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ABSTRACT

A balanced and healthy microbiome is essentiatftre human host 6s
During periods of dysbiosis in a ho&, albicansactsas an opportunistic pathogen;
when there is disruption to the environment that the fungus ocddpadbicans
switches fromabudding to a hyphahorphology. This morphological switch can lead
to disseminated candidiasis which can further develop into infertilitytepne birth,
and other infectious diseas@se fungal cell walplays a large role ipathogenicity
andis essential to the survival and virulence of fungi sucGawdida albicans
Hyphal growth and its causes have been studied, however specific cell wall features
that contribute to this morphology have yet to be investigated thorougiay.
albicanshyphal growthcan be induced by a range of factase of which has been
identified to be peptidoglycan (PG) fragments from sertims key finding suggests
that interactions between bacteria and fungi contribute to an enhanced disease state
during immune incompetence. Although it is known that the cAMP/PKA pathway is
involved in PG induced hyphal formation, it remains unclear how these bacterial
fragments enter the yeast cell and signal for hyphal growth.

In this dissertationl, demonstratéow C. albicansuses both GIcNAc and
MurNAc containing moieties from PG of bacterial cell walls to induce and sustain
their pathogenic morphologinitial growth screens df. albicansandtranscriptional
analysis using qR'-PCR was carried out to identify if wekhown hyphae specific
genes (HSGs) are upregulated duit(g inducedhyphal morphogenesisurther we

developedan enzymatic screening assay arfii@orthogonal labeling method
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utilizing GIcNAc azide and alkyne probes to fluorescently labehlbicansvia the

chitin scavenging pathway. The methods developed here allow for continuous growth
of chitin after incubation with the probes unlike current labeling methods. Moreover,
high resolution fluorescent images of chitin in the filamentous hyphae morphology
were obtained and indicate the probes utilization to study this pathogenic switch in
more complex systems. Together, these results suggest that pathogenic fungi sense
fragments from bacteria to induce and sustain the pathogenic hyphal morphology,
indicating that inhibition of exogenous GIcNAc uptake for chitin biosynthesis serves

as an excellent target for antifungals.
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Chapter 1

INTRODUCTION

1.1 Human Microbiota and the Innate Immune System

The human body is host to a variety of microbial communigesng rise to
what is known today as the human microbioiffege microbiome is a key interface
between the hosind the surrounding environment as these microorgamisms
together to support immune system development and proper physiological processes
As microbiota in differenbrgans exhibit distinct characteristics and compositions,
thar interactions are specific teelping to train and develop the host immune response
to invading pathogeRs

The hostimmunesystemis divided into two components: the innate immune
response and the adaptive immune respdifseinnate immune response is the first
line of defense against invading pathogens, serving as a rapimtcadkspectrum
response Following this, adaptive immunity employs a delayed and targeted
approach to eliminate pathogens within the host and providetéomgprotectiof.
While the fields of innate and adaptive immunity were first identified by pioneering
work from Ehrlich andMechnikowv* ®, the construction of cross talk between them was
definedin the 2" century with the discovery of pattern recognition receptors
(PRR6sActing as a part of the innate i mmun
pathogens by recognizimathogen associated molecular patteBSMPS9 from

invading microbes



PRRs can belassified into five types: (1) Tell i ke receptors ( TLRE¢
Nucleotideoligomerization domain (NOD) like receptors, (3) Retinoic acid inducible
genel (RIG-I) like receptors, (4)& ype | ecti n ,ramd¢5¢Absentins ( CLRO
melanoma2 (AIM-2)-like receptors ’. The ability for PRRs to recogni®AMPsis
critical to initiating themmune response. PAMPs are highly conserved molecular
structuressuch as lipids, proteins, nucleic acids, dadterial polysaccharides that are
absent from mammalian cells aexiclusive to microbds®. Upona P R@&égsition
and binding of PAMPsactivation of downstream signaling pathways occurs to

producean antiinflammatory response and initeihnate immune killingFig. 1.1).
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Figure 1.1 Recognitionof fungal- and bacterial-derived PAMPs by pattern
recognition receptors.b-1,3-glucan lipids, proteins,and peptidoglycan
fragments released by microbes are sensed by siRf&c R 6 s such as
Toll-like receptors (TLRs) and-€/pe lectin receptors (CLRs), as well as
cytosolic NODIlike receptors (NLRSs). Ligand engagement triggers NF
aB activation, | e a-@hflammatoty @ytokimnesamds c r i pt |
chemokinesFigures created in BioRender.



1.2 The Human Mycobiome

While interactions betweetihe human microbiome and the immune response
are necessary to stuthye pathobiology of host infections, studies/e primarily
focused on the bacterial component of the microbidmeontrastthe microbiome is
highly diverse, also containing fungi, protozoa, viruses, and ar¢ragdl.2)
Specifically,the fungal component of the microbiome, known as the mycobisme,
often understudied in its connection to the host immune syt8milar tohow
bacteria play a critical role in developing the immune system, commensal fungi that
reside in our bodies interact withe host immune response at mucosal surfaces, such

as the gastrointestinal (Gl) tract, ofaig, and vaginalnterfaces® 1%

The Human Microbiome

Components of the human microbiome:
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H + Endocarditis
« Crohn's Disease
« Allergies and Asthma
« Diabetes
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Figure 1.2 Diversity of the human microbiome and the consequences of
dysbiosis.The microbiome is composed wdrious microbesncluding
viruses, bacteria, archaea, fungi, and protoZbase organisnishabit
mucosal and epithelial surfacesthe body. A balanced microbiome
supports host physiologgnd immunity Dysbiosisis characterized by
altered microbial composition and the overgrowth or depletion of key
microbiota Figures created in BioRender.



Fungi play a diverse role in the hunaicrobiome specificallyin the areas of
health and diseas®/hile fungi are found diversely throughout the environmenty
a smallnumberof speciesan survive athe human body temperature, either in
commensal or pathogenic fortis-> Commensal fungi have a significant role in
tuning mucosal and systemic immunity in the human Adss is achieved through
stimulation of key innate and adaptive immune pathvigisiding the 17 cell
respons¥" 15 induction of antibodyesponse to fungal pathogéhs’, andtriggering
reprogramming of monocytes and macroph#tjes

Separate from tuning the host immune respdusgi also play a large role in
thedevelopment of diseastatesCollectively studies have shown tHahgi can
exacerbate diseases such as irritable bowel disease (IBD) in gafigraithough
none of the most common fungal species in the human gut can directly cause IBD
alone.The specific role of fungi in diseases such as HaBbeen difficult tostudy as
methods tanterrogatehe mycobiome and variations in patient coloam contribute
to dueling conclusiort&. This is thought to bbecausenany fungi within the host
microbiome are often acquired from the environment or thiag leading to different
makeupof fungal profiles in patientd 23

Along with contributing to IBDcommensafungi canalsodirectly cause
invasive fungal diseas€B-D), the most common includmndidiasis, aspergillosis
cryptococcosis, and coccidioidomycdsido treat these infections, clinicians have
typically turned toa 23 step method for prescribing antifungals based on the species
causing the infectic > However,asdrug resistance/tolerani@a known threat to
infectious diseases, those causedungi are no exceptiorRecentdiscoveriesn the

past two decaddsave showrantifungal resistance and tolerance among a number of



fungalspecias®®?®, leading tdurther issues for what treatment to turn to n&kte
identificationof this resistance is now officially recognized by @enters for Disease
and Control CDC) andthe World Health OrganizatioM(HO), with these

organizations putting out their own respective urgemimicrobial threat lists" 2°

1.3 Antifungal Resistance and Challenges to the Mycobiome

Opportunistic fungcause substantial disedsgrdensandarea major threat to
vulnerable patients worldwid&lobal estimatesdicate6.5 million invasive fungal
infectionsoccur annuallyassociated with approximately 3.8 million mortalities, of
which 2.5 million are directly attributable to these infections. Eachipgasive
aspergillosigs reported in over 2.1 million axdences, specifically in patients with
chronic obstructive pulmonary disease, intensive care patients, blood or lung cancer
patients, with an alarming 85% mortality rate. Candida infections affect 1.57 million
people worldwide, wittsome mortality rates as high as 63%arther, anual estimates
indicate that 194,000 individuals develop Cryptococcal meningitigsh isassociated
with around 756 mortality rate**

In developed countries suchthg U.S, national public health surveillance
does not yet exist for all fungal diseadgased orhealth insurance claims,
hospitalizations, and death certificatdse CDC estimates that each year over 130,000
people are hospitalized dueltoF D@&sd t he esti mated cost assc
over $19 billion annuallyThe true burden of fungal diseaseshe U.Sis likely
higher than these estimates because fungal diseases are underdiagnosed and
underreported

Historically if a diagnosis for fungal diseases is madsatmentelies heavily

on four classes of antifungals: (1) polyenes, (2) azolegct@hocandins, and (4)



pyrimidines(Table 1.1§%34 However, antifungal resistance to these drugs has

increasedn the past decad®’®. Emergence of antifungal resistanseftendescribed

as an evolutionary response to the drug itsetfis also dependent dime creation of

ecological hotspots thamerge from intrinsic and extrinsic factoYs®

Table 1.1 Classes of antifungalsind their mechanisms of actiof” 38

Antifungal Mechanism of Types of Drugs Spectrum of Resistance
Class Action Activity /Key Pathogens

Polyenes Binds to ergosterol, a| Amphotericin B Fungicidal: Decreased
steroidalcohol unique| Nystatin  Candida ergosterol content;
to fungi. The polyene 1 Aspergillus intristic resistance
ergosterol complex 1  Cryptococcus
creates pores in the 1  Mucorales
fungal cell membrane
leading to cell death

Azoles Non-competitive Fluconazole Fungistatic: ERG11/cyp51A
inhibitors of the Itraconazole 1 Candida mutations/
fungal enzyme Voriconazole 1 Aspergillus overexpression,
lanosterol 14U Miconazole 1 Cryptococcus | efflux pump
demethylase, arate | Clotrimazole overexpression
limiting enzyme in the|
fungal biosynthetic
ergosterol pathway.

Echinocandins| | nhi bi t s - t| Caspofungin Fungicidal: Mutations
(1,3} D-glucan Micafungin, 1 Candida spp. | in FKSYFKS2gene
synthase, which is the Anidulafungin Fungistatic: s
enzyme responsible | Rezafungin 1 Aspergillus
for synthe spp.
(1,3} D-glucan, a key
component of fungal
cell walls.

Pyrimidines Intracellular Flucytosine (8FC) | Fungistatic: Mutations in
conversion to 5-U, i Candida spp. | permeases or
inhibits thymidylate 1 Cryptococcus | metabolic enzymes

synthase and
incorporates into
RNA, inhibiting RNA
synthesis

spp.

(cytosine
deaminase, UMP
pyrophosphorylase)

When assessing how antifungal drug resistance has emegged;ch

indicates that imay originate from both the host and the environment. In individuals,

in vivoresistance can evolve over time from overexposure to antifungal therapy,




causing larger treatment failure. One of the best examples of this is the emergence of
azole resistanc€andida albicansn individuals infected with HIV that have also been
diagnosed with oral candidiadisTypically, resistancen fungi is developed through
drug target alteration, efflux pump activity, cellular stress response pathway
activatiort* 4% 4! Resistance to azoles has been linketthéocells ability to increase
efflux of the drug from the fungal cell wall combined witherexpression of the drug
target®. Polyene drug resistance has often battrbutedto the yeasts ability to alter
cell membrane permeabilityy forming a complex with ergosterol, causing loss of
function mutationsn genes foergosterol biosynthest. Other forms of resistance
against these antifungals and the otlireigslisted above have been observed in
nature, includingoint mutationsand promoter insertiof% 34 42

One of the most popular first line antifungal classes in use, echinocasdins,
also suffering resistance, partly due to lack of disopaed difficulties that come
with administration to the populatiokchinocandins are natural secondary
metabolites h at ,3glugam syntessnd wer e first d¥scover
44 To datethere are three major echinocandins currently being used, which were all
approved between 2001 and 2600%\long with this, these small molecules are
insoluble in aqueous solution, thus they cannot be taken orally by patients and have to
be administeredaily and intravenously in hospital settings. This limits access for
some patients to receive treatment and also introduces patients to the possibility of
developing otheinfections while in the clinical settindf. patients are able to receive
treatment with the preferred method of echinocandires; also have to be monitored

for resistance, aschinocandin treatment can trigger cell wall salvage paththays



produce compensatory levels of other cell wall polyffef&hus, cells may survive
acute dosing leveland infections can still occur after treatment has ceased.

From an environmental standpoint, antifungal resistance can develop from the
overuse of fungicides in agricultui®ften fungicides are used in the agricultural field
to prevent animals and crops from fungal infectionsaprotrophic decay by fungi
(Fig. 1.3) A clear example of this has been in the study of DeMethylétioibitor
(DMI) azoles(difenoconazoletebuconazole, etc?’) These azoles are structurally
similar tothe firstline medical triazolescan have a degradation hEdé of 47-120
days,and are also starting to be usedncreasedjuantities globall§®. From 2006
2016, the U.S. increased their azole fungicide usage by mord@oafi® with a
similar pattern seen in areas like the European Union and ©hfa

Along with thisagricultural issue, it is of note that synerdoetween
thermotolerancand fungicide exposure are currently bamgestigated While there
areestimates obver5 million fungal species, onlg few hundredre associated with
human fungal diseasts>?> One determining factor in this is thermotolerance, as not
every fungal species is capablgalkrating the human host temperature. Howea®r,
the global climate crisis continues to develop, it can lead to the emergence of new
fungal pathogens or the spreafdcurrent fungal pathogens to different climates).

1.3). The two most recent examples of this e multidrugresistantCandida auris

strains that have appeared multiple continents and the emergence of

Emergomyces africanua new thermally dimorphitingal pathogen (and the first
identified inoverhalf a century), originally found in South Afré&®. Together, these
interconnected factors shape patterns of fungal distribution, transmission, and potential

impacts on human health.
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Figure 1.3 Environmental, agricultural, and clinical factors influencing
antifungal resistance development and transmissioMultiple sources
contribute tahe development of antifungal resistance including
increasedungicide use iragricultureandincreasingglobal climate
conditions Clinical settings and immunocompromised individuals
represent additional points of exposure and susceptibilignsmission
of antifungal resistance mechanisms can then be spread through
environmental reservoirs such as solil, plants, and liveskagkres

created in BioRender.

Thus, when taken togethdiereis a deepseated relationship between

environmental and host drivers of antifungal resistance, likely affectingloeal

management of fungal infections can octirthile some new antifungals are close to

medical approval’, they are facing some pushback as the structures are dimlew

fungicides that have already been approved for use in agric8ltétéough it is



difficult for researcherso develop novel antifungalpartly due to the evolutionary
similarities of fungi and humans as eukarypteswy studiesuggest thataccines can

be used as a candidate to address this i¥gie there is still no vaccina clinical

use for human fungal diseases today, there are a few currently in devefSpittent
includes ND\/3, an agglutinidike sequence 3 based vaccine which did show positive

preliminaryresults inrvomen with vaginal fungal infectioffs

1.4 Candida albicans

One of the most prevalent and wikiiown fungal pathogens to datedandida
albicans(C. albicang, a commensal organism that coexists with diverse bacterial
populations, such dsactobacillusspp., in almost all healthy individua(s-80%§*53,

C. albicanss a polymorphic fungusyhen there is disruption to the environmental
niches it inhabits, it will change morphology from a commensal (budéng) to the
pathogenic (filamentous) shafféig. 1.4Af% This change in morphology is key to the
o r g a nvirdence and allows fo€. albicansto disseminatehrough the epithelial
barriers into the bloodstream and causefkr seatehvasiveinfections in various
organ$® % Along with its morphologyC. albicansalso has significant metabolic
flexibility, in that it canassimilateseveralsugars and alternate carbon sources
simultaneousl¥/, giving them a compeiie advantage and increasing their
pathogenicity.

C. albicanss the known leading organism to cause candidiasis in humans,
although recently researchers have seen increases in the number of candidiasis cases
resulting from non albicarSandidaorganisms Candidaglabrata Candida
tropicalis, andCandidaparapsilosi3®®’°. Two types of candidiasis can occur in the

host: (1) Mucocutaneous candidiasis or (2) InvasareidiasigFig. 1.4B)
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Mucocutaneous candidiasssoftenon mucosal layers such as the mouth, skin, or
vaging where commensal fungi are natively found in the humarfhost
Mucocutaneous candidiasis can develop in these areas betalteeationgo the
environment allowing for increased levelsC. albicanscolonization Mucocutaneous
infections are often common among the general populatithnvulvovaginal

candidiasis (VVC) occurring at least once in ~75% of wooh@ing reproductive

years® 72
A Budding Pseudohyphae Hyphae
B

Mucocutaneous candidiasis
Invasive candidiasis

Oral thrush —\

Chronic disseminated
candidiasis
Renal abscess

Scalp lesions
Cerebral abscess
Meningoencephalitis

Endocarditis/
Myocarditis
Lung abscess
Pulmonary candidiasis

Vulvovaginal
3 ol
3 candidiasis

Skin plaques and rash
Osteomyelitis
Nail fungal infections

Figure 1.4. Candida albicangnorphology and possiblenfections of the human
host (A) Different morphological states @f. albicans Commensal
forms ofC. albicansare often referred to as budding cells. Penetration of
epithelial cells and translocation into the bloodstream can @sceoells
start to transition to a pseudo hyphal and true hyphae morph¢igy.
Types of candidiasis that can be acquired by the human host from
infection ofC. albicansor otherCandidaspecies.
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Invasive candidiasis aninfection that occursvhen the pathogemanslocates
into the bloodstream of the hé$tRecent studies have reported timaasive
candidiasis has a crude mortality rate ~40% analttibuted mortality rate27%* >
While those who are ill or immunocompromised are more likely to develop invasive
candidiasi&® 7/, this infection camccur among healthy individuals as well. Br
albicansto disseminate and invade into the bloodstresctiye penetration of the
epithelial layers and endocytosisedso occur®, C. albicanscells transitioning into
their hyphal forms will secrete hydrolytic enzynmedisrupt epithelial cellsentering
the bloodstream, and eventuatiypssing endothelial layers for disseminaffof?. The
hyphal morphology adopted 6. albicansalso allows the organism to escape from
and destroy macrophages which if not destroyed would aid in clearing the fungal
infectiorf® 8L While someCandidaspecies do not need ti@nsition to hyphae to
cause disease, a numbeGaindidado, withC. albicansbeing the most well studied
organism in this aréa 82 The morphological transition has a number of driving
factor$® ®buta key driving factor isheinterplay between bacteria afd albicansin

the human host before, during, and after infection.

1.5 Hyphal Growth and Bacterial-Fungal Relationship

While there are direct mechanisms for inducing hyphal grow@ mlbicans
the relationship between bacteria and fungi in the human host plays a large part in
triggering and activating some of these pathw#yss directly influencing the growth
and survival ofC. albicansin the human hosA leading theory in this is that
bacteriads rol e i s g@Gandidabdutaathpritogrevem theirc ol oni z ¢
proliferatiort. Bacteria, such dsctobacillus sppin the vagina can achieve this

throughseveraimechanismsincludingusing steric interference or @ggregation,
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producing metabolic byprodudts influence the pHandpromotingimmune response
through the upregulation of specific chemokines and cytoKFigs 1.55%%". In the

oral cavity,Streptooccusmutansand otheiStreptococcuspp. secrete trars

decenoic acid, which inhibits. albicanshyphal morphogenesisithout affecting
overall fungal cell growt#. Additionally, in the vaginal cavity,actobacillusspp.
producesnajor secreted protein 1 (Mspdhich acts as a chitinase to break down the
fungal cell wall and overall blocking filamentous cell grof¥tBy using thesand
similar mechanisms, bacteranmodulate the ability of fungi tproliferateand cause
disease in the hosAlternatively,some bacteriaromote fungal growth or enhance the

virulenttraits ofC. albicang® %%
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Figure 1.5. Interactions betweenbacteria and Candidaat mucosal surfacs.
Bacteriacontribute to defense through @)ysical interactionsncluding
competitive exclusion oa€andidaand ceaggregation or trapping of
fungal cells; (2)excreted metabolic produg¢tsuch as lactic acid, which
inhibit fungal growth and hyphal transition; and (3pdulation of the
host immune responseharacterized by upregulation of cytokines
Figure created in BioRender.
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A commonmodel systenused to investigatiesehypothesess the vaginal
microbiome.Here, fatty acids andactic acidproduced by bacteria are shown to inhibit
the yeast to hyphae transitf8nBuilding on this, reports indicate thatwer numbers
of Lactobacillusspp. in women with recurrent VV@nd increased susceptibility to
Candidavaginitis following antibiotic treatment for bacterial infecti®h®. While not
all cases of VVC are caused by antibacterial théfeycolonization withCandida
seems to be a pirequisite risk factor for developing VVC after treatment with
antibiotic$®. These preliminary studidsave been used to theorize that simply the
presence of bacteria and fungi together in host niches, directly impacts the
proliferation ofCandida

Separate from affectingell growth,bacteria have an even deeper connection
to inducing hyphal morphology i@. albicans Hyphal induction inC. albicanscan
generally benduced by a broad range of environmental or nutritional factors such as
the presence df-acetylglucosamine (GIcNAc), alkaline pH, elevated>Cand
37°C 9 |t has also been shown that hyphal morphology can be induced by serum,
which contains a variety @ieptidoglycar(PG)fragment$®. Peptidoglycan is a mesh
like polymer made up of alternatirfigl-4 linked GIcNAc andN-acetylmuramic acid
(MurNAc) residues that are cross linked via a pentapeptiden(Fig. 1.6Y°%. PG is a
key biomolecule ai provides structural integrity and shape to bacterial cells,
protecting them from external stressors and also is a popular target for antibmtics
this polymer is unique to bacteria and not found naturally in the humattéfs
This key finding suggests thspecific molecular levehteractions between bacteria

and fungicontributeto an enhanced disease state during immune incompetence.
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Figure 1.6. General chemical structure of mature peptidoglycanGIcNAc sugars
are highlighted in green and MurNAc sugars are shown in black
Variations and modifications in sugar backbone and pentapeptide bridge
are demonstrated in Chapter 2, section 2.1.

1.6 Bacterial Peptidoglycan Sensing and Recognitioim C. albicans
Peptidoglycan(PG)remodelingn bacterial cell®ccursduringgrowthand
division, resulting in the sheddingf fragments from the cell waf* 1% As a part of
their standard cell wall turnover procebacteriawill degrade around 40%4 their
PG each generatioim order to expand their cell wall and protect the cell from the
environmentRebuilding of the cell wall is then achieved througternalrecycling
mechanisms (Fig. 1.7As a result of this processmallpolysaccharidé&ragments are
released into thimcal environmenandsignal to host cells or other microbiota of

bacterial presence in the area.
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Figure 1.7. Biosynthesis and assembly of bacterial peptidoglycaBeginning in the
cytoplasm, MurA and MurB convert UBBICNAc to UDRMurNAc,
which is sequentially modified by MurE to form the UDPMurNAc-
pentapeptide. This precursor is then linked to the lipid carrier to form
lipid | and further elongated by MurG to generate MurNG&NACH
pentapeptide. Tie moietyis thenflipped across the inner membrane by
MurJ. In the periplasm, transglycosylasesitranspeptidasesomplete
the formation of mature peptidoglycan. Shapes and colors denote
MurNAc (black), GIcNAc (green), and the bactoprenol lipid carrier
(wavy tail), with amino acid residues of the peptide stem indicated.
Figure created in BioRender.

Wang and cavorkersfirst isolated and identified th&Gfragments play a
role in inducing hyphal morphogenesisGnalbicang®. Along with the knowledge
that ypregulation of transcriptional factors involved in signaling for hyphae growth are
a direct resulin aspike in the cAMPPKA cascad®® 17 it was hypothesized that

these PG fragments must signal towards this pathkwayher it was shown that the

16



cAMP-PKA pathwayis upregulated upon binding of the adenyl cycl@e) Cyrl to
bacterialPG (Fig. 1.8A)}. Particularly,Cyrl contains an evolutionary conserved
leucine rich repeat (LRR) protein domain commonly found in human PRRs such as
TLRs, and NOD like recepto(&ig. 1.8B}°®11! Diverging from common mammalian
adenyl | E€wylcidreguaed s/ Ras through the interaction of a small GTP
binding protein with a leucine rich repeat domiainhe proteif' L R R lBase been
identified in bacteria, archaea, and eukaryotesodigsh found indiverseprotein

families including but not limited to tyrosingnase receptors and extracellular
matrix-binding glycoproteins®. Their functions are also diversanging fromcell

adhesiorto RNA processingDNA repait and disease resistafte

CAMP

B ATP
A0 oy i .

o 7 N
k3 ,§. \‘;‘ 0

Figure 1.8 Structure of Cyrl from C. albicansand its leucinerich repeat (LRR)
region. (A) Overall structure of Cyrl showing arrangement of its major
functional domainsRegions of the protein include h e -bilidg
domain, Rasassociation (RA) domain, leuciteh repeat (LRR)
module, protein phosphatase 2C (PP2C) domain, cyclase catalytic
(CYCc) domain, and @erminal cycliecnucleotide binding domain
(CBD). (B) Lineardomain map of Cyrlp (top). The LRR regiisn
highlightedbelow.
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Although it is known that Cyrl is in part responsible for hyphal formation in
the presence of PG fragmelifsit remairs unclear how these bacterial fragments
enter thecell and signal for hyphal growtRecently Qiao and coworkers identified
that PG from bacteria enter the cytosoCofalbicansthrougholigopeptide
transporters@pt9, specifically OPT4 which isonstitutively expressed for basal level
of uptake of PG fragmenit¢. This is a divergent finding frorthe standard, as other
saccharides such as GIcNAc enter the cell thrasghblishedransporters such as
Ngt1'>. Given that the peptide stem off of th@ Bosition of MurNAc based PG
fragments is the clear differenbetween the moleculg suggests thgteptide

portion of PGs regulating the process oécognizng PGfor further uptake

1.7 C. albicansModulates the Cell Wall During Hyphal Growth

While MurNAc based®G fragments have been identified as hyphal inducers of
C. albicansin order forfilamentous growth of cell® occut®, other essential
processes in the cell need to be monitored and regul@tednost common example
of this is the growth and remodeling of the fungal cell wall during morphological
transitions.The fungal cell walls a dynamic and multifaceted structure, providing
protection fromantibiotics, playing a key role in adhesiamd is critical for fungal
nutrition and penetration during periods of tissue colonization in th&®hd8tThe
importance of the structure and organization of the cell wall is evidénisas
estimated that at least 20% of genes in fungi contribute to cell wall biogenesis and
regulatiort!’. However, although there aa@m estimated 5 milliospecies of fungi,
researchers have only investigatlked molecular details of a few, wi@. albicans

being a well investigated species.
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As with most fungi, the cell wall dE. albicanss generally divided into two
layers: the innelayer and the outer cell walFig. 1.9) The outer cell wall ishe first
layer to come in contact with other microbiota in the host. This laymaest always
domi nated by | ong mannan fibril s, and as
mannans thafor any other PAMP in the fungal cell W58 % The inner cell wall
can be more chemically diverse, playing hogh®major structural polysaccharides
c hi t1, 3g,l ubc a nl, 6-ghucad as exampldégig. 1.9}'°. Other species
beyondCandidamay contain structural components such as melartime inner
layer howev er -1c3glucanarathesbasis of bheell wall of C. albicand?®,
Wh i I-le3gloican has been heavily studied and targeted by researchersactitin
its role in assisting the cell to develop antifungal resistance has often been

understudied in the field.
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Figure 1.9. General dructural organization of the fungal cell wall. The fungal cell
wall consistf aninner wallrich in structural polysaccharides and an
outerwallwithhi ghly branched mannafds8. The i
gl ucan {,6glueam (red), andchitin (blue), which together form
the scaffold linked to the plasma membrane.-@mihored proteins (blue
structures witHinkers) are incorporated into the gludarhitin matrix and
extendupward The outer wall is composed primarily ofrNlannan
fibrils. This layered organization contributes to cell rigidity,
environmental sensing, and immune recognitikigure created in
BioRender.

Chitin is alinearpolymer made up dBIcNAc unitstiedt oget her-1,t hr ough
4 linkage$?*. Chitin chains produced in the cell cemm strong fibrils byfolding back
onto each othecreatinga n t i p achi@nlchaiad thatlare further stabilized by intra
chain hydrogefond£?% Depending on the morphology of the ¢ehitin can take on
a structurally diverse form. In filamentous fungi, chitin microfibrils are observed to

exist as long, interlaced netghereas budding yeast or other fungi can display chitin
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in the form of a latticE®. Thus, chitin is modified as it is being synthesized to
generate specific polymers witimique properties that are required of the ¢alkther
modification can occur aftgrroduction of the polysaccharidas certain
transglycosidasesan cut and splice the chitin polymer to other cell wall components
such-1,8g | bc a nl, 6aylocart?H'?>

To synthesize chitima group of enzymes, chitin synthasa®required and
vary depending on the speci&s Between fungal species, the number of chitin
synthases genesffers greatly, however it has been determined thaCiralbicans
there are four chitin synthase enzyrttest celocalize at the septum of the ctll
produce the polysaccharfdé 128 While chitin synthase activity and the levels of
chitininC. albicansc el | s are rel atively -1 3wcat ompar ed
and mannalt®, recent advances in understanding how chitin levels fluctuate and
rescue the cell during hyphal morphogenesis have been identified using solid state
(SS) NMR2C, Studies indicate that when exposed to echinocandins, which target the
pr odu c tli 3glucarmgphysi¢al interactions between chitin and other cell wall
components will help to stabilize the wall during this stress petiolth addition to
this, SSNMR has also showthat in response to the specific echinocandin,
CaspofunginC. albicanschitin synthase activity andvels of chitin increase to try
andmake upfor the loss in structural integrity in the wll

Whether or not the cell isnder stress from environmental facteush as
Caspofungin treatmenthitin synthase activity will need tacreasebut alsobehighly
regulatedduringthe morphological switch from budding to hyphae. Some studies
have estimated that the amounts of chitin are increased by abguh 3he

filamentous form3? 133 In hyphae cells, the apical dome must be plastic enough to
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enable further cell elongation outward but also strong enough not to burst from cell
turgor pressuré* 13 Early work in the field has also demonstrated timtin-glucan
crosslinking is less likely to be fibrillar in hyphae céff& Thus, while chitin

production is upregulated, it also needs to be monitored as to not disrupt the specific
plasticity needed to complete elongatiamaking chitin and its production an

interesting target for antifungals.

As none of the components of the fungal cell wall, including chitin, are found
in humansit has become l@adingtarget for R&D in the development of antifungals.
Building on this becausé¢he fungal cell wall is fundamental to proliferatiand many
essential functions are required for pathogenesis, drugs that interfere with the
production or assembhre of high interest teesearchersCurrentlynikkomycin
antifungals are specific ambn-toxic inhibitors of chitin synthesibut it has been
observed that their clinical utility is compromisdidhiting their use in human¥’ 138
Recent advances have been made in structural studies of chitin syrgliaatng
new details of mechanisms of catalysis, but it is clear tleaetis a major gap in
studies to identify possiblargets or mechanisms of inhibition that directly involve
chitint39 140
1.8 Dissertation Overview

The microbiome is a diverse makeup of organiant the bacterigiungal
cross talk that occurs hereimluential to the development of diseaisethe human
host. Despite this, there is a lack of research in understanding how fungi, specifically
the human pathoged. albicans signak forgrowth and pathogenedisiring periods
of immune incompetenc&he goal of this dissertation isitoprovetheunderstanding

of the molecular mechanisms governing the uptake and utilization of G by
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albicansand how it contributes timfectious fungal diseaseBy investigatinghow
these molecules are recognized and used inside the@edl, targets for antifungals
may be identifiedChapter 2 details the genes and transcriptional factors that are
specificallyactivated upon P@duced hyphal growth in the ceChapter 3 uncovers
molecular details and kinetic parameters regarding the fungal kinase Hxk1, an
essential enzymier downstream usage of NAG fragments derived from bacterial PG.
Chapter 4 builds off work from previous chapters ademonstrates the development
of whole-cell labeling platforms for pathogenic chitin labeluging a suite of bio
orthogonal probeand chemical biology approach&hapter 5 uncovers novel
methodghatC. albicanscan usdor MurNAc uptake insustaining and proliferation of
their pathogenic morphologyuring periods of environmental stre€s/erall, this
dissertation provides new insighitgo the diverse array of bacteri@agmentsC.
albicanscan recognize and utilize in tn@orphologicalwitch from budding to
hyphae growthAdditionally, | emphasizénow hyphae growth is regulatédarough
multifaceted uses of PG building blocks GIcNAc and MurNAc in tanderd howwe

can use the native enzymedfalbicansas new tools to study the pathogenic switch.
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Chapter 2

PEPTIDOGLYCAN FRAGMENTS INDUCE HYPHAL MORPHOGENESIS
VIA HYPHAE SPECIFIC GENES

2.1 Introduction

Shortly after birth, the human body comes into contact with a plethora of
microbial cells that belong to various bacterial and fungal spe@e®r time, these
microbial cells colonize their human host and develop into a highly diverse ecosystem
Candida albicangC. albican3 is a commensal fungal member of the skin and
mucosal flora in the human hésAs an opportunistic pathoge@, albicanscauses
infections ranging from superficial thrush to disseminated and invasive infections of
the Gl tract, oral and vaginal cavitteBisseminated candidiasis and candidemia are
serious medical conditions, with documented mortality rate ranges fre60%0n
different studies and currently is estimated to be responsible for more than 700,000
annual deaths worldwi@é.

A distinct feature oC. albicangpathogenesis its ability to grow into
multiple discretenorphological states, such as buddipggudo hyphaland hyphal
forms’. The morphological switch observed@ albicansallows penetration of the
local tissues and avoidance of phagocytic destruttitiee mechanism of this
transitionis a major target of investigation as previous studies shaalbicans
mutants that lack the ability to form hyphae exhibit sevearsdyced virulence A
central pathway in the activation and subsequegnilation of hyphal growth is

amplification of the cyclic Adenosine Monophosphate/Protein Kinase A (GRKR)
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pathway. While multiple studies have also found that several environmental stimuli
are responsible for inducing this hyphal switehi, it has been establishéuht

serunt®is one of the most potent inducers of hypha@.imlbican$. In 2008, it was
determined that muramyl dipeptide (MDP) was the leagemidoglycanRG)

fragment in serum that induced hyphal grdivthis thought that PG and other
bacterial molecules in serum induce hyphal formation by binding directly th Cyr

Following the foundational work from Xu et ainitial studies in our lab
focused orrecombinantly expreszg the LRR domain of Cyrl using &scherichia
coli (E. coli) expression systeland a Maltose Binding Protein (MBP) t&uccessful
purification of the protein was achieved daodherbinding assays using a Surface
Plasmon Resonanceethod(SPR weredeployed*. Dataindicated bacterial
carbohydrates binding to the purified protein with nM affitfityWhile this data
providedkey initial insights into PG binding to Cyrl, the MBP fusion diégd) show
instances oforming inclusion bodies and required a denaturation and refolding
purification process. As a resytiroceeding investigations in our lekcombinantly
expressed the entire region of the predicted LRR of @yalSaccharomyces
cerevisiagS. cerevisiagsystem with a Nerminal 6xHis tag and a-@rminal spot
tag'®. This new construct also retains the ability to bind bact®@iragmentssuch as
muramyl tripeptide (MTP}.

Binding of fragments to Cyrihcreasesntracellular cAMP levels,
subsequently activating the PKA pathway, and triggering hyphal gr@igh2.1)2: 6.
Once the cAMPPKA pathway has been activated in the cell, the morphological
transition is then further transcriptionally regulatsdhyphae specific genes

( H'S G%'§ These genes can be induced by transcription factors that are activated by
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the CAMPRPKA pathway and the protein Cyrds well as other pathwals'®. Genes

currentlyi denti fi ed as HSG6s include but are no
UMEG6 among othef8' %L The role of each HSG can vary from being responsible for

structure, pathogenicity, or signal transductith some genes havirame or

multiple roles during the hyphal transitinHowever, the difference in transcriptional

regulation in response to various external stimuli is not well understood. A common

set of genes that are stimulatadone known hyphal inducer might not mediate the

hyphae transition after induction with differentinducing stimulusBuilding on this,

some studies have gone on to show kimatvn hyphal inducers can stimulate a signal

for hyphae inductiomhat is independent of transcriptional responses, contributing to

pat hogenesis at different host %ites even
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Figure 2.1. Environmental triggers and their pathways that regulate hyphal
morphogenesis inC. albicans The adenylykyclaseCyrl integrates
multiple signals in both Radependent and Rasdependenimanners.
Pathways areolor coded as follows: mitogen activated protein kinase
(MAPK) pathway (green), cAMP pathway (blup}l sensing pathway
(pink).

As MDPis the known leading PG fragment involved in hyphal induéfiame
set out to understand if other biologically relevant fragmeratg also induce this
morphological switch. Although the bacterial cell wall is highly conseriregte are
variations that have been obsenagdong speciéé 2 In Grampositive and Gram
negative bacterialifferences can be observed in the cross linking of the pentapeptide
chainor substitutions at the third position of this chare also found in natuf€ig.
2.2)%>27_ Along with this, modificatios to the carbohydrate backbone of

peptidoglycan have beédentified as follows (1) N-deacetylation of GICNAc in
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Listeria monocytogenés (2) N-glycolyationin Mycobacterium tuberculosi§ (3) 6-
O-acetylation oHelicobacter pylori®, and (4)1-6 anhydro formatioms demonstrated
in Escherichia coft'(Fig. 22). Bacteria may have evolved to modify their PG
backbone structure as a waygrevent cell lysisallowing bacteria tasurviveon the

mucosal surfag and evade the hdstmune responsé

O-Acetylation

N-Deacetylation

OH
T o= OHo \O ) OH
AcHN 0 ,Xﬂ-\\/o -0
i AcHN "o H,N o] -2 \’vN\'/O o 4
P N 0 2 H-N HO— / 0]
| 3,4-Linkage: i 2 AcHN 0
I Gram (+) ' L-Ala (CITITIITT N O AcHN
"Lacrobacmuscﬁspatus 1 D-GIn : 3,4-Linkage: : L-Al f 2,4-Linkage: ‘, 0]
____________ . L-Lvs ,  Gram() A3 1 comyeform bacteria 1
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Figure 2.2. Peptidoglycan structure and modifications.N-acetylglucosamings
highlighted in green and-acetylmuramic acid is highlighted in black.
Chemical modifications to the sugar backbone are shown ianed
various cross linkages among species are shown in pink.

2.2 Peptidoglycan Induced Hyphal Growthin C. albicansWT
C. albicansWT cellswereassessed for their ability fyoliferate into a
filamentous morphologguring treatment with various PG fragmeriis.assess how

modificatiors to thestandard inducer, MDRffects hyphal induction ratesa library of
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PGderivatives that contain modification of thé\2position of the carbohydratnd to
the peptide sterwere assembled including: (}glycolyl MDP, (2) 2-amino MDP,

(3) MTPLys, and (4) MTRap. In addition, the individuasectionsof MDP, NAM andL-
Ala-D-Glu, and the full pentapeptide stemere also used as treatment conditions for

hyphal growtho test their individual potency for hyphal inductighig. 2.3).

A N
: C
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Moy 0 (o0 o
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Figure 2.3. Peptidoglycan Fragment Library. Box A represents the individual sugar
and peptide portions of MDP as well as the full pentapeptide of PG. Box
B showcaseMDP derivatives with modifications to the 2C position of
the sugar. BoxC highlights muramyl tripeptide fragments, increasing the
peptide stem from two to three amino acids compared to the standard
MDP. N-acetyl muramic acid, MDR-glycolyl MDP, MTPbap, and
MTPLys were all purchased commercially from Invivogen. Dipeptides
and 2amino MDP were synthesized in the Grimes Lab according to
previously published literatuté The pentapeptidala-b-2-Glu-Lys-D-
Ala-D-Ala was purchased commercially from MedChemExpress.
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With these PG fragments lrand, we next turned attention to teeting of the
compounds in native, pathogenic funga a smaliscale hyphal growth assay.
albicansWT cells werancubatedwvith 1 mM final concentration of corresponding
fragments for 4 hours arahalyzed by microscopy show any development of
hyphal growth(Fig. 2.4). Images were then taken and imported into ImageJ software
to quantify the percentage of hyphae growth in each condition. Results indicate that
themonosaccharidagstedthat contain more than two peptides, such as muramyl
tripeptides (MTRys and MTRyap) have the strongest induction capabilities of the
fragmentsan our library Meanwhile monosaccharides with modifications to the C2
position (NgMDP and-2mino MDP) have a similar induction profile to that of MDP.
(Fig. 2.4 and Table.1). These results suggest that elomggathe peptide stem to
include more biologically relevant amino acids similar to the mature PG polymer are
more significant for binding of the fragments to the LRR region of @yath
modifications to the C2 position of the sudaraddition, it can be concluded that
modifications to th&C2 position do not affect the ability of the fragment to be
recognized or induce hyphae growth via Cyrl

Recent studies by Li et*4lhave demonstrated thaligopeptide transporters
(Opt9, specifically OPT4 which is constitutively expressed for basal level of uptake of
PG fragments, can bring PG fragments into the cytosGl elbicanscells. Given
their studies and the results shown here, it is plausible that the peptide portion of PG is
somehow regulating the process of recognizing PG for further ugddkmte,in our
studiestreatment with either NAM or the dipeptideAla-D-Glu did not induce
significant hyphae growth in the ce(lBig. 2.4), indicating thathe intact molecule is

neededMDP is likely the minimal fragment to induce the hyphal morpholdgy.
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addition to this, treatment with the fydentapeptide stem of P@la-D-2-Glu-Lys-D-
Ala-D-Ala, did not induce hyphal growth (Fig.4). Thus, if the peptide stem is key to
recognition of these fragmentsmust be linked to the sugar in order to haveftitie

signaling effect that is hypothesized.

No treatment (WT) 1mM L-Ala-b-Glu 1mM NAM
1mM MDP 1mM NgMDP 1mM 2-NH-MDP
1mM MTP, ¢ 1mM MTPp,, 1mM Ala-p-y-Glu-Lys-D-Ala-D-Ala

Figure 2.4. C. albicansHyphal Growth Assay. WT C. albicanscells were treated
with 1 mM of respective PG fragments for 4 hours at 31 FBS is
used as a positive contr@ata is representative of 3 biological
replicates.
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Table 2.1. Quantification of PG Induced Hyphal Growth. Data is representative of
three biological replicates for each conditiQuantification is the
averageercentage hyphae from 3 different planes of view.

Compound % Hyphal Growth
WT (no treatment) 1.32
L-Ala-D-Glu 5.51
Ala-D-2-Glu-Lys-D-Ala-D-Ala 3.12
NAM 7.90
NgMDP 36.95
MDP 39.41
2-NH MDP 48.88
MTPDap 7069
MTPLys 72.94

To validate that the PG induced hyphal growth obsernlau/e is a result of
PG binding to Cyrl, the hyphal growth assay was tested agghirtheC. albicans
Cyrl deletionstrainDY27 (CR276°), a homozygous knockoutlyphal growth was
tested for with a subset of the compoufrdsn the library abovespecifically thdow-,
mid-, and highlevelinducersNAM, MDP, and MTRys. FBS, a robust known hyphal
induceP, was selected as a positive control for this assay, as hyphal growth should still
occur in the strain DY2iépon treatmenbecause of the presence of alternative hyphal
inducing factors in seruitneyond PGAfter four hours of growthit was determined
that there is a significant reduction in hyphal growthlirthe conditions testedrig.
2.5 and Table.2), indicating thaCyrl is necessary to achielwgphal growth with the
treatment of PG fragments. This result does not rely on changeptide stem of the
monosaccharides as both MDP and MERave almost identicgdercentage hyphal

growth levels in the strain DY2Téble 22).

47



DY27

WT
(\[e}
treatment
. - -

h --

48



Figure 2.5. C. albicanshyphal growth assay with DY27.Cells were treated with 1
mM of respective PG fragments for 4 hours at 37146 FBS is used as
a positive controlData is representative of 3 biological replicates.

Table 2.2. Quantification of PG induced hyphal growth in DY27 cell line.Data is
representative of three biological replica@santification is theverage
percentage hyphae from 3 different planes of view.

% Hyphae Growth
Compound WT DY27 (pc y)r 1
No Treatment 1.87 1.27
FBS 90.11 56.87
NAM 6.8 1.63
MDP 41.05 6.54
MTPLys 71.18 6.87

2.3 Peptidoglycan Fragments Induce Hyphal Growth Via Hyphae Genes

Following these initial resuli&n investigation intéranscriptional regulation
of this morphological transitiom response ttreatment witiPG fragments was
carried out. To investigate gene regulation mediated by PG, &PgRRIassay was
utilized to analyze théevels ofthehyphae specific genes HWP1 and EGEWT C.
albicans HWP1 and ECE1 were selectad they both have been shown to be
previously upregulateduring the hyphal transition during treatment wother
varioushyphal stimulators %% 37 In addition, gene expressitevelsfor CYR1were
alsocollected to cross analyze with thgphal growth assay results 8wl gRT-PCR
results.

Gene expression levels were observed after 4 hours of stimulatiof wikh
compound treatmeninitial screening demonstrates thia¢ strongest hyphal inducers
of those testedITPLys and MTRyap, Significantly upregulate expression levels of

HWP1 and ECEJAdditionally, NgMDP and 2amino MDPdemonstrate upregulation
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of HWP1 but not ECE1(Fig. 2.6). Of note,upregulation was not observed after
treatment withcompounds such as NAM anéAla-D-Glu, which also do not show
induction of hyphae in growth screeisd. 2.4 and Fig2.6). Upon further
investigation CYR1 was determined to be significantly upregulasgeecifically with
MTPrys and MTRyp (Fig. 2.6). These results showcase thia¢ expression levels of
H S G ars notconsistent amongll PGfragmenttreatmers, ascompoundsuch as
NgMDP only upregulate one of the two major genes tegtieshg with this, results
indicate that the most significant hyphal induagfrthose testetiad the highest

upregulation profiles.
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Figure 2.6. gRT-PCR of Hyphae Specific GeneRResults are indicative of 3
biological replicates with 3 technical replicates for each. Data was
graphed in GraphPad Prism*?7.-P00.0,**-P O 0. OB1QOQ * * * *
0.001.

After initial transcriptioml analysis oV T C. albicanshyphal morphogenesis,
gRT-PCR assays were carried aising theC. albicanshomozygous Cyrl deletion
mutant, DY27 Although DY27 lacks Cyrl, gene analysis was tested for HWP1 and
CYR1 during treatment with a subset of compounds from the previousPGHRT
experimentsThe data show tha comparison to WT. albicansupregulation of
HWP1 by MTRys treatment is abolishgdFig 2.7), indicating that if CYRL1 is deleted

from the genomethen MTRys cannotbind tothe protein and signébifit ur n ono t he
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hyphae specific genes. This is further validated by the results for CYR1 gene

expressior{Fig. 2.7) and the diminished levels of hyphae growkig(2.5).

HWP1 Gene Expression CYR1 Gene Expression

15+ *kkk ) 20
Il Wildtype Il Wildtype
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Figure 2.7. gRT-PCR of Hyphae Specific Genes in DY27 vs WT cellResults are
indicative of 3 biological replicates with 3 technical replicates for each.
Data was graphed in GraphPad Prist*7-P O 0. 0B1QO 6 *661.

2.4 The Role of GIcNAc in Inducing Hyphae Growth ofC. albicans

As mentioned previously, the other monosaccharide unit of PG, GI®MWAE,
can also induce hyphae growth in the ®eff This phenomenon has been well
characterized in the field, afoundational work byAlvarez et al.has shown that
GIcNAc has to bénternalizedvia the GICNAc specific transporter Ngtl, in order
induce downstream signaling in the &&IPrevious studies hawedicated that
GIcNAc is brought into the cell and signals to activate a8 causng further
stimulation of Cyrl to produce cAMP, thus inducing upregulation of hyphae specific
gene&?. Further, deletion o€yrl has shown decreased levels of filamentous growth
in C. albicans®. Alternatively, GIcNAc can induce hyphae through its metabolism

inside the célby indirectly raising the pH of the extracellular medfdnMetabolism
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of GIcNAc can raise the pHas cells export excess nitrogen as amntédnBespite
this evidence, it remains to be seen how GIcNAc and MurNAc containing PG
fragments can work together to induce and sustain hyphae grotih cell.

To investigate thisthe hyphal growth assay utilized previously was deployed
with conditions that assess hyphal formation with multiple monosaccharides
singular disaccharide treatmenftstial studies show thawvhen cells are ctreated
with GIcNAc and commercially available MDP, robust hyphal giswbserved at
earlier time point$2 hours)than when cells are treatedth MDP or GIcNAc alone
(Fig. 2.8). Following this, we wanted to assess if a similar pattern in hyphae growth
induction was seewhen cotreatment with GIcNAc anthe strong hyphal inducer
MTPyys is carried outResults indicate thdyphal growth is initiateearlier (2 hours)

than when cells are treated with each of these compounds separate/1@ig.
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Figure 2.8. Screen ofC. albicanshyphal growth in response toNAG and MDP
treatment. Experiment was carried oater4 hoursat 37°C Each
compound was tested at 1mM final concentration. Scale bars represent 50
MM.

Given these initial results, further studies investigated if treatments with
disaccharides would demonstrate a similar pattern of hyphal growth. T,0 start
treatment with the disaccharititacetylglucosamindl-acetylmuramic acid tripeptide
(GMTP) (Fig. 2.9)was carried out for hyphal induction to asseskafsugar could be
transported in the cell andttie profile differed from treatment with two
monosaccharide&SMTP was also selected for trials as in 2021 the Grimes Lab
demonstrated througRNA sequencinghatGMTP is a key disaccharide PG
fragment servingas a significant activator of multiple gene transcriptional and
cytokine progranf¥. Initial results show GMTP did not induce hyphal growth in WT
C. albicanscells through 4 hours (Fi@.10. This finding could indicate that GMTP is

not able to enter the cell drat the fragment ignable to bind to the LRR region of
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Cyrlp, thus not triggering downstream hyphal inductiatk ofhyphal induction by

GMTP couldalso beoccurring as a result @. albicansnot containing @lycosidase

t o cl| e-dxl;kagelhetweén the two sugar unitg lfalbicanscannot break

this bond, then neither sugar unit can be sensed or shuttled to their respective signaling

pathways in the cell.

GMTP NAG,
OH
OH
HO 0 OHO CH
HO o HO Q o
AcHN O OH HO ©
A AcHN HO OH
HN AcHN
o 0 NAG,
HaN
N OH OH oH
0 HO 0 o
HO 0 0 Q
oA AcHN HO ACHN HO OH
AcHN
NH;

Figure 2.9. Structure of di- and tri- saccharides assessed in hyphal growth assay
N, N6 di acet ylxc handbN,oNohitihNéet G ri acet yl
(NAG3) were all purchased commercially froR€l and BioSynth
GMTP wassynthesized in the Grimes Lab according to previously
publishediterature,
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Figure 2.10. Screen oLC. albicanshyphal growth in response MTRys fragments.
Treatments were carried airough 4 hoursit 37°C Each compound
was tested at M final concentrationNAG is used as a positive
control. Experiments were done in biological duplicates.

Table 2.3. Quantification of PG induced hyphal growth of WT C. albicansin
response to MTRys fragments/combinationsand GICNAc
polysaccharides Data is representative of three biological replicates.
Quantification is the average of percentage hyphae from 3 different
planes of view.

Compound % Hyphal Growth
WT (no treatment) 1.03
NAG 83.82
MTPLys 7143
NAG + MTPyys 79.22
GMTP 6.75

While GMTP did not induce hyphal growth, we wanted to assess if this finding
was due to fragment sizg other signaling factors that may be involved. To
investigate this, we treatétl albicansWT cells withmone, di-, and trt saccharide
versions of GICNAdFig. 2.9) Initial attempts revealed that treatment with the
di sacchari de, N, N 02) showadsenenyplalhgrowtio tbroughsde ( N A C
hours(Fig. 2.11). However, we extended the hyphal assay to 5 hours of growth,
allowing for extra time for the cell to sense larger fragmehiter 5 hours of
treatment, the NA&showed hyphal induction, howewveot as significant as the
monosaccharide NA@-ig. 2.11, Table 2.4. In comparison, the trisaccharide NAG
did notexhibit hyphal growth through 5 houiBig. 2.11, Table 2.4. These findings
are suggestive th&. albicansdoes have the ability to sensgtake andprocess
largermoleculessuch aglisaccharideshowever the cellareselectivein what

polysaccharides they can sense/signal with.
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Of note, the hyphal growth exhibitadter treatment with the disaccharide
NAG:, is likely occurring as a result of signaling via Rasiti notdirectbinding to the
LRR region of CyrlpCanonically, the monomer NAG can trip hyphal growth in the
cell through interactions with Ras$itough the interaction of a small GTP binding
proteirt®. Ras1 will then go ot interact with Cyrlp, inducing upregulation of cAMP
and the triggering of hyphal growfh*% This could explain why we are seeing a
profile difference between disaccharides GMTP and NiGyphal induction
capabilities Future studies as delineated in Chapter 6, will work to develop proper sets

of probes to discern this mechanism.
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Figure 2.11. C. albicanshyphal growth screen with NAG fragments.Treatments
were carried outhrough5 hoursat 37°C Each compound was tested at 1
mM final concentration10% FBS is used as a positive control.
Experiments were done in biological duplicates.
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Table 2.4.Quantification of NAG induced hyphal growth in WT C. albicanscells
after 5 hours of treatment Data is representative of biological
duplicates. Quantification is tteveragepercentage hyphae from 3
different planes of view.

Compound % Hyphal Growth
WT (no treatment) 162
FBS 87.82
NAG 7743
NAG:2 1681
NAG3 4.37

While we cardirectly test the effects of specific muropeptide fragmemgs,
alsorecognize thabacteria shed a variety of compounds during cell wall remodeling.
Among these arg,6-anhydreMurNAc fragments, as seen in studies fremrcol?.
Similar to how FBS contains a variety of sugars and metabolites, we treat€d WT
albicanscells with supernatants froBordetella pertussiéB. pertussiy containing
variouslevelsof anhydremuropeptiddragments, to observe if hyphal morphogenesis
occurs.We examined three types Bf pertussisamplesdelineated by what form of
AmpGthey express. AmpG &n innermembrane permeagéthe major facilitator
superfamily (MFS)n Gramnegative bacterfa It works to import muropeptides such
asN-acetylglucosaminyb-1,4-anhydreN-acetylmuramic acid (GlcNAanhMurNAc
also known as tracheal cytotoxin or TQF)g. 2.12}° "into the peptidoglycan
recycling pathwalf *°. TCT specifically hasitetrapeptide chain containing DAByt
AmpG is capable of transporting PG fragments containingtbAc-anfiMurNAc
backbone regardless of peptideidenditye supernatant samples evaluated wg@ne
Wildtype (nativeAmpG fromB. pertussiy (2) TCT (+) (homozygous knockout of
AmpG) (3) TCT €) (AmpG fromB. pertussidas been knocked out and AmpG from

E. colihas been inserted).
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To better understarttie role TCT andtheranhydremuropeptiddragments
produced byB. pertussiplay in host immunénteractionsthe Grimes lalanalyzed
the supernatants by high resolution mass spectromeatrna® has determined that the
TCT (+) sample containsigh levelsof 1, 6-anhydro containing fragmentscluding
TCT tetrapeptideTCT tripeptide (containing DAP), and the corresponding-non
anhydro reducing sugavgth analogous peptide lengths.contrasthe TCT ¢€)
supernatanéxhibitsa 1700fold reductionin anhydro fragments, however no other
variations were noted across the strailf@.our assayC. albicanscells werereated
with a final concentrationf 10% supernatantalongside a 10% FBS positive control
The data show that none of tBBepertussisamples were able to induce hyphae in
significant amounts and demonstrate\eyencdrom the patterns exhibited by

treatment with the literature standard 10% FBS (Eitf3).

HO. _O
0 " o
H : H
HO N N o
0 o) 0 2
HO
2 HO

AcHN

NHAc

O OH

Figure 2.12. Chemical structure of TCTfrom B. pertussis

These dataontrast with earliereportsin literaturesuggesting thgturified
anhydremuropeptiddragments fronB. pertussisincluding TCT induce significant

amounts of hyphae growth C. albicans® °1 However, we believé is essential to
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consider the delicate nature of the hyphal induction assayreshtspresented here

more accuratelyeflect patterns of the hoshvironment The initial studieperformed

overnight culturingn yeast peptone dextroféPD) media andubsequently
resuspenthHanks & Bal anced ®SadmpleteSteir growth asgay ( HBS S)
This methodcan often induce hyphal growtimadvertentlyby releasingecells from
farnesoimediatednhibition®®. The presence of farnesol can naturally inHilgphal

growth from occurring so rapid lifting of that inhibition at higher temperatures such as

37°C can cause unwarranted hyphal groviitius,to minimize this effect and

maintaina more controlled environmerall thehyphal growth experimentgported

in this thesisincluding theB. pertussidreatmentwere performeavith cells

inoculated in synthetic media containing either dextrose or galactose.
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Figure 2.13. C. albicanshyphal growth screen with bacterial supernatants from
B. Pertussis Treatments were carried atirough4 hoursat 37°C Each
compound was tested Hd%final concentration10% FBS is used as a
positive control Experiments were done in biological duplicates.

2.5 Discussion

Key PGfragments responsible for induction of hyphal morphogenegis in
albicanswere identified and confirmeda a hyphae growth assdy screening
beyond the traditional hyphal induction standard, MdE have identified that
compounds such as Mg, which contain more than two amino acids of the
canonical PG peptide stemre significantly more robust inducefseatment with
peptides of the PG pentapeptide stem did not induce hyphal giewther analysis
indicates that modifications to the C2 position of the sog#re standard fragment
MDP (NgMDP and 2NH MDP) do not significantly increase the percentage of hyphal
growth observed(Fig. 2.4). gRT-PCRanalysis of mRNA expression of hyphae
specific genes, HWP1 and ECE1, confirmed that robust PG fragment hyphal inducers
are able to induce shared and fragrspecific gene expression profildsd. 2.6). In
accordance with this, homozygous deletions of CYR1 abbiiphal growth via
treatment with various PG fragments and upregulation of the hyphae specific gene
HWP1 Fig. 2.5 and Fig2.7). These results build on the previously publishegbrts
in the field that indicate MDP as a hyphal inddcer

Additionally, it was demonstrated th@t albicanshyphal growth can be
stimulated at earlier time points when treated witb PG fragments (NAG + MDP or
NAG + MTPyys) (Fig. 2.10, Table 2.3However, when a disaccharidentaining
these two fragmen{&MTP) is assessed, no hyphal growth is stimuldked. 2.10,

Table 2.3) This finding is not standardized to all disaccharide®Aa&., is able to
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induce reduced levels of hyphal growth even though larger trisaccharide fragments

(NAG:3) lack this ability(Fig. 2.11, Table 2.4However, hyphal growth via NAGs

l'i kely a resul t ofhyphdl @émh viaRasl andtngt bidiogts t i mu |
Cyrlp.Together these findings demonstrate that the LRR region of Gpegfically

binds agroup ofMurNAc containingPG fragmentsindhas a slightly promiscuous

substrate profile.

Building on this, we investigateghether anhydronuropeptide fragments
produced byB. pertussisincluding TCT, can induce hyphal growth@ albicans As
bacteria have demonstratedrébeasemixtures of cellwall remodeling products, we
tested supernatants fraBn pertussistrains differing invhat form of the muropeptide
transporter AmpG that they express. The dadecatesthatC. albicanscells treated
with 10% supernatant from any of tBe pertussisampleslid not exhibit significant
hyphal formation(Fig. 2.13). These findings strongly differ from the hyphal induction
pattern triggered by the standard 10% FBS conindicating that fragments derived
from B. pertussislone are insufficient to drive this morphological transition.
However, in the host environment multigther factors could coordinate together
with theseB. pertussigragments, to induce hyphal growth.

This work has revealagkertinent information regarding the morphogenic
transition ofC. albicans Our work suggestthat the stimulatiomf hyphae specific
genes by bacterial PG fragments is more diverse and complex than previously
observedvith the standard induction fragment MDFhese specific molecular
signatures of commensal and pathogenic bacteria e@gldeo modulate specific
gene responses during periods of immune incompetence in th&hastportant

future step willbetoassesshe t ranscri ption profile of H:
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multiple hyphal inducers to sé®w this changaffects levels of hyphae specific gene
expressionWith the newly published structural details ofrC binding to PG

fragments and our worik assessing PG stimulated hyphal morphogenesis and gene
expressionelucidating the mechanisms responsibletties hyphal transitionvill be

essential in developing new approaches to assess immune recognition.

2.6 Experimental Methods and Materials

C. albicansStrains and Growth Conditions:

TheC. albicansstrains used in these studies were growviRid Broth (Sigma
Aldrich: 20.0 g bacteriological peptone, 20.0 g glucose, 10.0 g yeast extrdctah 1
water) orsynthetic complete medium (Sunrise Science) with 2% final concentration of
either dextrose or galactose at 30°C unless otherwise Bitath DY27 ofCandida
albicanswas donated to our lab by Dr. Dennis Wykoff from Villanova University.

The strain information is as followara3 __imm434/ura31 imm434
cdc35 hisG/cdc35 hisG[pVEC-CaCDC3%

Hyphal Growth Assay:

C. albicanswere grown in 10 mLs of Synthetic Complete medium with either
2% dextrose or 2% galactose overnight at 30°C. The next day, 5 mLs of culture was
pelleted at 3500 rpm for 5 minutes. Cells were washed (3500 rpm for 5 minutes) with
1 mL of 1x sterile PBS. The pellet was resuspended in fresh synthetic complete
medium with dextrose until an @nmof about 1(Eppendorf BioSpectrometer
Kinetic) was reached to avoid hyphal signaling pathways due to a release from
farnesol inhibitioR®. In microcentrifuge tubes, L of culture was pipetted for WT
samples. Treated samples consisted of 900 pL of culture and 100cpmpbund(10
mM stock, final concentration ofrhM; or 100puL of FBS to achieve 10% FBfthal
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concentration Tubes were placed in a 37°C incubator, shaking at 200 rpm. After 4
hours, samples were mounted onto glass slides and imaged using an EVOS M5000
microscope and imaging system. Scale bars were made with the line measurement tool
function. Data is representative of three biological replicateess otherwise noted

ImageJ Analysis of Hyphal Growth:

All replicates of samples were imported into Imadewges were converted to
grayscale and image, adjust, threshold was depluoyewlate cellsSelect Plugins,
Cell Counter to start counting cells. All cells were counted for a total nufitren.
the number of budding cells only was counted. To change the type of cell being
counted, click button at the bottom. Type 1 = white, type 2 = green, and Geltm.
weredistinguished between budding and hyphal if the length of the tail budding off
the head was longer than the diameter of the head of the mothafozetian switch
back and forth between types at any time, the tally will keep tvablen finished
counting, click the Results button. You will get a total for each cell type plus a grand
total of all clicks at the bottom of the Results window. The results log can be copied
and pasted and/or saved as .xIs Excel spreadstesilts were then imported into
GraphPadPrism7 and displayed imar graph format with standard erams shown in

the figure below:
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Figure 2.14. Percentage hyphal growtldata. Results are indicative of 3 biological
replicates with 3 technical replicates for each. Data was graphed in
GraphPad Prism 7. (A) corresponds to data from Table 2.1. (B)
corresponds to data from Table 2.2. (C) corresponds to data from Table
2.3. (D) corresponds to data from Table Edors bars shown are
standard error.

Realtime guantitative RIPCR (QRFPCR):

All experiments were performed with proper PPE (googles, lab coat and
surgical mask). RNase AWAY was used each time to decontaminate surfaces, as well

as instruments for RNA isolation, cDNA synthesis, and ¢FR.
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C. albicansGrowth and RetrievalC. albicanswere grown in 10 mLs of
Synthetic Complete medium with 2% dextrose overnight at 3DR€.next day, 5
mLs of culture was pelleted at 3500 rpm for 5 minutes. Cells were washed (3500 rpm
for 5 minutes) with InL of 1x sterile PBSThe pellet was resuspendiedresh
synthetic complete medium with dextrose until ansé3khof about 1 was reachelth
microcentrifuge tubes, L of culture was pipetted for WT samples. Treated samples
consisted of 900 pL of culture and 100 pL of the compoundy{(lDstock, final
concentration of InM). Tubes were placed in a 37°C incubator, shaking at 200 rpm.
After 4 hourssamples were collecteahd pelleted at 10,000 rpm for frfinutes.
Media was aspirated and pellets were stored@&iC.-

RNA Isolation: Total RNA fronC. albicanscultures was isolated using
YeaStar RNA kit (Zymo Research) following the Zymmtocol (Part 1 and Part 2)
using DNase and RNase free water. RNAwas elutednB0 of DNase/ RNase
waterinsteadof66 L as directed in part 2 of the RN
concentrations were determined using a nanodrop (Denovix).

cDNA Synthesis: cDNA synthesis was performed using an iScript Reverse
Transcription Kit (BieRad). RNA was normalized prior to cDNA synthesigonvert
leg of RNA to cDNA. Final concentrations o
260/280 and 260/230 ratio, using a nanodrop (Denovix).

gRT-PCR and Primers: Retime PCR was performed in a 96 well plate
(MicroAmp Optical 96Well Reaction Plate, Applied Biosystems) using a-Bexd
CFX96 Optix Module RTPCR with SsoAdvanced Universal SYBR green Supermix
(Bio-Rad).
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PCR was performed with a reaction volur
of forwardandreversegorimer (100n M) e ac h, 1 ¢L of c¢cDNA (1:1
SYBR Green (BieRa d ) , and 2 ¢ lreewdter. Rdtmasareplevdsa s e
repeated in triplicatan the platdor the PCR as technical replicates. The thermal cycle
was programmed for stage 1: 2 minutes a€98tage 2: 40 cycles of 15 seconds at
95 C,30 seconds at 8D.and 30 seconds at @-stage 3 (melt curve): 5 seconds at
55 C increasing to 9% at 0.5C increments.
Relative gene expression was determined utilizing thef{Ct ) met hod.
Each compound treatmemeasurement in cells was normalized to the expression of
the housekeeping gene ACTdctin)
All primers were obtained from Eurofins Genomics LLC. A stock
concentration of 1006M was made foeach primer in RNase and DNase free water
and stored ai80 C./~rom the 100@M stocks, 100nMaliquots were made and stored

at-20 C for short term use.
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Chapter 3
PROMISCUITY STUDY OF GIcNAc SCAVENGING ENZYMES AND CHITIN
BIOSYNTHESIS OF CANDIDA ALBICANS
This chapter was adapted fromtwo publications that resulted from this
work. Further permission related to the material excerpted should be directed to

the designated journal. Reprint (adapted) with permission from:

*Liu M, * Williams C, Hyland SN, Vasconcelos MP, Carnahan BR, Putnik
RA, Ratna S, Grimes CL. 2024. Evaluation and Comparison of Candida albicans vs
Mammalian 60-Phosphekinases: Substrate Specificity and Applications.

Biochemistry 2025 64 (1), 281. doi: 10.1021/acs.biochem.4c00525

Williams C, Carnahan BR, Blanda C, StathoulopoW{o&rimes CL.
Efficient Labeling of Pathogenic Fungal Chitin with Bioorthogonal Probes. Methods

in Enzymology. [n Preparatior)

Bella Carnahan {&year graduate student) led the synthesis of the NAG probes
utilized in this chapter. Her caittutions are outlined ithe originalBiochemistry
publicationlisted aboveMin Liu (5" year graduate student) led the synthesis of
various PG monoand disaccharides utilized in this chaptéer contributions are

outlined in her forthcoming doctoral thesis.

77



3.1 Introduction

In mammalian complexes, the innate immune system allog&secognition of
pathogerassociated molecular pattei@AMPS), such apeptidoglycan (B)
fragments, by patterrecognitionreceptors (PRRs), including cytosolic N&ike
receptor{NLRs)!, mediating the downstream immune respoRszently, Hornung
and ceworkers have shown that humiracetylglucosamine kinase (NagK) directly
phosphorylates th€6 hydroxyl of the sugar moiety muramyl dipeptideNIDP) and
this modification isequired for NOD2 activaticnAs phosphorylation of the PG
fragment, MDP, is essential innate immune sensifgve hypothesizethat the
pathogenic fungusZandida albicangC. albicang, could also phosphorylate PG
fragmentsit hasbeen established that a signal integrator fopttbogenic
morphological transition i€. albicanss the binding of fragments such as MDP to
the LRR regiorof Cyrip” % Like the mammalian syster@, albicanscontains ar\-
acetylglucosamine kinase (Hxk1), an essential enzyme foswsilval Fig. 3.1)°.
Hxk1 phosphorylates the C6 hydroggsition of GIcNAc, enabling the activation of
either: (1)GIcNAc catabolic genes,AC1 and MGL1 catalyzing catabolisteps to
provide sources of carbon and nitrogen to the cell oG({@NAc anabolic processes to

build chitin orN-glycan synthesi¢Fig. 3.1)> 6.
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Figure 3.1. UDP-GIcNACc synthesis pathways in mammalian and fungal systems.
NagK and Hxk1 phosphorylate GIcNAc to ultimately form UDP
GIcNAc, which then influences multipldownstreanbiochemical
processes.

Thus, we proposeithatC. albicansHxk1l may also use phosphorylation as a
mechanism to control P&ensing in the pathogenic hyphae switch, through the
phosphorylation of MurNAc derivatives. This is supportedthi@crystal structure of
NagK in complex with GIcNAc, as thel8/droxyl group on GIcNAc is exposed to
bulk solvent. To testthe substrate specificityf Hxk1, a library ofimmunologically
based P@ased fragments that were previously prepared in our laboratories was

)8—19

screenedKig. 3.2 and utilized in conjugation with enzymatic activity assays
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Figure 3.2. Substrate library used to assess enzyme promiscuitll substrates
were prepared ithe Grimes Lataccording to literature precedent

Overall,in vitro enzymatic activity screens allow for a precise method to

dissect how small molecules interact with specific enzymes or pathways before

introducing them to the complexity of a whole cell system. When well desioned,

vitro systems can be predictiveiafvivobehavior A screen that mimics key aspects

of the yeast intracellular environment (redox state, metal ion availability) can inform

whether a probe will be accepted under cellular conditions. The protocol below

utilizes the native machinery of the pathogenic y€astlbicansto allow for

assessment of ability for prospective-oithogonal probes to be incorporated into the

synthesis of UDFGICNAC, the major precursor for chitin ahbglycans in yeasBy

screening probes with an vitro method first, noffunctional candidates can be

filtered out before further testing in cells.
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3.2 Evaluation of Hxk1 Substrate Specificity

Hxk1 from C. albicanswas expressed iBscherichia col(E. coli), purified
(Fig. 3.3) and then subjected to anvitro mass spectrometry substrate scr@geg.
3.4). Following previous reporfs Hxk1 accepts GIcNAc as a natural subst(ftg.
3.2 and Table&.1). Other GIcNAc based substrates sucl2-AzNAG (2) and 2
AIKNAG (3) were phosphorylated by HxKEig. 3.2 and Table.1). These probes
have previously shown teave utility in nonpathogeni8accharomyces cerevisiae
modelsystem® and have recently been shown to be accegedncorporateihto the
chitin of various pathogeniCandidaspecie{N.B.: Incorporation of NAG probes

fungal systemwill be further discussed in Chapte)*4

lane

123456 7 8
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75

50
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Figure 3.3. Purification of Hxk1 from C. albicansrecombinantly expressed in
E.coli. Expected molecular weight &1.8 kDa.Coomassietained gel of
purified Hxk1 run on a 10% TGX polyacrylamide gel. Lane samiples
lysate, 2: supernatant, 3: pellet, 4: flowthrough, 5: elution 1, 6: elution 2,
7: elution 3, 8: elution ZExpression and purificatioweredone in
biological triplicates.
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Figure 3.4. Small scale kinase substrate screen scheriue Hxk1 . Reaction was

carried out at 37°C for 1 houfresh enzyme aliquots were ugedeach
replicate.The buffer used was0 mM bisTris propane buffer (pH = 7.9)

Table 3.1. High resolution mass spectrometry results of Hxk1 activityEnzymatic

reactions were run in biologictiplicates,and the samples were

subjectedo highresolution LCMS, ESI negative mode a QExactive
Orbitrap Theoretical product mass was calculated using enviPAT isotope
pattern calculator. Mass accuracy was determined using the University of
Warwick Mass Error CalculatoGlcNAc (1) was used as a positive

control.

Substrate Theoretical Experimental Mass Accuracy
Product m/z [M- Product m/z [M- (ppm)
HI- H]-

(2) 300.0490 300.0484 -1.9996
(2) 341.0504 341.0506 0.5864
(3 338.0646 338.0652 1.7748
(4) 372.0696 Not observed Not observed
(5) 571.1653 Not observed Not observed
(6) 258.(884 Not observed Not observed
(7 330.0596 Not observed Not observed
(8) 413.0710 Not observed Not observed
(9 410.0852 Not observed Not observed
(10) 413.0715 Not observed Not observed
(12) 587.1607 Not observed Not observed
(12) 529.1552 Not observed Not observed
(13) 699.2608 Not observed Not observed
(14) 743.2501 Not observed Not observed
(15) 646.1939 Not observed Not observed
(16) 774.2446 Not observed Not observed




However, MurNAc 4) and MDP §) were not accepted by the fungal kinase
(Fig. 3.2 and Table.1), indicating that Hxk1 does not accept steric bulk at the 3
position of GIcNAc. In addition, no oth&turNAc containing fragment&/-16) tested
were identified to be phosphorylated (F82 and Table3.1). Moreover, biologically,
phosphorylation of MurNAc is not necessary to induce pathogenic hgphath.
Thus, the PG fragments that bind to the LRR of Cyeiql subsequently induce a

cellular hyphal response @. albicans are likely not phosphorylated.

3.3 Hxk1 Kinetic Activity of NAG Analogs
In order to characterize the kinetic profileHxkl, theclassic ATRcoupled
assay that couples ADP productionNADH reduction by employing pyruvate kinase
and lactic acidlehydrogenase was usétg 3.5)?22% The Kn andkcat for Hxk1 with
its natural substrate, GIcNAc, were determineded@7.8s M and " Thble5 2 s
3.2, Fig. 3.6 at 25 °C (please note initialibstrate screening showed no activity
difference between 2&8nd 37 °C (data not shown)). For substra2¢snd @) Hxk1l
hadknval ues of 112. 40 ¢ifoasachofthete sQbdtratesM, b ut t
was an order of magnitude lower than thaG&fNAc (Table3.2), indicating that
Hxk1 cannot turnover thesmnatural substrates as quickly as unmodified GIcNAc. As
aresult, Hxk106s Qanddl)wasaseldadflebsithrantanot y of (
GIcNAc (Table3.2). While the catalytic efficiencfor Hxk1 phosphorylatinglf 3)
may appear low compareddéot andar d fAperfect enzymeodo par a

isesti mated that the fAaver aDl@MéBez Pmed has a
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Figure 3.5. ATP-coupled assay schem&his assagontains three enzymatic
transformations: the first step was a reaction involving kinase of interest
that led to the production of ADP, which was consumed directly by
pyruvate kinase (PK) to transform phosphoenolpyruvate (PEP) into
pyruvate. Pyruvate was then converted into lactate by lactic acid
dehydrogenase (LDH) with the help of NADH.

Table 3.2. Kinetic Characterization of Hxk1 with NAG probes, standard error
shown.Experiments were run itechnical triplicatesKinetic parameters
were calculated by fitting the experimental data into the Michaelis
Menten equation using GraphPad Pr#nkcatand Kn values were
calculated by fitting experimental data to the Lineweaver Burk equation.

Substrate Kcat (sect) Km (M) kea/Km (M-1sect)

GIcNAc 11.52 £ 0.790 (7.70 + 0.080) x18 (1.49 + 0.087) x1D
2-AzNAG 7.21 £0.910 (1.12 + 0.059) x198 (6.41 + 0.530) x1b
2-AIKNAG 3.66 £0.137 (7.40 + 0.030) x198 (4.91 + 0.160) x1b
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Figure 3.6. Hxk1 kinetic plots for substrates 1, 2, and 3Kinetic parameters were
calculated by fitting the experimental data into the Michaelis Menten
equation using GraphPad Prisfrkcatand Knq values were calculated by
fitting experimental data to the Lineweaver Burk equation. Standard error
was calculated based on 3 technical replicates of each sample

concentration.
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3.4 Activity Assessment of Downstream Chitin Scavenging Enzymes
Following activity studies of Hxk1, characterizationtbefurther downstream
enzymes, Agm1 and Uaflin the chitin biosynthetic pathway was carried?dti
Agml and Uapl fronC. albicanswere each expressedkn coli, purified, Fig. 3.7,
3.8) and then subjected tana@ass spectrometry substrate scr@ag. 3.9) with the
GIcNACc based substratesA”ZNAG (2) and 2AIKNAG (3). Results indicatéhe
formation of thefinal product UDPGIcNAc-Azide, but UDRGIcNAc-Alkyne product
formation could not be observed in the same reaction cond{fiat$e3.3). The
intermediate hosphealkyne-GIcNAc could still be detected in the sample by high
resolution mass spectrometBased on the differences in turnover of #zele and
alkyneGIcNAc substratesvith Hxk1, it is theorized thd DP-GIcNAc-Alkyne
reaction should be allowed to proceed beyond the sta@@ardnuteperiodto test for
UDP-GIcNAc-Alkyne formation.Follow up studies can be conducted to test this

hypothesis.
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Figure 3.7.Purification of Agm1 from C. albicansrecombinantly expressed irE.
coli. Expected molecular weight ).4kDa. Coomassistained gel of
purified Agm1run on a 10% TGX polyacrylamide gép) Lane samples
T 1: lysate, 2: supernatant, 3: pellet, 4: flowthrough, 5: elution 1, 6:
elution 2, 7: elution 3, 8: elution B) Purified protein after
concentration. Lane samplieq.: purified protein, 2: flowthrough.
Expression and purificatiomeredone in biological triplicates.
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Figure 3.8. Purification of Uapl from C. albicansrecombinantly expressed irE.
coli. Expected molecular weight 81.6kDa. Coomassistained gel of

purified Uapl run on a 10% TGX polyacrylamide gel. (A) Lane samples
T 1: supernatang: pellet,3: flowthrough,4: elution 1,5: elution 2,6:

elution 3,7: elution 4. (B) Purified protein after concentration. Lane

sampleg 1: flowthrough 2: purified protein Expression and purification
were done in biological triplicates.
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Figure 3.9. General reaction scheme for assessment of BE5ICNAc formation
using the native proteins for UDRGICNAc synthesis inC. albicans
All reactions were carried out at 37°C in a shaking incubator (200 rpm).
The Hxk1 reaction was run for 1 hour and the Agm1/Uapl reaction was
run for 30 minutesAliquots of final sample were quenched in methanol
and transferred to an MS vit proceed forward with MS analysis.

Table 3.3. High resolution mass spectrometry results o) DP-GIcNAc formation.
Enzymatic reactions were run in biologitaplicates,andthe samples
were subjectetb highresolution LCMS, ESI negative mode a Q
Exactive OrbitrapTheoretical product mass was calculated using
enviPAT isotope pattern calculator. Mass accuracy was determined using
the University of Warwick Mass Error Calculat@lcNAc was used as a
positive control.

Product Theoretical Experimental Mass Accuracy
Product m/z [M- Product m/z [M- (ppm)
H]- H]-
UDP GIcNAc 606.0743 606.0778 5.7748
UDP GIcNAc Azide 647.0757 647.0770 2.0090
UDP GIcNAc 644.0899 Not observed Not observed
Alkyne

3.5 Discussion

Thesubstratescreen protocol described here is ideal for probe acceptance
studies as it provides a fast, controlled, and informative way to determine how well
enzymes interact with and modifyo-orthogonalprobes. Adio-orthogonalprobes
can be essential for developing effective biochemical tools or drug candidates,

identification of how structural modification to small molecules or probes affect
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enzyme recognition, turnover, or binding, are necessary in aiding the beginning of
probe design. These reactions can also be tailored to reveal modifications and subtle
differences in probe reactivity. Identificationariy potentiabff-target reactivity can

be detected, leading to cost and time saving measures in the lahdbatspite
researchers being able to link the importance of cell wall remodeling in fungal
pathogens like€. albicansto their transition to hyphal growth, there are yet to be
methods to label the fundamental building blocks of this structure in a fixed or live
cell context. Expanding the use of thesibstratescreensill enable researchers to
quickly assessmall molecules before moving on to examine their effects in a broader
biological context.

Biochemically, the substrate profiles of two seemingly sinkilaases were
desired, as these data inform on both the biologic@bity/relevance and guide the
application of these enzymddere we found that thieingal kinase Hxk1 is not as
promiscuous as theuman NagK. This suggests that in mammalian systsiagK
serves as a gatekeeper in innate immune recognitiodi@@?2, but Hxk1 is not
needed in pathogenic fungal systemsdnse PG fragments via Cyrlp to initiate
pathogenesis in theost. The results here suggest various applications for Hxk1 and
NagK. While Hxk1 appears to be more specific with whadistrates it accepts, the
kinetic parameters showed higfficiency toward NAG probes and have biological
applicationgn labeling pathogenic ye&stThe detailed biochemicatvestigations
provide a roadmap of how to use these essdatiates to dissect fundamental

biology.

3.6 Experimental Methods and Materials

Hxk1 Cloning
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Primers usedbr Hxk1l PCR amplificatiorwere:

5 -0GGGCCCCTGGGATCCATGACTGAGACTAGCATTAGR

5 OTCGACCCGGGAATTCCTACTTATGATAGGCAGCACE3 6

Primers used for pGEX backbone PCR amplification were:

5- GAATTCCCGGGTCGACTCGAGCGE 6

5 -0GGATCCCAGGGGCCCCTGGAAR 6

Vector backbone andxi1with 15 bp overhang were assembled in 1: 2 molar
ratios using NEBuilder HiFi master mix (NEB, NEBuilder Hifi DNA Assembly
Cloning Kit, E2621S). Solution of vector, insert and master mix were incubated at 50
°C for one hour and then 5 pL of the assembled construct was transformed into BL21
chemical competent cells. Plasmid was then verified by sequencing with Eurofins

Genomics.

Hxk1 Expression and Purification:

Expression and purification of Hxk1 has been adapted from previously
published protocdl A 10 mL overnight of BL21 cell culture was inoculated into 1 L
of fresh LB medium supplemented with 100mg* carbenicillin antibiotics and
incubated until Ohonmreached 0.6. The expression of Gafged Hxk1l was
induced with ImM isopropyt1- thio-b-D-galactoside at 18°C for 16 hours. Induced
cells were harvested by centrifugation (8000 rpm, 30 minate$)C Pellets were
resuspended in 50 mL lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM PMSF, 1 mM
DTT, and 45 mg of lysozyme pH 7.4, containing two protease inhibitor cocktail
tablets from Sigma&ldrich). Cells were sonicated and Tritdhsolution was added to

a final concentration of 1%. To separate cell debris out, cells were centrifuged at
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17000 rpm for 30 minutes and supernatant was loaded onto a protein purification
column with Glutathione Sepharose 4 Fastflow beads (GE Healthcare) and incubated
at 4°C for 2 hours. The flow through was released and the column was washed four
times with 15mLs GST wash buffer (500 mM NaCl, 50 mM TrisydM DTT, and 1

mM EDTA pH 7.4). After the washes 10 mbf GST elution buffer (150 mM NacCl,

50 mM Tris, ImM DTT, and 1 mM EDTA pH 7.4) was added with 600 pL

PreScission Protease. The column was incubated at 4°C overnight and purified protein
was collected. For lontgerm storage aB0°C, glycerol was added into the protein

solution(final concentration of glycerol was 20%)

Agml Expression and Purification:

A 10 mL overnight of BL21 cell culture was inoculated into 1 L of fresh LB
medium supplemented with 100 pg™ carbenicillin antibiotics and incubated until
ODsoonmreached 0.6. The expression of GafjgedAgml was induced with InM
isopropytl- thio-b-D-galactoside at 18°C f@&O0 hours. Induced cells were harvested
by centrifugation (8000 rpm, 30 minute)4°C Pellets were resuspended in 50 mL
lysis buffer (150 mM NacCl, 50 mM Tris, 1 mM PMSF, 1 mM DTT, and 45 mg of
lysozyme pH 7.4, containing two protease inhibitor cocktail tablets from Sigma
Aldrich). Cells were sonicated and Tritdhsolution was added to a final
concentration of 1%. To separate cell debris out, cells were centrifuged at 17000 rpm
for 30 minutes and supernatant was loaded onto a protein purification column with
Glutathione Sepharose 4 Fastflow beads (GE Healthcare) and incubated at¥4°C for
hour. The flow through was released and the column was washéunhfes with20

mLs GST wash buffer (500 mM NaCl, 50 mM TrisydM DTT, and ImM EDTA pH
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7.4). After the washes 10 mlof GST elution buffer (150 mM NaCl, 50 mM Tris, 1
mM DTT, and 1 mM EDTA pH 7.4) was added with 600 pL PreScission Protease.
The column was incubated at 4°C overnight and purified protein was collected. For
long-term storage aB0°C, glycerol was added into the protein solufiomal

concentration of glycerol was 20%)

Uapl Expression and Purification:

A 10 mL overnight of BL21 cell culture was inoculated into 1 L of fresh LB
medium supplemented with 100 pg™ carbenicillin antibiotics and incubated until
ODsoonmreached 0.6. The expression of GaigedUAP1 was induced with inM
isopropyt1- thio-b-D-galactoside at 18°C f&O0 hours. Induced cells were harvested
by centrifugation (8000 rpm, 30 minuted)4°C Pellets were resuspended in 50 mL
lysis buffer (150 mM NacCl, 50 mM Tris, 1 mM PMSF, 1 mM DTT, and 45 mg of
lysozyme pH 7.4, containing two protease inhibitor cocktail tablets from Sigma
Aldrich). Cells were sonicated and Tritdhsolution was added to a final
concentration of 1%. To separate cell debris out, cells were centrifuged at 17000 rpm
for 30 minutes and supernatant was loaded onto a protein purification column with
Glutathione Sepharose 4 Fastflow beads (GE Healthcare) and incubated at4°C for
hour. The flow through was released and the column was washbéuhfes with20
mLs GST wash buffer (500 mM NaCl, 50 mM TrispdM DTT, and ImM EDTA pH
7.4). After the washes 10 mbf GST elution buffer (150 mM NaCl, 50 mM Tris, 1
mM DTT, and 1 mM EDTA pH 7.4) was added with 600 pL PreScission Protease.

The column was incubated at 4°C overnight and purified protein was collected. For
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long-term storage aB0°C, glycerol was added into the protein solufiomal

concentration of glycerol was 20%)

In Vitro ChemicalReaction Conditions:

To 50 mM bisTris propane buffer (pH = 7.9), 1 mM efigarderivative, 1.2
mM ATP, and 0.5 mM MgCI2 were added to a slick tube. Reaction began with the
addition of 1 ug of purified Hxk1 enzyme per 100 uL reaction samples. Reactions
were carried out in 1.5mL slick tubes to ensure minimal protein binding to the plastic.
Reactions were incubat@d shakeifor 1 hour at 37°C for all Hxk1 screens. Mass
spectrometry samples were prepared by removing16f the reaction mixture and
adding it into 9QuL MeOH to precipitate out the enzyme. The solution was
centrifuged at 12,000 rpm for 5 minutes. The supernatant was subjected-to high
resolution LCMS, ESI negative mode.

To assess UDBICNAc formation 1.2 mM UTP was added to the remaining
Hxk1 reaction sample solutiof g of purifiedAgm1 and lug of purifiedUapl
enzymewas added to reactiofhe reaction was incubaté@ushakerat 37°C for30
minutes.Mass spectrometry samples were prepared by removipg d®the reaction
mixture and adding it into 90L MeOH to precipitate out the enzyme. The solution
was centrifuged at 12,000 rpm for 5 minutes. The supernatant was subjected to high
resolution LCMS, ESI negative mode.

Analysis and statistics consideratiofi®deaction products were determined by
detecting specific mass shifts corresponding to the expected NAG analog probes.

Masses were also searched for on chromatograms for internal standards (NAG) and
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enzyme free controls to ensure that the masses were-pobdhycts of the standard
reaction or a blank reaction.

Troubleshooting and Optimization:

Table 3.4. Troubleshooting helpfor substrate-enzyme promiscuity screening.

Problem Solution
Cannot detect phosphorylation of GIcNAc ® Run a control experiment with
analog or probe using Hxk1. NAG in parallel to experimental

probes. You should see definitive
phosphorylation of NAG after a 1-
hour incubation. If phosphorylation
of NAG doesn’t occur, there could
be issues with the enzyme.

e If Hxk1 is phosphorylating control
sugars, a time screen for new
substrates may be necessary, as
the kinetics of phosphorylation
may be slower for the any non-
native substrate.

Hxk1 enzyme is not phosphorylating e Use a fresh aliquot of protein.

experimental or control substrates. Multiple freeze/thaw periods can

affect enzymatic activity or cause
loss of activity over time.

Mass of product is visible but below the limit of e Higher concentration of product

detection. can be loaded onto instrument if it
is not above the allowed set
maximum concentration.

e Users can attempt to change the
mass spectrometry method from
negative to positive.

ATP-Coupled Assay:

The kinetic studies for Hxk1 were performed with an AddRipled assay.
Kinetic activity can be quantified by measuring the disappearance of the NADH level
in each reaction. Each reaction was made to a final volume of 100 pL, which

contained 50nM potassium phosphate buffer (pH = 7.5m& MgCl2, 1.0 mM PEP,
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0.2 mM NADH, 4 U PK, and 3 U of LDH. In this assay, ATP was saturated at 2.5
mM, and the concentration of sugar substrates ranged from Q2% 2.5mM. The
reaction began with the addition ofufy of Hxk1 at 28C or 37C andrecorded fo2.5
minutes. The absorbance was measured every 5 secondsnah 34hg a
spectrophotometer (Eppend®®36). The linear region of the absorbance curve was
determined to perform kinetic calculations. Collected data was processed and
displayed to thdichaelis Menten andineweavesBurk equatios using GraphPad

Prism 7.

96



REFERENCES

Chen, G. Y.; Nunez, G., Sterile inflammation: sensing and reacting to damage.
Nat Rev Immund010,10(12), 82637.

Stafford, C. A.; Gassauer, A. M.; de Oliveira Mann, C. C.; Tanzer, M. C.;
Fessler, E.; Wefers, B.; Nagl, D.; Kuut, G.; Sulek, K.; Vasilopoulou, C.;
Schwojer, S. J.; Wiest, A.; Pfautsch, M. K.; Wurst, W.; Yabal, M.; Frohlich,
T.; Mann, M.; Gisch, N.; Jae, L. T.; Hornung, V., Phosphorylation of
muramyl peptides by NAGK is required for NOD2 activatibiature2022,
609(7927), 596596.

Xu, X. L.; Lee, R. T.; Fang, H. M.; Wang, Y. M.; Li, R.; Zou, H.; Zhu, Y.;
Wang, Y., Bacterial peptidoglycan triggers Candida albicans hyphal growth by
directly activating the adenylyl cyclase CyrQell Host Microbe2008,4 (1),

28-39.

Linder, J. U.; Schultz, J. E., The class Il adenylyl cyclases: fputppose
signalling modulesCell Signal2003,15(12), 10819.

YamadaOkabe, T.; Sakamori, Y.; Mio, T.; Yamatkabe, H., Identification
and characterization of the genes feabktylglucosamine kinase and N
acetylglucosaming@hosphate deacetylase in the pathogenic fungus Candida
albicansEur J Biochen2001,268 (8), 2498505.

Wendland, J.; Schaub, Y.; Walther, A-ddetylglucosamine utilization by
Saccharomyces cerevisiae based on expression of Candida albicans NAG
genesAppl Environ Microbiol2009,75 (18), 58405.

Weihofen, W. A.; Berger, M.; Chen, H.; Saenger, W.; Hinderlich, S.,
Structures of humancetylglucosamine kinase in two complexes with N
Acetylglucosamine and with ADP/glucose: insights into substrate specificity
and regulationd Mol Biol 2006,364(3), 38899.

Ellouz, F.; Adam, A.; Ciorbaru, R.; Lederer, E., Minimal structural

requirements for adjuvant activity of bacterial peptidoglycan derivatives.
Biochem Biophys Res Comnil8v4,59 (4), 131725.

97



10.

11.

12.

13.

14.

15.

16.

17.

Burch, J. M.; Mashayekh, S.; Wykoff, D. D.; Grimes, C. L., Bacterial
Derived Carbohydrates Bind Cyrl and Trigger Hyphal Growth in Candida
albicansACS Infect Di2018,4 (1), 5358.

Bersch, K. L.; DeMeester, K. E.; Zagani, R.; Chen, S.; Wodzanowski, K. A.;
Liu, S.; Mashayekh, S.; Reinecker, H. C.; Grimes, C. L., Bacterial
Peptidoglycan Fragments Differentially Regulate Innate Immune Signaling.
ACS Cent S@021,7 (4), 688696.

Melnyk, J. E.; Mohanan, V.; Schaefer, A. K.; Hou, C. W.; Grimes, C. L.,
Peptidoglycan Modifications Tune the Stability and Function of the Innate
Immune Receptor Nodd.Am Chem Sa2015,137(22), 698790.

DeMeester, K. E.; Liang, H.; Jensen, M. R.; Jones, Z. S.; D'Ambrosio, E. A,;
Scinto, S. L.; Zhou, J.; Grimes, C. L., Synthesis of Functionalizéd éty!
Muramic Acids To Probe Bacterial Cell Wall Recycling and Biosynthésis.

Am Chem S02018,140(30), 94589465.

Lazor, K. M.; Zhou, J.; DeMeester, K. E.; D'Ambrosio, E. A.; Grimes, C. L.,
Synthesis and Application of Methyl NsBydroxylamine Muramyl Peptides.
Chembiocher2019,20 (11), 13691375.

Brown, A. R.; Wodzanowski, K. A.; Santiago, C. C.; Hyland, S. N.;
Follmar, J. L.; Asar®kai, P.; Grimes, C. L., ProtectedAtetyl Muramic
Acid Probes Improve Bacterial Peptidoglycan Incorporation via Metabolic
Labeling.ACS Chem Bia2021,16 (10), 19081916.

Girardin, S. E.; Boneca, I. G.; Carneiro, L. A.; Antignac, A.; Jehanno, M.;
Viala, J.; Tedin, K.; Taha, M. K.; Labigne, A.; Zahringer, U.; Coyle, A. J.;
DiStefano, P. S.; Bertin, J.; Sansonetti, P. J.; Philpott, D. J., Nod1 detects a
unique muropeptide from gramegative bacterial peptidoglycadcience
2003,300(5625), 15847.

Girardin, S. E.; Boneca, I. G.; Viala, J.; Chamaillard, M.; Labigne, A.;
Thomas, G.; Philpott, D. J.; Sansonetti, P. J., Nod2 is a general sensor of
peptidoglycan through muramyl dipeptide (MDP) detectibBiol Chen2003,
278(11), 886972.

Inamura, S.; Fujimoto, Y.; Kawasaki, A.; Shiokawa, Z.; Woelk, E.; Heine,
H.; Lindner, B.; Inohara, N.; Kusumoto, S.; Fukase, K., Synthesis of
peptidoglycan fragments and evaluation of their biological acti@tyg.

Biomol Chen2006,4 (2), 23242.

98



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Wang, N.; Huang, C. Y.; Hasegawa, M.; Inohara, N.; Fujimoto, Y.; Fukase,
K., Glycan sequenegependent Nod2 activation investigated by using a
chemically synthesized bacterial peptidoglycan fragment library.
Chembiocher2013,14 (4), 4828.

McNees, A. L.; Markesich, D.; Zayyani, N. R.; Graham, D. Y.,
Mycobacterium paratuberculosis as a cause of Crohn's digequst Rev
Gastroenterol Hepata@2015,9 (12), 152334.

Breidenbach, M. A.; Gallagher, J. E.; King, D. S.; Smart, B. P.; Wu, P.;
Bertozzi, C. R., Targeted metabolic labeling of yeagfiytans with unnatural
sugarsProc Natl Acad Sci U S 2010,107(9), 398893.

Williams, C.; Carnahan, B. R.; Hyland, S. N.; DeMeester, K. E.; Grimes, C.
L., Bio-orthogonal Labeling of Chitin in Native Pathogenic Candida Species
via the Chitin Scavenge PathwayAm Chem Sa2025,147(7), 56325641.

Daub, E.; Zawadzke, L. E.; Botstein, D.; Walsh, C. T., Isolation, cloning, and
sequencing of the Salmonella typhimurium ddIA gene with purification and
characterization of its product,-&8lanine:Dalanine ligase (ADP forming).
Biochemistry1 988,27 (10), 37018.

Bugg, T. D.; DutkaMalen, S.; Arthur, M.; Courvalin, P.; Walsh, C. T.,
Identification of vancomycin resistance protein VanA asadhine:Dalanine
ligase of altered substrate specificiBjochemistry1991,30(8), 201721.

Reith, J.; Berking, A.; Mayer, C., Characterization of aadétylmuramic
acid/N-acetylglucosamine kinase of Clostridium acetobutylicidacteriol
2011,193(19), 538692.

Bar-Even, A.; Milo, R.; Noor, E.; Tawfik, D. S., The Moderately Efficient
Enzyme: Futile Encounters and Enzyme FloppinBgxhemistry2015,54
(32), 496977.

Mio, T.; YamadaOkabe, T.; Arisawa, M.; Yamadakabe, H., Functional
cloning and mutational analysis of the human cDNA for
phosphoacetylglucosamine mutase: identification of the amino acid residues
essential for the catalysiBiochim Biophys Acta000,1492(2-3), 36976.

Nishitani, Y.; Maruyama, D.; Nonaka, T.; Kita, A.; Fukami, T. A.; Mio, T.;
YamadaOkabe, H.; Yamad®kabe, T.; Miki, K., Purification, crystallization
and preliminary Xray diffraction studies of Nicetylglucosaming@hosphate
mutase from Candida albicascta Crystallogr Sect F Struct Biol Cryst
Commur006,62 (Pt 4), 41921.

99



28.

29.

Maruyama, D.; Nishitani, Y.; Nonaka, T.; Kita, A.; Fukami, T. A.; Mio, T.;
YamadaOkabe, H.; Yamad®kabe, T.; Miki, K., Purification, crystallization
and preliminary Xray diffraction studies of UDI-acetylglucosamine
pyrophosphorylase from Candida albicafssta Crystallogr Sect F Struct Biol
Cryst Commur2006,62 (Pt 12), 12068.

Mio, T.; Yabe, T.; Arisawa, M.; Yamadakabe, H., The eukaryotic UDR-
acetylglucosamine pyrophosphorylases. Gene cloning, protein expression, and
catalytic mechanisml Biol Chenil998,273(23), 143927.

10C



Chapter 4
FUNGAL CELL WALL REMODELING AND LABELING VIA GIcNAc
SCAVENGING PATHWAY
This chapter was adapted fromtwo publications that resulted from this
work. Further permission related to the material excerpted should be directed to

the designated journal. Reprint (adapted) with permission from:

Williams C, Carnahan BR, Hyland SN, DeMeester KE, Grimes CL- Bio
orthogonal Labeling of Chitin in Native Pathogenic Candida Species via the Chitin

Scavenge Pathway. J Am Chem Soc. 2025 Feb 9. doi: 10.1021/jacs.4c11554

Williams C, Carnahan BR, Blanda C, StathoulopoW{o&rimes CL.
Efficient Labeling of Pathogenic Fungal Chitin with Bioorthogonal Probes. Methods

in Enzymology. [n Preparatior)

Bella Carnahan {&year graduate student) led the synthesis of the NAG probes
utilized in this chapter. Her contributions are outlined in the origiA@Spublication

listed above.

4.1 Introduction
Chitin is the second most abundant polysaccharide in nafierecellulose and
serves as a vital biopolymer used by forméfefranging from pathogenic fungi to

crustaceans to inseét$nf ungi , chitin is complgdled of
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acetyltglucosamine (GIcNAc/NAG)inked sugars that foldnto each other to form
antiparallel chairfs®. This polymer iessential for plasticity of the fungal cell wall
and provides cellwith protection from external stresstr addition, this
biopolymer, absent from mammalian cells, serves as a gateninomodulator, most
likely by activating the innatenmune system by engaging with Ttike receptors
andother inflammasomeég,

In the pathogenic fungtandidaalbicans(C. albicang, chitin is
biosynthesized de novo from glucose via a conserved Ipataway(Fig. 4.1)% °.
However, it can also be synthesizeddoavenging exogenous GIcNAc and converting
it to 6-phospheGIcNAc via the enzyme Hexokinade(Hxk1f 1° presumably
marking the carbohydrate for downstream use in the dhibisynthesis pathway. The
phosphoacetylglucosamine muta&gml, repositions the phosphate group to the
anomeric thydroxy positiof* and then Uap1, a UDR-acetylglucosamine
pyrophosphorylase, converts this molecule to uridipbosphate (UDRBICNAC!.
This nucleotide sugar can thiea polymerized by a series of chitin synth&sésC.
albicanscontains four chitin synthases (Chsl, Chs3, Chs2, and @ta8york in
concert to deposit chitin at growth sites in tieti'>. A complementary set of enzymes
- chitin degraders ochitinases are capable of breaking down the polymepéomit

rearrangement and cell growth'
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alkaline pH, 37°C, GIcNAc, serum,
starvation, osmotic/oxidative stress
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Figure 4.1. Chitin biosynthesis inC. albicans Exogenous GIcNAc can be salvaged
by the cell and used as a precursor to chitin via the Gledpkcific
transporter Ngtl and the specific kinase Hxk1. The intermediate UDP
GIcNACc can either be shuttled to chitin or surface glycans

In order to study these essential biochemical processesnliaer of tools have
been developed. One of the mpspular methods for labeling chitin is the use of
commerciallyavailable, Calcofluor white (CfW), an ionic compound tt@brdinates
with the hydroxyl gr peumgssor visibiliteohthetpolymérs
using fixedcell, confocalmicroscopy; however, it has been reported that it inhibits

vitro chitin synthetase activity and the assembly of clutiains inNeurospora
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crassa®. In addition, its mechanism bfnding competes for hydrogen binding sites,
further inhibitingthe growth and assembly of chitin in organisms sudb.as
albicang®. For chitin degraders, methods of tracking rddimeled*“C substrates and
colorimetric incubation experimentsve been develop&d

Currently, there exists no robust mechanism that labelGlit¢Ac building
blocks involved in the building anémodeling of the fungal cell wall. Fungal cell
wall biosynthesis ands molecular components have been studiedpamtially
characterizegince the late 197858 Motivation to utilizethe
biosyntheti¢scavenging machinery to tag the fungal cell wadrivenby prior
successes in the field with in vivo labeliomacromoleculastructures and polymers
such as peptidoglyca?G):® 2°. Pioneering work conducted by Bertortiroduced
bio-orthogonal functionalities into eukaryotic glyc&hdn 2010, a metabolic
engineering strategy was developed to laheN-glycans on the surface of the cell
wall in thenonpathogenic, model organis®accharomyces cerevisiée.
cerevisia®??. Here, a highly engineered system waseloped thattilized: (1) a
dedicated kinase, NagK, from humans &2)da GIcCNAc transporter, froi. albicans
This genetically modifieds. cerevisiastrain was then supplemented wi@lcNAc
building blocks containing a biorthogonal azide alkyne handle and was capable of
being incorporated into tHangal cell wall. This engineered strategy had limitations
for studying chitin; the chitin labeling was restricted to bud seard the
aziddalkynesupplemented cells showed morphological discrepancies compared to the
GlcNAc fed culture$®. However, excelleni-glycanprotein labeling was achieved.
Here, we wished to develop a nonengineered metraidvouldtarget chitin

biosynthesis in native pathogenic yed8t reasonethat working directly with the
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human pathoger;. albicans whose cell wall contains more chitin th@n

cerevisiaé®, would give us an advantage. Moreover, this stuaitike S. cerevisiag
undergoes a morphological changeswatch into a pathogenic hyphal form, adding
utility to this method. We hypothesized that the GIcNAc probes wimddrporate

into C. albicansas its genome encodes for both:(1) a high efficiency GIcNAc
transporter (gtl) and (2) aledicated GIcNAc kinase (Hxk1frig. 4.1), which would
permit direct labeling chitin with a suite of modified GlcN&arbohydrates, including
minimal tetrazines, strained alkynesid fluorophore¥.

Biologically, C. albicanswvas chosen as a commensal furgyglanism, that
resides on human barrier surfaces such askimeas well as colonizes areas such as
the mouth, lungs, guand vagin&?’. During periods of dysbiosi§;. albicans
transitions into a pathogenic state indicated by disenetghological phases, such as
budding, pseudohyphal, ahgiphal form$®3°. During this morphological switclg.
albicansupregulates its production of chitin, whichnormaly t s at 271 3% dr vy
weight?, to sustain the increased conteeguired in elongated hyprtaé. This
morphological flexibilityis also a virulence determinant, as the switch from budding
to hyphae plays a key role in the infection process by allowergetration of the local
tissues and avoidance of phagocyistructior™ 34 In order to combat infection, the
humaninnate immune system uses a variety of pathogen recogreteptors to
sense certain fingerprints (pathoegssociatednolecular patternsPAMPSY in the
fungal cell wall- specificallyd et e c t i d,8glurdn artd the chifimoieties
found in the inner cell wali*>3’. However, recentlyif has been shown that
albicanshas adapted resistangechanisms to use mannan to physically mask

PAMPs such ashitin from the recepto?& As chitin is demonstrated to bssential to
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hyphal growth and sustained virulence, tieeelopment of methods to study the
molecular integratioand distribution of this polymer in the cell wall is paramount.

In this work, a strategy to embed fahogonal probes intchitin in native
pathogenic yeast strains is developed. Thaulsstantiated by the use of various
appropriate knockougtrains, microscopy, mass spectrometry, and flow cytometry
analysis to rigorously demonstrate incorporation. Importatiteypbudding to hyphae
switch that enableS. albicanspathogenesis is not disturbed by the probes. This
methodpresents a powerful tool for the community to studynieehanism of
fundamental chitin synthases/degraders adtesanimal kingdom, identify new anti
fungal regimes, andetermine new methods to study how chitirCofalbicans

regulates the human immune system.

4.2 Modified GIcNAc Fragments are Accepted into the Chitin Biosynthesis
Pathway via Hxk1

To label the chitirbackbone, a library of GIcCNAc derivatives that contains a
modification of the 2N position of the carbohydrate moietiere assembled
including: @) azide, ) alkyne, B) tetrazine(4) nitrobenzoxadiazole (NBD), an8)(
peracetylated azid@ig. 4.2). The first three include standard cliclodalitieg?, with
(11 3) being demonstrated as handtapable of being incorporated into the PG layer
of thebacterial cell wall when positioned on the moledwacetylmuramic acid
(MurNAC) via the use of copparatalyzeda zi detT al kyne cycl oaddi ti
strainpromoted azidalkyne cycloaddition (SPAACY 3% 4% Probesl and2 were
previously used in the engineered mo8eterevisiasysteni? and we hypothesized
that the native transporter and enzymwesild accept this modification. Compou8d

contains theslightly larger tetrazine modality; the tetrazittanscyclo-octene ligation
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(Tz-TCO) is a rapid, noncytotoxic biorthogonal reaction to cells that has been
frequently used invisualization of a variety of biological procesSe®Recently, we
have shown that this minimalist tetrazine prob€l H iscapable of incorporation into
bacterial P&’ and hypothesizethat a similar labeling strategy could be applied to
yeast tarapidly label the chitin layer of the fungal cell wall. The NB@be 4,

initially developed by Vocadlo to label GlcNAwodified protein®, enables direct
fluorescent modificationdf he pol ymer negating the need
Finally, theperacetylated probg, is commercially available and was udente to
further determine the mechanism of uptake ofGeNAc probes and their
incorporation into chitin. Previousudies to assess glycosylation patterns in
mammalian systentzave shown that acetylated glycan probes diffuse through the
membrane and are then subsequently deprotected by celitdaases' 4 As this
deprotection is essential for the protegbedbe incorporation into surface glycans in
mammalian cellsye hypothesized th&. albicansmay also use cellular
esterases/deacetylases as a mechanism to incorpovdiitn compoundsdli 5in hand,
we next turned our attention to timeorporation of the probes via the GIcNAc

scavenge system mative, pathogenic fungi.
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Figure 4.2. Chemical structures of NAG probes used to bimrthogonally label C.
albicans (1) 2-AzNAG (2) 2-AIKNAG (3) 2-HTzNAG (4) 2-NBD NAG
(5) AcsAzNAG. AcsAzZNAG was purchased from Click Chemistry Tools
(acquired by Vector Laboratories)AZNAG, 2- AIKNAG, 2-HTzNAG,
and 2NBD NAG were synthesized in our lab as described above.

It is hypothesized that if exogenous GIcNAc is incorporatdtie cell wall,
the kinase Hxk1 fronC. albicanss essential fothis process. Initially characterized in
2001, Hxk1 has beeshown by thin layer chromatography to phosphorylate sugars
such as GIcNAc, glucose, and manrt8s€his substratpromiscuity differs from the
enzyme Hxk2, which showestricted substrate usage, capable of only
phosphorylatindiexose; Hxk2 found in bot@. albicansandS. cerevisiaés
responsible for phosphorylating glucose which can be fumicerporated into chitin
(Fig. 4.1)® ** 48 However, Hxk1 isxpressed only i€. albicans In order to assess
Hxk1 substratspecificity, the enzyme was expressed and purdrethssessed using
anin vitro biochemical mass spectrometfiemoenzymatic assélyig. 4.3A). In
agreement with previous repdftsthe data show that purified Hxk1 is capable of
acceptingGIcNAc and mannose, producing phosphorylated prodé&ogs4.3A and
Table4.1). In addition, the data show that tBécNAc-based probed( 4) are

accepted and phosphorylategl Hxk1 ig. 4.3A and Tablet.1). However, recent
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work fromour lab §hown in Chapter and reproduced here) showed that the enzyme
doesnot have activity with MurNAGFig. 4.3A, compound), the other carbohydrate
component of bacterial PG(Fig. 4.3A and Tablet.1) andprobe b), peracetylated

GIcNAc, was not assessed, as it doeshave a free hydroxy to phosphorylate.
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Figure 4.3. NAG probe incorporation into C. albicans (A) Chemoenzymatic screen
of Hxk1 activity. Reaction began with the addition of the 1 mM substrate
and 1 e€g of protein and was incubat e
subjected to highesolution LCMS. Substrates accepted by Hxk1 are
represented in green; substrates not accepted are represented in red. (B)
Confocal fluorescent images of CuAA@beled strain DIC185J.
albicansWT) with NAG probes. Cells were treated with 3 mM of
eitherl, 2,3, or5and reacted with 5 &M Al k488
TAMRA (red). Scale bars: 10 em. (C) I
values of fixedC. albicansWT cells when labeled with either2ZzZNAG
(1), 2AIKNAG (2), or NAG (6). Statistics were analyzed using GraphPad
Prism 7 via a 2vay ANOVA test. Error bars represent standard error of
the mean and **** indicates p< 0.0001.



Table 4.1. Characterization of chemoenzymatic analysis of NAG probes.

Detection of products was conducted via High Resolution Mass
Spectrometry. Expected mass of product, observed mass of product, and
mass accuracy (ppm) of sugars teskEtzymatic reactions were run in
biological triplicates, and the samples were subjetddghresolution
LCMS, ESI negative moden a QExactive OrbitrapTheoretical

product mass was calculated using enviPAT isotope pattern calculator.
Mass accuracy was determined using the University of Warwick Mass
Error CalculatorGIcNAc (6) was used as a positive control.

Substrate Theoretical Experimental Mass Accuracy
Product m/z [M- Product m/z [M- (ppm)
H]- H]"
GIcNAc 300.0490 300.0481 -2.9995
Mannose 259.0224 259.0229 1.9303
2-AzNAG 341.0504 341.0506 0.5864
2-AlkNAG 338.0646 338.0652 1.7748
2-HTz-NAG 394.0769 394.0774 1.2687
2-NBD-NAG 492.0773 492.0765 -1.6257
MurNAc 372.0701 Not observed Not observed

Rigorous studies from Konopka andworkers havereviously reported that
C. albicanscan grow on GIcNAc aa sole carbon souré® “° Here, growth
conditions in whichC. albicanswould not need toely onGIcNAc as a carbon source
were chosen, potentially permitting the cell to selectigélyttle the NAG probe to the
chitin polymer; therebyestricting the distribution of the probe into other metabolites
andN-glycans Fig. 4.1). Following a previously publishedUAAC-based protocef,
probes 1 and 2 were incubatedhe midlog phase for 2 durs analyzed by
fluorescent microscopgnd the data show the cell wall was robustly labeFegl (
4.3B, 4.4, 45). Qualitatively, more robust labeling wabserved with the azide probe
(1) than with the alkyne2)); however, this observation could be due to the alkyne
handlebeing reduced in the complex growth media. Recentlshweved tha(2) has

akeat lower than that of the natural substr@eNAc and probel()®, suggesting that
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in the cell, Hxk1 doegot turnover 2) for incorporation into the fungal cell wall tite
same rate as it doe¥)( To gain a more quantitatiappreciation for labeling
efficiency, flow cytometry was used stow that both probed)and @) are
incorporated into theell compared to the NAG and celhly control. However, the
data show that the azide proli¢ lgbeled a higher number oélls compared to that of

the alkyne probe?)) (Fig.4.3C, 4.6,4.7).
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Fluorescence

NAG

Figure 4.4. CUAAC labeling of 22AzNAG in C. albicans Merged (left) Brightfield
and Fluorescent (right) images of DIC185 cells treated witiivB2-
AzNAG or NAG for 2 hoursand clicked with 5 uM Alk488 (green)
(scale bars, 10 um). Images are representative of a minimum of three
fields viewed and the experiment was conducted in at least three
biological replicates.
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Fluorescence

NAG

Figure 4.5. CUAAC labeling of 22AIKNAG in C. albicans Merged (left) Brightfield
and Fluorescent (right) images of DIC185 cells treated witiivB2-
AIKNAG or NAG for 2 hoursand clicked with 5 uM Az488 (green)
(scale bars, 10 um). Images are representative of a minimum of three
fields viewed and the experiment was conducted in three biological
replicates.
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Figure 4.6. Flow cytometry population comparison of 2AzNAG labeling in C.

albicansWT. DIC185 cells only (A) or DIC185 cells remodeled with 3

mM NAG (B) or 2AzNAG (C) and then clicked with 5 uM Alk488.

Flow samples were processed using a BD FACS Aria Fusion Cell Sorter
using 50,000 cell counts. Data was processed in FCSExpress 7. The
gating method was created using 0.1% TRITC channel signal in the cells
only sample and then applied to the experimental samples. Data shown is
representative of three biological replicates from at least two technical

replicates.
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Figure 4.7. Flow cytometry population comparison of 2AIKNAG labeling in C.
albicansWT. DIC185 cells only (A) or DIC185 cells remodeled with 3
mM NAG (B) or 2AIKNAG (C) and then clicked with 5 uM Az488.
Flow samples were processed using a BD FACS Aria Fusion Cell Sorter
using 50,000 cell counts. Data was processed in FCSExpress 7. The
gating method was created using 0.1% TRITC channel signal in the cells
only sample and then applied to the experimental samples. Data shown is
representative of three biological replicates from at least two technical
replicates.
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To labelC. albicansin the absence of copper to preserebular fitness, we
utilized SPAAC?, permitting live celimaging of theC. albicanscell wall for the first
time. Incubatiorwith (1) showed excellent labeling of the cells compared to the
control Fig. 4.8), indicating that these biorthogonalprobes can be used in fungal
systems without the use cbpper. Alternatively, incubation with other probes that
would negate the use of copper, the tetrazine pr8per(the NBDprobe 4), did not
show clear labeling of the cells, despite pinebes being phosphorylated by Hxk1
(Fig. 4.3B). Wereasoned that this could be a result of the size or cheprmaérties
leading to the probes not being scavenged bgéheTo overcome this limitation,
mutagenesis studies of eitlibe transporter or subsequent syntheses could be
developedOf note, small scale chemoenzymatic studies with the tetrazine [@#obe (
indicated that after formation of thepghospheGIcNAc-tetrazine moiety via Hxk1,
further reactions with Agm1 and Uap1l resultass of substrate and no formation of
final product(Table4.2). Importantly, the acetylated prob®) did not label the cell
wall (Fig. 4.3B, 4.9), implying thatC. albicandacks celluladeacetylases that can
process and unmask this probe or thatspecific GICNAc transporter does not accept

this probe.
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Figure 4.8. SPAAC labeling of 2AzNAG in C. albicans Brightfield (left) and
Fluorescent (right) images of DIC185 cells treated with\ 2-AzNAG
or NAG for 2 hoursand clicked with 30 uM AZDy&88 DBCO (green)
(scale bars, 50 um). Images are representative of a minimum of three
fields viewed and the experiment was conducted in three biological
replicates.



4.2. High resolution mass spectrometry results of UDR5IcNAc-tetrazine
formation. Detection of products was conducted via High Resolution Mass
Spectrometry. Expected mass of product, observed mass of product, and mass
accuracy (ppm) of sugars tested. Enzymatic reactions were run in biological
triplicates, and the samples were subjected to-fegblution LCMS, ESI negative
mode on a €Exactive Orbitrap. Theoretical product mass was calculated using
enviPAT isotope pattern calculator. Mass accuracy was determined using the
University of Warwick Mass Error Calculator.

Product Theoretical Experimental Mass Accuracy
Product m/z [M- Product m/z [M- (ppm)
H]- H]-
UDP GIcNAc 606.0743 606.0778 5.7748
UDP GIcNAc 700.1022 Not observed Not observed
tetrazine

11¢



NAG AzZNAG

Ac,AzNAG

Merge

Fluorescence

Figure 4.9. CUAAC labeling of AaAzNAG in C. albicans Merged (top) Brightfield
and Fluorescent (bottom) images of DIC185 cells treated with 3mM
NAG, Ac4AzNAG, or NAGfor 2 hoursand clicked with 5 uM Alk488
(green) (scale bars, 10 um). Images are representative of a minimum of
three fields viewed and the experiment was conducted in three biological
replicates.

4.3 Validation of GIcNAc Probes into Chitin Biosynthesis Pathway
Incorporation of the probes into the chitin@falbicanswvasvalidated and
determined by using a variety of methods, first of which was higkresolution mass
spectroscopy (HRMSPRriefly, a mass spectrometry protocol was developed to
analyzechitin (Fig. 4.10A) Cells treated with either NAG or AzZNAQ)(werelysed,
and sugars, including chitin, were isolated. Chitiramektails were utilized to digest
chitin in both of the isolatesamples. Disaccharide and tes@ccharide subunits of

chitin containing azide handles were identified in the AzNAEt(eated samples



(Fig.4.10B, 4.11) and the same neazidecontaining fragments were found in the
digested contrasample Fig. 4.10C, 4.12), indicating that AzNAG isncorporated into
the chitin polymer. Interestingly, the patt@hprobe incorporation suggests that the
chitin is polymerizedising a disaccharide building block and/or the chitinases
produced only dior tetrasaccharide fragments as tinsaccharide was not observed
(Fig.4.10D). HRMS indicatedhat the probes are being directly funneled to UDP
GIcNAc for subsequent installation into chitin polymers. HowevetJB®-GICNAc is
also a precursor fa¥-glycan synthesis, arttie cells are not genetically engineered,
the bicorthogonalprobes could also be used to synthesize suMaglgcans invivo.

To assess this, cells were treated with either 1 or caugar NAG and lysed. Pellets
from lysis were treated witindoH or PNGaseF and final lysates were subjected to
Staudinger ligation with phosphiridagt? >3 Immunoblottingwas used to determine

if any labeled glycoproteins wepgesent. No distinction could be made between the
control andreated sampleF{g. 4.13). These data indicate that@ albicans UDP-
GIcNAc that is synthesized from the bothogonal probes is likely not being shuttled
to N-glycansynthesis, as in the engineered stiqiand instead the probase
scavenged directly into chitin, suggesting thattthesporter (gtl)/kinase(Hxk1) is

tightly coupled tcefficiently utilize GIcNAc from the environmenE(g. 4.1).
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Figure 4.10. Mass spectrometrybased analysis of NAG probe incorporation into
cells.(A) Workflow for determining 2AzNAG incorporation into the
chitin polymer inC. albicanscells. (B) Chitinase digestion of azidB-
labeled chitin; analyzed via HRMS for tesaccharide fragments in ESI
positive mode. (C) Chitinase digestion of NA&beled chitin (control);
analyzed via HRMS for tetrsaccharide fragments in ESI positive mode.
(D) Chemical structures of fragments analyzed in HRMS studies; table of
expected mass, observed mass, and mass accuracy (ppm) of chitin
fragmentsDetection of products was conducted via High Resolution
Mass Spectrometryheoretical product mass was calculated using
enviPAT isotope pattern calculator. Mass accuracy was determined using
the University of Warwick Mass Error Calculator.
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Figure 4.11. HRMS spectra of disaccharide fragment from digested-AzNAG
treated C. albicanscells (experimental).Chemical structure, expected
exactmass, and observed mass with mass accuracy (ppm) of chitin
fragment. The final sample was subjected to wggolution LCMS, ESI

positive mode.
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Figure 4.12. HRMS spectra of disaccharide fragment fromNAG treated C.
albicanscells (control). Chemical structure, expectedactmass, and

observed mass with mass accuracy (ppm) of chitin fragment. The final

sample was subjected to higksolution LCMS, ESI positive mode.
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Figure 4.13. Western blot analysis of Staudinger ligation inC. albicanslysates.
Proteins (8 €g total protein | oad/ | al
either NAG or 2AzNAG in medium supplemented with galactose were
labeled with pho L AG and a RFaAGyimneimbblditing. The
experiment was conducted in at least two biological replicates.

To confirm that the probes are going through the propoliith biosynthesis
pathway Fig. 4.1), yeast cell wall labelingvas attempted in cells in which the
transporter t1, aspecific GIcNAc transportéf, is knocked out (strain YJA3). If is
recognized and transported by the dedicated Glcixgksporter, gt1, this would

suggest that the carbohydrateérensported across the membrane and does not
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passivelyiffuse. Attempts to label YJA3 with were successfuF{g. 4.14,4.17A),
indicating that there could be alternathv@mologues of the transporitér®or there

are othemonosaccharide transporters that allow for GIcNAtdasfuse the
membrane. Alternatively, when the genestfa three GICNAc catabolism enzymes
Hxk1, Nagl, and DaéiFig. 4.1) are knocked out (strain AG738), incubation vilie
azide probel) did not show incorporation into the fungall wall (Fig.4.15,4.17D).
This indicates that Hxk1 is past an essential gene cassette and is likely required for

GIcNAc incorporation into the fungal cell wall.
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NAG

Figure 4.14. CUAAC labeling of 2-AzNAG in C. albicansstrain YJA3. Merged
(left) Brightfield and Fluorescent (right) images of YJA3 cells treated
with 3mM 2-AzNAG or NAG for 2 hoursand clicked with 5 uM
Alk488 (green) (scale bars, 10 um). Images are representative of a
minimum of three fields viewed and the experiment was conducted in
three biological replicates.
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Figure 4.15. CUAAC labeling of 22AzNAG in C. albicansstrain AG738. Merged
(left) Brightfield and Fluorescent (right) images of AG738 cells treated
with 3mM 2-AzNAG or NAG for 2 hoursand clicked with 5 uM
Alk488 (green) (scale bars, 10 um). Images are representative of a
minimum of three fields viewed and the experiment was conducted in
three biological replicates.

To further validate the probe incorporation into chitin, cekse colabeled
with CfW and the azidéearing probel(). Briefly, CUAAC was carried out using

Cy5-azide as théluorophore to ensure detailed visualization between the two



























































































































































































































































































































