (151
MHz, D20) & 100.1, 99.3, 98.3, 85.2, 77.8, 76.6, 76.3, 75.8, 74.8, 73.6, 72.9, 72.0, 71.7,
69.7, 69.2, 68.7, 68.2, 68.0, 66.8, 66.5, 61.5, 61.4, 15.5, 15.5; HR-ESI-MS (m/z): calcd

for C24H42NO1s™ (M-H) 632.2402, found 632.2389.
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(2S,4S,5R,6R)-5-acetamido-2-(((2R,3R,4S,5S,6R)-2-(((2S,3R,4R,5S,6R)-3-
acetamido-2-(((2S,3R,4S,5S,6R)-2-(((2R,3S,4R,5R,6R)-6-amino-4,5-dihydroxy-2-
(hydroxymethyl)tetrahydro-2H-pyran-3-yl)oxy)-3,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-5-hydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-3,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-4-hydroxy-6-((1R,2R)-1,2,3-
trihydroxypropyl)tetrahydro-2H-pyran-2-carboxylic acid (5.32): 79%, 1.2:1 P:SM; 'H
NMR (600 MHz, D>O) 6 4.74 (d, J = 8.5 Hz, 2H), 4.51 (d, J= 7.8 Hz, 1H), 4.46 — 4.41 (m,
1H), 4.15(d, J = 3.6 Hz, 1H), 4.11 (d, J = 8.8 Hz, 1H), 4.08 (dd, J = 9.9, 3.2 Hz, 1H), 3.94
(d, J = 3.3 Hz, 2H), 3.90 — 3.49 (m, 30H), 2.03 (d, J = 1.8 Hz, 6H), 1.78 (t, J = 12.1 Hz,
1H)."3C NMR (151 MHz, D20) & 174.9, 174.9, 173.8, 103.4, 102.9, 102.9, 102.5, 99.6,
84.9,82.1,81.9,78.6,78.3,75.7,75.6,75.2,75.1,75.1,74.9,72.8,71.8,70.0,69.1, 68 .4,
68.3, 68.3, 68.0, 67.2, 62.5, 61.0, 61.0, 60.5, 54.6, 51.7, 39.8, 22.3, 22.1; HR-ESI-MS

(m/z): caled for C37He2N3028" (M-H) 996.3520, found 996.3482.

General amidation procedure

To glycosyl amine (10 mg, 1 equiv.) in DMF (0.1 M), EDC (1.25 equiv), DIPEA (1.25
equiv.), HOBT (1.25 equiv.), and carboxylic acid (1.25 equiv.) were added and the
resulting slurry stirred at RT in the dark. The reaction mixture was tested by TLC for
remaining glycosyl amine (60:30:5:1 DCM:MeOH:H20O:AcOH, ninhydrin stain). Upon

consumption, the reaction was concentrated in vacuo. The resulting solid was dissolved
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in 10% MeCN/H20 and purified by reverse phase preparative HPLC (5%-40% MeCN/H20
over 30 min; Hypersil GOLD 150 mm x 10 mm). The purified fractions were detected by
mass spectrometry then lyophilized to yield the products as white solids, which were

stored at -20 °C in the dark until use.

HO OH OH
o) o o) H N=N
HO HO N
0 OH S
72 °
OH
oH 5.39

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-((2R,3R,4R,5S,6R)-5-(((2S,3R,4S,5R,6R)-4,5-
dihydroxy-6-(hydroxymethyl)-3-(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-
methyltetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-
6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)propenamide (5.39): 47%; '"H NMR (600
MHz, D20) 6 5.34 (d, J = 3.6 Hz, 1H), 4.98 (d, J = 9.2 Hz, 1H), 4.56 (d, J = 7.8 Hz, 1H),
4.26 (d, J =6.7 Hz, 1H), 3.96 (dd, J=12.2, 2.1 Hz, 1H), 3.94 — 3.86 (m, 2H), 3.86 — 3.57
(m, 13H), 3.46 (t, J = 9.3 Hz, 1H), 2.28 — 2.18 (m, 2H), 2.10 — 2.04 (m, 2H), 1.84 (td, J =
7.5, 1.6 Hz, 2H), 1.71 (t, J = 7.2 Hz, 2H), 1.27 (d, J = 6.6 Hz, 3H);"*C NMR (151 MHz,
D-0) 6 176.5, 100.2, 99.3, 79.2, 76.8, 76.2, 75.2, 75.1, 73.6, 71.6, 71.5, 69.6, 69.1, 68.1,
66.9, 61.1, 59.9, 30.9, 29.7, 28.6, 27.8, 15.2, 12.4; HR-ESI-MS (m/z): calcd for

C26H40N3015" (M-H) 634.2459, found 634.2443.
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o OH OH o OH OH
=N
0 HO 0 ° o o H N
HO o ° Ho NM
OH NHAc OH OH N
o)
5.40

N-((2R,3R,4R,5S,6R)-5-(((2S,3R,4S,5S,6R)-4-(((2S,3R,4R,5S,6R)-3-acetamido-5-
hydroxy-6-(hydroxymethyl)-4-(((2R,3R,4S,5R,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3,5-
dihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-3-(3-(but-3-yn-1-yl)-3H-diazirin-3-
yl)propanamid (5.40): 14%; "H NMR (600 MHz, D-0) & 4.99 (d, J = 9.3 Hz, 1H), 4.74 (d,
J=8.5Hz, 1H), 4.46 (dd, J=7.8, 5.7 Hz, 2H), 4.16 (d, J = 3.4 Hz, 1H), 3.97 — 3.88 (m,
4H), 3.86 — 3.47 (m, 18H), 3.44 (t, J = 9.1 Hz, 1H), 2.26 — 2.17 (m, 2H), 2.06 (t, J= 7.2
Hz, 2H), 2.04 (s, 3H), 1.84 — 1.81 (m, 2H), 1.70 (t, J = 7.2 Hz, 2H); °C NMR (151 MHz,
D-0) & 176.4, 175.0, 103.5, 102.8, 102.5, 82.0, 81.9, 79.1, 77.7, 76.3, 75.3, 75.2, 75.1,
74.9,72.4,714,70.7,70.0,68.5, 68.4,68.3,61.0,61.0,60.5, 59.8, 54.7, 31.5, 31.1, 30.9,
29.7, 28.6, 27.8, 22.2, 12.4; HR-ESI-MS (m/z): calcd for CzsHs3N4O21~ (M-H)-853.3202,

found 853.3181.

OH HO OH OH

HO (e} [0} o O H
HO o HO NM
NHAc OH OH A

N-((2R,3R,4R,5S,6R)-5-(((2S,3R,4S,5S,6R)-4-(((2S,3R,4R,5S,6R)-3-acetamido-4,5-
dihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-3,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-3-(3-(but-3-yn-1-yl)-3H-diazirin-3-

yl)propenamide (5.41): 49%: 'H NMR (600 MHz, D20) & 4.99 (d, J = 9.3 Hz, 1H), 4.69
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(d, J = 8.4 Hz, 1H), 4.46 (d, J = 7.9 Hz, 1H), 4.16 (d, J = 3.4 Hz, 1H), 3.97 — 3.88 (m, 2H),
3.84 — 3.66 (m, 11H), 3.63 — 3.54 (m, 2H), 3.51 — 3.41 (m, 4H), 2.25-2.18 (m, 2H), 2.07-
2.05 (m, 5H), 1.82 (t, J = 7.5 Hz, 2H), 1.70 (t, J = 7.2 Hz, 2H); '3C NMR (151 MHz, D,0)
5176.4,175.0, 102.8, 81.9, 79.1, 77.6, 76.3, 75.6, 75.1, 74.9, 73.5, 71.4, 70.0, 69.7, 68.4,
61.0, 60.5, 59.8, 55.6, 30.9, 29.7, 28.6, 27.8, 22.1, 12.4; HR-ESI-MS (m/z): calcd for

C28H43N4O16” (M-H) 691.2674, found 691.2653.

EH\i 5.42

HO
3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-((2R,3R,4R,5R,6R)-5-(((2S,3R,4S,5R,6R)-4,5-
dihydroxy-6-(hydroxymethyl)-3-(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-
methyltetrahydro-2H-pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3-hydroxy-6-
(hydroxymethyl)-4-(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-methyltetrahydro-2H-
pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)propenamide (5.42): 17%; 'H NMR (600
MHz, D20) 6 5.47 (d, J = 4.0 Hz, 1H), 5.29 (d, J = 3.6 Hz, 1H), 4.97 (d, J = 9.3 Hz, 1H),
4.88 (q, J = 6.6 Hz, 2H), 4.52 (d, J = 7.8 Hz, 1H), 4.27 (q, J = 6.7 Hz, 1H), 3.99 (dd, J =
10.3, 3.5 Hz, 2H), 3.93 — 3.70 (m, 11H), 3.67 — 3.57 (m, 3H), 3.57 — 3.51 (m, 1H), 2.25-
2.18 (m, 2H), 2.07-2.03 (m, 2H), 1.82 (t, J = 7.9 Hz, 2H), 1.79 — 1.66 (m, 2H), 1.30 (d, J
= 6.7 Hz, 3H), 1.26 (d, J = 6.6 Hz, 3H); "*C NMR (151 MHz, D,0) & 176.5, 100.1, 99.3,
98.3,79.3,77.8,77.2,76.3,74.9,73.6,73.1,72.2,72.0,71.6,69.7,69.2, 68.7, 68.2, 68.0,
66.9, 66.6, 61.5, 59.7, 30.9, 30.8, 29.8, 28.6, 28.2, 27.8, 15.4, 15.4, 12.4; HR-ESI-MS

(m/z): calcd for CazHsoN3O1e™ (M-H)  780.3039, found 780.3008.
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H
Ho,c Ho /OH OH vo O OH
o 0 HO o) o 4 0 H N=N
NHAc_: o [¢) [¢) HO N
OH OH OH NHAC OH OH A
o)
5.43

(2S,4S,5R,6R)-5-acetamido-2-(((2R,3R,4S,5S,6R)-2-(((2S,3R,4R,5S,6R)-3-
acetamido-2-(((2S,3R,4S,5S,6R)-2-(((2R,3S,4R,5R,6R)-6-(3-(3-(but-3-yn-1-yl)-3H-
diazirin-3-yl)propanamido)-4,5-dihydroxy-2-(hydroxymethyl)tetrahydro-2H-pyran-
3-yl)oxy)-3,5-dihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-5-
hydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-3,5-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-4-yl)oxy)-4-hydroxy-6-((1R,2R)-1,2,3-
trihydroxypropyl)tetrahydro-2H-pyran-2-carboxylic acid (5.43): 22%; 'H NMR (600
MHz, D20) 6 4.99 (d, J = 9.2 Hz, 1H), 4.75 (d, J = 8.4 Hz, 2H), 4.52 (d, J = 7.9 Hz, 1H),
4.46 (d, J =7.8 Hz, 1H), 4.16 (d, J = 3.4 Hz, 1H), 4.09 (dd, J = 9.8, 3.2 Hz, 1H), 3.96 —
3.47 (m, 22H), 3.44 (t, J=8.9 Hz, 1H), 3.39 (t, J= 7.0 Hz, 1H), 2.77 (dd, J = 12.4, 4.6 Hz,
1H), 2.41 (t, J = 7.0 Hz, 1H), 2.25-2.18 (m, 1H), 2.13 (t, J = 7.5 Hz, 1H), 2.12 — 2.02 (m,
6H), 2.01 (t, J=7.6 Hz, 1H), 1.85—1.66 (m, 7H);"3*C NMR (151 MHz, D-0) & 176.4, 175.0,
174.9, 173.9, 103.4, 102.8, 102.5, 99.6, 82.1, 81.8, 79.1, 77.7, 76.3, 75.6, 75.2, 75.1,
74.9,72.8,71.8,71.4,70.0,69.1,68.5,68.4, 68.3, 68.0, 67.2,62.4,61.0,61.0, 60.5, 59.8,
54.6, 51.6, 39.7, 38.7, 30.9, 29.7, 28.6, 27.8, 22.3, 22.0, 12.4, 12.4; HR-ESI-MS (m/z):

calcd for C4sH70N5029" (M-H)~ 1144.4156, found 1144.4113.

196



Ho ,OH OH
l¢] O H Z
HO&/O&/N o 0\//
)
Q7 on
)

OH
OH 5.44

N-((2R,3R,4R,5S,6R)-5-(((2S,3R,4S,5R,6R)-4,5-dihydroxy-6-(hydroxymethyl)-3-
(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-
yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)-5-(4-(4-(prop-2-yn-1-yloxy)benzoyl)phenoxy)pentanamide (5.44):
14%; "H NMR (600 MHz, MeOD) & 7.79 — 7.74 (m, 4H), 7.12 (d, J = 8.8 Hz, 2H), 7.07 —
7.03 (m, 2H), 5.26 (d, J = 3.6 Hz, 1H), 4.50 (d, J = 7.1 Hz, 1H), 4.22 — 4.16 (m, 2H), 4.15
—4.08 (m, 3H), 3.89 — 3.65 (m, 12H), 3.61 — 3.48 (m, 1H), 3.35 (t, J = 9.2 Hz, 2H), 2.49
(t, J=7.0Hz, 1H), 2.36 (q, J = 7.4 Hz, 2H), 2.25 (t, J = 7.4 Hz, 1H), 1.91 — 1.83 (m, 3H),
1.26 —1.19 (m, 3H), 0.10 (d, J = 3.3 Hz, 2H); "*C NMR (151 MHz, MeOD) & 210.1, 162.6,
133.4, 133.2, 132.4, 115.6, 115.2, 101.7, 78.7, 77.4, 75.4, 73.6, 71.7, 69.0, 68.2, 62.6,
56.8, 30.7, 29.7, 23.1, 16.7; HR-ESI-MS (m/z): calcd for CzsHso0NO+s~ (M-H) 820.3028,

found 820.3016.

CF, N
Ho OH OH o @XN
o o
HO&/OH/O%/ NH o
o) OH
QL on | |

N-((2R,3R,4R,5S8,6R)-5-(((2S,3R,4S,5R,6R)-4,5-dihydroxy-6-(hydroxymethyl)-3-

OH OH 5.45

(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-
yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-6-(hydroxymethyl)tetrahydro-

2H-pyran-2-yl)-2-(prop-2-yn-1-yloxy)-4-(3-(trifluoromethyl)-3H-diazirin-3-
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yl)benzamide (5.45): 12%; 'H NMR (600 MHz, MeOD) & 8.02 — 7.96 (m, 1H), 7.11 — 7.00
(m, 1H), 6.96 (d, J = 7.6 Hz, 1H), 5.27 (td, J = 7.8, 7.1, 3.7 Hz, 1H), 5.15 — 5.08 (m, 1H),
4.98 (d, J = 2.2 Hz, 1H), 4.54 — 4.45 (m, 3H), 4.24 — 4.15 (m, 2H), 3.97 — 3.44 (m, 20H),
3.22 — 3.08 (m, 2H), 1.26 — 1.18 (m, 5H);"3C NMR (151 MHz, MeOD) & 133.2, 120.7,
120.2, 113.6, 102.5, 101.8, 78.9, 78.7, 78.2, 77.3, 77.0, 75.4, 73.6, 71.7, 70.7, 68.3, 62.5,
58.0, 57.7, 30.8, 23.7, 16.7, 14.4; HR-ESI-MS (m/z): calcd for CaoHsrFaN3O1s™ (M-H)

752.2126, found 752.2113.

o OH oH

Hoégvo&%n O ‘ o™
N-((2R,3R,4R,5S,6R)-5-(((2S,3R,4S,5R,6R)-4,5-dihydroxy-6-(hydroxymethyl)-3-
(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-
yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)-4-(4-(prop-2-yn-1-yloxy)benzoyl)benzamide (5.46): 43%; 'H NMR
(600 MHz, MeOD) & 8.04 (t, J = 8.6 Hz, 2H), 7.85 — 7.79 (m, 4H), 7.16 — 7.10 (m, 2H),
5.28 (d, J=3.7 Hz, 1H), 5.16 (d, J = 8.6 Hz, 1H), 4.53 (d, J= 7.4 Hz, 1H), 4.24 - 4.13 (m,
3H), 3.92 — 3.46 (m, 15H), 1.25 (d, J = 6.6 Hz, 3H), 1.21 (t, J = 6.4 Hz, 2H);"3C NMR (151
MHz, MeOD) & 133.5, 133.4, 130.5, 130.1, 130.0, 128.7, 115.8, 115.7, 102.4, 101.6, 81.7,
78.6, 77.5,77.0, 75.3, 73.5, 73.3, 71.6, 70.5, 68.2, 62.5, 56.8, 16.6; HR-ESI-MS (m/z):

calcd for C3sH42NO 177 (M-H)  748.2453, found 748.2440.
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N-(6-(diethylamino)-9-(2-(((2R,3R,4R,5S,6R)-5-(((2S,3R,4S,5R,6R)-4,5-dihydroxy-6-
(hydroxymethyl)-3-(((2S,3S,4R,5S,6S)-3,4,5-trihydroxy-6-methyltetrahydro-2H-
pyran-2-yl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-3,4-dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)carbamoyl)phenyl)-3H-xanthen-3-
ylidene)-N-ethylethanaminium chloride (5.47): 13%; "H NMR (600 MHz, MeOD) 57.88
(d, J=7.6 Hz, 1H), 7.55 (dtd, J = 29.3, 7.5, 1.1 Hz, 2H), 7.06 (d, J = 7.7 Hz, 1H), 6.58 (d,
J =8.9 Hz, 1H), 6.51 (d, J = 8.8 Hz, 1H), 6.43 — 6.30 (m, 4H), 5.06 (d, J = 3.7 Hz, 1H),
4.59 (t, J=9.2 Hz, 1H), 4.41 (d, J=7.3 Hz, 1H), 3.97 (d, J= 9.3 Hz, 1H), 3.77 — 3.56 (m,
12H), 3.50 (q, J = 14.2, 7.2 Hz, 2H), 3.42-3.34 (m, 5H), 3.20 (t, J = 9.1 Hz, 2H), 1.16 (t, J
= 7.0 Hz, 9H), 1.09 (d, J = 6.6 Hz, 3H), 0.90 (t, J = 6.9 Hz, 3H). LR-ESI-MS (m/z): calcd

for C,HgoN;0 46" (M-(HCOO)* 912.4, found 912.2.

Bacterial strains and culture conditions

GBS strain S. agalactiae GB590 (clinical isolate, Shannon Manning, Michigan State) was
grown on tryptic soy agar plates supplemented with 5% sheep blood (blood agar plates)
at 37 °C in ambient air overnight. Strains were sub-cultured from blood agar plates into 5
mL of Todd-Hewitt broth (THB) and incubated under shaking conditions at 180 rpm at 37
°C in ambient air overnight. Following overnight incubation, bacterial density was

quantified through absorbance readings at 600 nm (ODg,,) using a Promega GloMax-
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Multi Detection System plate reader. Bacterial numbers were determined using the

predetermined coefficient of 1 ODg,, = 10° CFU mL™".

Bacterial growth and viability assays

Test strains were grown as described above and used to inoculate fresh THB or THB
supplemented with ~5 mg mL"' HMO or HMO probe. Inoculation was completed at a
multiplicity of infection (MOI) of 5x10° CFUs per 100 pL of growth medium in 96-well
tissue culture treated, sterile polystyrene plates (Corning, Inc.). Cultures were grown
under static conditions at 37 °C in ambient air. Growth was quantified through

spectrophotometric reading at ODy,. Viability was assessed through serial dilution and

plating onto blood agar plates followed by quantification of viable CFU mL"".

Bacterial biofilm assays

Test strains were grown as described above and used to inoculate fresh THB or THB
supplemented with ~5 mg mL" HMO. Inoculation was performed at a multiplicity of
infection (MOI) of 5x10° CFUs per 100 uL of growth medium in 96-well tissue culture
treated, sterile polystyrene plates (Corning, Inc.). Cultures were incubated under static
conditions at 37 °C in ambient air for 24 h. Following spectrophotometric reading at ODg,,
culture media was removed, and the wells were gently washed once with phosphate-

buffered saline (PBS, pH 7.4) to remove non-adherent cells. Adherent cells were stained
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with a 10% crystal violet solution for 10 min. Excess stain was discarded, and the wells
were gently washed with PBS followed by drying at room temperature for 30 min. The
crystal violet stain was solubilized with an 80% ethanol/20% acetone solution and biofilm

formation quantified through spectrophotometric reading at ODg,.

Statistical analysis

All data shown signify three independent experiments each with three technical
replicates. Data are expressed as the mean + SEM. Statistical analyses were performed
in GraphPad Prism Software v. 7.0c. Statistical significance for biofilm production was
determined using one-way ANOVA with post hoc Dunnett’'s multiple comparison test
comparing biofilm production in the presence of HMOs to biofilm production in media

alone.
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Figure A5.1 "TH NMR (600 MHz, D,0) of 5.28
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Figure A5.2 '3C NMR (151 MHz, D,0) of 5.28
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Figure A5.4 '3C NMR (151 MHz, D,0) of 5.29
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Figure A5.5 "H NMR (600 MHz, D,0) of 5.30
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Figure A5.6 '3C NMR (151 MHz, D,0) of 5.30
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Figure A5.8 '3C NMR (151 MHz, D,0) of 5.31
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Figure A5.9 '"H NMR (600 MHz, D,0) of 5.32
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Figure A5.10 '3C NMR (151 MHz, D,0) of 5.32
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Figure A5.11 "H NMR (600 MHz, D,0) of 5.39
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Figure A5.12 '3C NMR (151 MHz, D,0) of 5.39
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Figure A5.13 HSQC (600 MHz, D,0) of 5.39
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Figure A5.14 COSY (600 MHz, D,0) of 5.39
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Figure A5.15 HMBC (600 MHz, D,0) of 5.39
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Figure A5.16 "H NMR (600 MHz, D,0) of 5.40
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Figure A5.18 HSQC (600 MHz, D,0) of 5.40
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Figure A5.19 COSY (600 MHz, D,0) of 5.40
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Figure A5.20 HMBC (600 MHz, D,0) of 5.40

Kb KSr S

5.40

R PR Y

W

_

100
-—110
-—120
.—130
-—140
-—150
-—160
-—170

180

7.0 6.5 6.0 55

5.0 45 4.0 35 3.0 25 2.0
f2 (ppm)

227

1 (ppm)



Figure A5.21 "H NMR (600 MHz, D,0) of 5.41
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Figure A5.22 '*C NMR (151 MHz, D,0) of 5.41
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Figure A5.23 HSQC (600 MHz, D,0) of 5.41
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Figure A5.24 COSY (600 MHz, D,0) of 5.41
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Figure A5.25 HMBC (600 MHz, D,0) of 5.41
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Figure A5.26 "H NMR (600 MHz, D,0) of 5.42
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Figure A5.27 '3C NMR (151 MHz, D,0) of 5.42
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Figure A5.28 HSQC (600 MHz, D,0) of 5.42
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Figure A5.29 COSY (600 MHz, D,0) of 5.42
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Figure A5.30 HMBC (600 MHz, D,0) of 5.42
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Figure A5.32 '3C NMR (151 MHz, D,0) of 5.43
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Figure A5.33 HSQC (600 MHz, D,0) of 5.43
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Figure A5.34 COSY (600 MHz, D,0) of 5.43
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Figure A5.35 HMBC (600 MHz, D,0) of 5.43
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Figure A5.36 "H NMR (600 MHz, MeOD) of 5.44
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Figure A5.37 '3C NMR (151 MHz, MeOD) of 5.44
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Figure A5.38 "H NMR (600 MHz, MeOD) of 5.45
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Figure A5.39 '*C NMR (151 MHz, MeOD) of 5.45
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Figure A5.40 "TH NMR (600 MHz, MeOD) of 5.46
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Figure A5.41 '3C NMR (151 MHz, MeOD) of 5.46
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Figure A5.42 "H NMR (600 MHz, MeOD) of 5.47
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Figure A5.43 HSQC (600 MHz, MeOD) of 5.47
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Figure A5.44. Viability was assessed by enumeration of CFU mL™" performed at 0, 2, 4,
6, 8, and 24 h. Logio CFU mL" for each HMO and time point are indicated by the
corresponding symbols. (A.) Viability of GB590 (log1o CFU mL™") corresponding to the OD
values graphed in Figure 5.4A. (B.) Viability of GB590 (log10 CFU mL™") corresponding to
the OD values graphed in Figure 5.4B. Data displayed represent the mean log1o CFU mL-
'+ SEM of at least three independent experiments, each with three technical replicates.
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Figure A5.45. Effects of single-entity HMO and HMO probes at ~5 mg mL"" on GBS
biofilm production in THB after 24 h of growth. (A.) Biofilm production, denoted by the
ratio of biofilm/biomass (ODse0/ODeoo), by GB590 in the presence of single-entity HMOs
relative to biofilm production in THB alone. Data displayed represent the relative mean
biofilm/biomass ratio + SEM of at least three independent experiments, each with three
technical replicates. (B.) Biofilm production, denoted by the ratio of biofilm/biomass
(ODsg0/ODe00), by GB590 in the presence of HMO probes relative to biofilm production in
THB alone. Data displayed represent the relative mean biofilm/biomass ratio + SEM of at
least three independent experiments, each with three technical replicates. * represents p
< 0.05 by one-way ANOVA, F = 3.140 with post hoc Dunnett’'s multiple comparison test
comparing biofilm production of GB590 in each HMO supplementation condition to biofilm
production of GB590 in media alone.
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Chapter 6

Summary: dissertation findings and future perspectives

This dissertation work has contributed to the discovery and development of new antibiotic
interventions in the treatment and prevention of group B streptococcal infections. In
Chapter 1, we introduce group B Streptococcus (GBS), the clinical burden associated
with GBS infections, the virulence factors that contribute to pathogenicity, and current
antibiotic strategies and limitations. Of significant importance, we highlight that current
antibiotic interventions are losing efficacy due to the development of antibiotic resistance
and other issues associated with antibiotic perturbation of the neonatal microbiome.
Chapter 2 details the synthesis and evaluation of ellagic acid glycosides as antibiofilm
agents against GBS. We successfully synthesize three ellagic acid glycosides containing
xylose, arabinose, and rhamnose residues. We identify that arabinosyl ellagic acid inhibits
early adhesion mechanisms of GBS cells and prevents biofilm maturation. These findings
indicate ellagic acid glycosides can be used to prevent GBS biofilm formation and
decrease bacterial virulence.

In Chapter 3 we identify that human milk oligosaccharides (HMOs) can be used to
increase the antibiotic efficacy of clinically-relevant antibiotics. We demonstrated that
HMO treatment can overcome antifolate resistance mechanisms of GBS and restore
antibiotic efficacy of trimethoprim. We also show that the synergistic relationship between
HMOs and trimethoprim is likely facilitated by the CovRS two-component signal
transduction system. This work identifies HMOs as powerful molecules capable of

overcoming antibiotic resistance mechanisms within GBS.
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Chapter 4 interrogates the metabolomic changes induced in GBS upon treatment with
HMOs. We discover that HMOs facilitate significant changes to lipid metabolites and
specifically leads to the accumulation of glycerophospholipid metabolites. It is also shown
that the recruitment of exogenous fatty acids is increased upon HMO treatment, indicating
that HMOs likely inhibit the biosynthesis and assembly of cell membrane affiliated lipids.
In Chapter 5, we design and synthesize a variety of bioorthogonal HMO tool molecules.
We develop a two-step derivatization of unprotected HMOs that can be used to append
bioorthogonal handles, such as diazirines, benzophenones, and fluorophores. These
developments will enable chemoproteomic target identification studies to determine the
biological targets of HMOs in GBS.

Together, this work has developed several novel antibiotic treatments and strategies for
the prevention of GBS infections. While the molecules studied herein inhibit GBS growth
and virulence, both ellagic acid glycosides and HMOs are prebiotics for other neonatal
commensals. This dual activity identifies these compounds as potentially advantageous
modulators of the infant microbiome and valuable scaffolds for continued research. Of
particular importance, will be future identification of the bacterial targets of HMOs. It is my
sincere hope that the work developed herein, will enable the discovery of the antibiotic
mechanism of action of HMOs and propel future efforts towards bettering neonatal health

and wellness through the prevention of GBS transmission.
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