
  

 

 

 

 

CHARACTERIZATION OF HUMAN COMMENSAL  

CANDIDA ALBICANS HYPHAL MORPHOLOGY  

 

 

 

 

 

 

by 

 

Caroline Williams 

 

 

 

 

 

 

 

 

 

A dissertation submitted to the Faculty of the University of Delaware in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Chemistry 

and Biochemistry 

 

 

 

Winter 2026 

 

 

 

© 2026 Caroline Williams 

All Rights Reserved 

  



 

 

 

 

 

CHARACTERIZATION OF HUMAN COMMENSAL  

CANDIDA ALBICANS HYPHAL MORPHOLOGY  

 

 

 

by 

 

Caroline Williams 

 

 

 

 

 

Approved:  __________________________________________________________  

 Brian Bahnson, Ph.D. 

 Interim Chair of the Department of Chemistry and Biochemistry 

 

 

 

 

Approved:  __________________________________________________________    

 Caleb Everett, Ph.D. 

 Dean of the College of Arts and Sciences 

 

 

 

Approved:  __________________________________________________________  

 Gary T. Henry, Ph.D. 

 Interim Vice Provost and Dean for the Graduate College 

 

  



 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Catherine L. Grimes, Ph.D. 

 Professor in charge of dissertation 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Donald A. Watson, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Jeffrey S. Mugridge, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Amanda L. Lewis, Ph.D. 

 Member of dissertation committee 

 



 iv 

As those close to me know, I have great love for two things: science and 

books. However, when I describe science here, I mean it in the broadest sense, ñthe 

knowledge of any kindò, because in truth, almost anything can be science. These two 

constants in my life establish a continual cycle that shapes both my intellectual 

development and my personal identity. Reading holds deep significance for me, it is 

not merely a means of acquiring information but a fundamental way in which I engage 

with the world. Each book I encounter expands my curiosity, raising new questions 

and opening avenues for further exploration. As a result, the act of reading becomes 

self-reinforcing, each text draws me toward additional research, sustaining an ongoing 

cycle of curiosity. This thesis, in many ways, represents that cycle in my head 

embodied in written form. With that I will lead with one quote that I believe every 

graduate student should hear from one of my favorite novels which is not only a 

literary masterpiece, but also a satire on graduate school:  

 

ñThis was the key to flourishing in graduate school. You could do anything if 

you were delusionalò R. F. Kuang, Katabasis  

 

First, I would like to thank my research advisor, Dr. Catherine Leimkuhler 

Grimes, for her mentorship and support over the last five years. I would also like to 

thank my committee members, Dr. Don Watson, Dr. Jeff Mugridge, and Dr. Amanda 

Lewis, for their thoughtful feedback throughout my time in graduate school. In 

ACKNOWLEDGMENTS  



 v 

addition, I would like to acknowledge the whole staff in the Department of Chemistry 

and Biochemistry at the University of Delaware.  

To my lab mates, both past and present, I would not be here without you. 

While we all have individual support systems, nobody knows the struggles we go 

through more than each other. You all have seen me at my best and my worst and gave 

me unwavering encouragement throughout all these times. To Geneva, my mentor for 

the first two years I was here, I couldnôt have asked for anyone better. You were 

brutally honest with me about graduate school, lab, and life, and I wouldnôt have had it 

any other way. Your support has always been endless and steady. To my other 

previous lab mates, Ha, Sushanta, Stephen, Noah, and Devonte, you were positive 

spirits in the lab, always attempting to uplift others during difficult times. Aastha and 

Miranda, it has been wonderful being able to mentor you unofficially in the lab and 

your both have grown immensely as biochemists in the time you have been here. Katie 

and Rocco, I know you will both do great things in graduate school, and Min and I are 

entrusting that you will carry on our legacy of getting coffee every day into the new 

first years as you transition into senior members of the lab.  

To Min and Madison, you have been with me for my entire journey in graduate 

school and the Grimes Lab. We have laughed and cried together, but we are all 

finishing this journey no matter what. Min, I genuinely donôt know what I would do 

without you in the lab. Every time I need to talk to someone, I know I can count on 

you (and I always know youôll be in lab because where else would you be lol). Five 

years in the lab together have blown by but I canôt wait to see you defend as well and 

walk across the stage. I know you will do great things, and you can always call me 

even when I am not there. Finally, to my cubicle mates, Bella and Marina. We have 



 vi 

sat in our tiny cubicle for four years now, first as strangers, and now as friends. Some 

of my highest highs and lowest lows have come at my desk and you both have been 

there for them. Bella ï You are one of the most forward thinkers I have ever met. Your 

devotion to your work and your curiosity will lead you to great things. I admire your 

unrelenting hard work and look forward to seeing where this all takes you. Marina ï 

this will be probably the hardest part for me to write in my whole thesis. Words cannot 

describe how much you have meant to me over the past four years. With you I finally 

felt as if I found someone in lab who understood me and my struggles without a doubt. 

We spent nights, weekends, and holidays in the lab together, always pushing each 

other to continue on. You have cried with me at 9 pm in the cubicle when my 

experiment didnôt work and also celebrated with me when I finished my papers. We 

tried to make everything in lab a two-person job and always made time for each other 

to vent about our lives. You are strongheaded but that is one of the best parts about 

being your friend and lab mate ï you will always hold me to my best, both at work and 

in my personal life. The last 7 months without you have been harder for me than 

anything else I have done in the 25 years of my life. Every day I went to work I 

thought I couldnôt do it without you, feeling lost throughout the day, and every night I 

thought about how I could not continue to work without you there. I do not know how 

I have done it, but I know you have been with me throughout it all. Finishing this 

thesis is for myself, and also for you.  

To my friends from home, Haley, Aure, Maddie, Madison, and Sarah, you 

have supported and uplifted me to no end. I was nervous about moving to Delaware, 

my first time not being near our friend group. However, I quickly understood that you 

would all be there for me no matter what. I cherish our yearly vacations when we can 



 vii  

all be together again and escape from the other parts of our lives. I know we will 

continue to be friends for the rest of our lives, and I canôt wait to see what we all do 

together.  

Lastly to my family, the support and encouragement you have given me over 

the last five years has been indescribable. To Dan and Laney, you have been amazing 

additions to our family. Dan - you have always tried to support me and uplift me 

during difficult times, and I couldnôt have asked for a better person to marry my sister. 

To Laney ï you have become our entire familyôs favorite child, including mine. Every 

time I come home your love and cuddles make me feel as if there are no worries at all. 

To Mom, Dad, and Sarah, I didnôt know what I was getting into when I went to 

graduate school and I have tried to shield a lot of the bad things away from you so you 

wouldnôt worry about me. However, as you all know, I canôt keep a secret at all. As I 

opened up to all of you about my struggles and triumphs during graduate school, you 

have never wavered in your support. I cannot put into words how much this has meant 

to me. As much as I am motivated to get this degree for myself, I am also motivated 

by knowing that I will see your faces at my doctoral hooding as your daughter and 

sister officially completes graduate school. To Sarah ï I feel as if we have grown 

closer than ever over these past five years. As my sister, you are my built-in best 

friend, even when we donôt like each other. I am forever grateful to you. To my Mom 

and Dad, your love for me is unmatched. You are two of the strongest people I have 

ever met, and I hope I have made you proud.  



 viii  

LIST OF TABLES ......................................................................................................... x 
LIST OF FIGURES ...................................................................................................... xii  
ABSTRACT ............................................................................................................... xxv 

 

Chapter 

1 INTRODUCTION .............................................................................................. 1 

1.1 Human Microbiota and the Innate Immune System .................................. 1 
1.2 The Human Mycobiome ............................................................................ 3 
1.3 Antifungal Resistance and Challenges to the Mycobiome ........................ 5 
1.4 Candida albicans ..................................................................................... 10 
1.5 Hyphal Growth and Bacterial-Fungal Relationship ................................ 12 
1.6 Bacterial Peptidoglycan Sensing and Recognition in C. albicans .......... 15 
1.7 C. albicans Modulates the Cell Wall During Hyphal Growth ................ 18 
1.8 Dissertation Overview ............................................................................. 22 

REFERENCES ............................................................................................................. 24 

2 PEPTIDOGLYCAN FRAGMENTS INDUCE HYPHAL 

MORPHOGENESIS VIA HYPHAE SPECIFIC GENES ............................... 39 

2.1 Introduction ............................................................................................. 39 
2.2 Peptidoglycan Induced Hyphal Growth in C. albicans WT .................... 43 
2.3 Peptidoglycan Fragments Induce Hyphal Growth Via Hyphae Genes ... 49 
2.4 The Role of GlcNAc in Inducing Hyphae Growth of C. albicans .......... 52 
2.5 Discussion................................................................................................ 64 
2.6 Experimental Methods and Materials ...................................................... 66 

REFERENCES ............................................................................................................. 71 

3 PROMISCUITY STUDY OF GlcNAc SCAVENGING ENZYMES AND 

CHITIN BIOSYNTHESIS OF CANDIDA ALBICANS................................. 77 

3.1 Introduction ............................................................................................. 78 
3.2 Evaluation of Hxk1 Substrate Specificity ............................................... 81 
3.3 Hxk1 Kinetic Activity of NAG Analogs ................................................. 83 

TABLE OF CONTENTS  



 ix 

3.4 Activity Assessment of Downstream Chitin Scavenging Enzymes ........ 86 
3.5 Discussion................................................................................................ 89 
3.6 Experimental Methods and Materials ...................................................... 90 

REFERENCES ............................................................................................................. 97 

4 FUNGAL CELL WALL REMODELING AND LABELING VIA GlcNAc 

SCAVENGING PATHWAY ......................................................................... 101 

4.1 Introduction ........................................................................................... 101 
4.2 Modified GlcNAc Fragments are Accepted into the Chitin 

Biosynthesis Pathway via Hxk1 ............................................................ 106 
4.3 Validation of GlcNAc Probes into Chitin Biosynthesis Pathway ......... 119 
4.4 GlcNAc Probes are Broadly Scavenged by Pathogenic Candida 

Species ................................................................................................... 129 
4.5 Filamentous Cells Sense and Incorporate GlcNAc Probes into the 

Hyphal Cell Wall ................................................................................... 136 
4.6 Discussion.............................................................................................. 139 
4.7 Experimental Methods and Materials .................................................... 141 

REFERENCES ........................................................................................................... 154 

5 N-ACETYL MURAMIC ACID PROBES ARE ACCEPTED BY 

CANDIDA ALBICANS SCAVENGING PATHWAY ................................. 161 

5.1 Introduction ........................................................................................... 161 
5.2 NAM Probes are Incorporated into the Fungal Cell Wall ..................... 164 
5.3 Caspofungin Treatment Increases Chitin Levels for Bio-orthogonal 

Labeling ................................................................................................. 175 
5.4 Discussion.............................................................................................. 181 
5.5 Experimental Methods and Materials .................................................... 183 

REFERENCES ........................................................................................................... 189 

6 CONCLUSIONS AND FUTURE DIRECTIONS ......................................... 194 

REFERENCES ........................................................................................................... 198 

 

Appendix 

A MASS SPECTROMETRY DATA................................................................. 200 
B COPYRIGHT PERMISSIONS ...................................................................... 231 

 



 x 

Table 1.1. Classes of antifungals and their mechanisms of action37, 38. ................... 6 

Table 2.1. Quantification of PG Induced Hyphal Growth. Data is representative 

of three biological replicates for each condition. Quantification is the 

average percentage hyphae from 3 different planes of view. .................. 47 

Table 2.2. Quantification of PG induced hyphal growth in DY27 cell line. Data 

is representative of three biological replicates. Quantification is the 

average percentage hyphae from 3 different planes of view. .................. 49 

Table 2.3. Quantification of PG induced hyphal growth of WT C. albicans in 

response to MTPLys fragments/combinations and GlcNAc 

polysaccharides. Data is representative of three biological replicates. 

Quantification is the average of percentage hyphae from 3 different 

planes of view. ......................................................................................... 57 

Table 2.4. Quantification of NAG induced hyphal growth in WT C. albicans 

cells after 5 hours of treatment. Data is representative of biological 

duplicates. Quantification is the average percentage hyphae from 3 

different planes of view. .......................................................................... 60 

Table 3.1. High resolution mass spectrometry results of Hxk1 activity. 

Enzymatic reactions were run in biological triplicates, and the samples 

were subjected to high-resolution LCMS, ESI negative mode on a Q-

Exactive Orbitrap. Theoretical product mass was calculated using 

enviPAT isotope pattern calculator. Mass accuracy was determined 

using the University of Warwick Mass Error Calculator. GlcNAc (1) 

was used as a positive control. ................................................................ 82 

Table 3.2. Kinetic Characterization of Hxk1 with NAG probes, standard error 

shown. Experiments were run in technical triplicates. Kinetic 

parameters were calculated by fitting the experimental data into the 

Michaelis Menten equation using GraphPad Prism-7. kcat and Km 

values were calculated by fitting experimental data to the Lineweaver 

Burk equation. ......................................................................................... 84 

LIST OF TABLES  



 xi 

Table 3.3. High resolution mass spectrometry results of UDP-GlcNAc 

formation.  Enzymatic reactions were run in biological triplicates, and 

the samples were subjected to high-resolution LCMS, ESI negative 

mode on a Q-Exactive Orbitrap. Theoretical product mass was 

calculated using enviPAT isotope pattern calculator. Mass accuracy 

was determined using the University of Warwick Mass Error 

Calculator. GlcNAc was used as a positive control. ............................... 89 

Table 3.4. Troubleshooting help for substrate-enzyme promiscuity screening. ... 95 

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 tested. Enzymatic reactions were 

run in biological triplicates, and the samples were subjected to high-

resolution LCMS, ESI negative mode on a Q-Exactive Orbitrap. 

Theoretical product mass was calculated using enviPAT isotope 

pattern calculator. Mass accuracy was determined using the University 

of Warwick Mass Error Calculator. GlcNAc (6) was used as a positive 

control. ................................................................................................... 110 

4.2. High resolution mass spectrometry results of UDP-GlcNAc-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 high-resolution LCMS, ESI negative mode on a Q-

Exactive Orbitrap. Theoretical product mass was calculated using 

enviPAT isotope pattern calculator. Mass accuracy was determined 

using the University of Warwick Mass Error Calculator. ..................... 118 

Table 4.3. Troubleshooting help with bio-orthogonal labeling of cells. ............... 143 

Table 4.4. Troubleshooting for confocal microscopy. ........................................... 145 

 



 xii  

Figure 1.1. Recognition of fungal- and bacterial-derived PAMPs by pattern 

recognition receptors. ɓ-1,3-glucan, lipids, proteins, and 

peptidoglycan fragments released by microbes are sensed by surface 

PRRôs such as Toll-like receptors (TLRs) and C-type lectin receptors 

(CLRs), as well as cytosolic NOD-like receptors (NLRs). Ligand 

engagement triggers NF-əB activation, leading to transcription of pro-

inflammatory cytokines and chemokines. Figures created in 

BioRender. ................................................................................................. 2 

Figure 1.2. Diversity of the human microbiome and the consequences of 

dysbiosis. The microbiome is composed of various microbes, 

including viruses, bacteria, archaea, fungi, and protozoa. These 

organisms inhabit mucosal and epithelial surfaces in the body. A 

balanced microbiome supports host physiology and immunity. 

Dysbiosis is characterized by altered microbial composition and the 

overgrowth or depletion of key microbiota. Figures created in 

BioRender. ................................................................................................. 3 

Figure 1.3. Environmental, agricultural, and clinical factors influencing 

antifungal resistance development and transmission. Multiple 

sources contribute to the development of antifungal resistance 

including increased fungicide use in agriculture and increasing global 

climate conditions. Clinical settings and immunocompromised 

individuals represent additional points of exposure and susceptibility. 

Transmission of antifungal resistance mechanisms can then be spread 

through environmental reservoirs such as soil, plants, and livestock. 

Figures created in BioRender. ................................................................... 9 

Figure 1.4. Candida albicans morphology and possible infections of the human 

host. (A) Different morphological states of C. albicans. Commensal 

forms of C. albicans are often referred to as budding cells. Penetration 

of epithelial cells and translocation into the bloodstream can occur as 

cells start to transition to a pseudo hyphal and true hyphae 

morphology. (B) Types of candidiasis that can be acquired by the 

human host from infection of C. albicans or other Candida species. ..... 11 

LIST OF FIGURES 



 xiii  

Figure 1.5. Interactions between bacteria and Candida at mucosal surfaces. 

Bacteria contribute to defense through (1) physical interactions, 

including competitive exclusion of Candida and co-aggregation or 

trapping of fungal cells; (2) excreted metabolic products, such as 

lactic acid, which inhibit fungal growth and hyphal transition; and (3) 

modulation of the host immune response, characterized by 

upregulation of cytokines. Figure created in BioRender. ........................ 13 

Figure 1.6. General chemical structure of mature peptidoglycan. GlcNAc 

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. ............ 15 

Figure 1.7. Biosynthesis and assembly of bacterial peptidoglycan. Beginning in 

the cytoplasm, MurA and MurB convert UDP-GlcNAc to UDP-

MurNAc, which is sequentially modified by MurC-F to form the 

UDP-MurNAc-pentapeptide. This precursor is then linked to the lipid 

carrier to form lipid I and further elongated by MurG to generate 

MurNAcïGlcNAcïpentapeptide. This moiety is then flipped across 

the inner membrane by MurJ. In the periplasm, transglycosylases and 

transpeptidases complete the formation of mature peptidoglycan. 

Shapes and colors denote MurNAc (black), GlcNAc (green), and the 

bactoprenol lipid carrier (wavy tail), with amino acid residues of the 

peptide stem indicated. Figure created in BioRender.............................. 16 

Figure 1.8. Structure of Cyr1 from C. albicans and its leucine-rich repeat 

(LRR) region. (A) Overall structure of Cyr1 showing arrangement of 

its major functional domains. Regions of the protein include the GŬ-

binding domain, Ras-association (RA) domain, leucine-rich repeat 

(LRR) module, protein phosphatase 2C (PP2C) domain, cyclase 

catalytic (CYCc) domain, and C-terminal cyclic-nucleotide binding 

domain (CBD). (B) Linear domain map of Cyr1p (top). The LRR 

region is highlighted below. .................................................................... 17 



 xiv 

Figure 1.9. General structural organization of the fungal cell wall. The fungal 

cell wall consists of an inner wall rich in structural polysaccharides 

and an outer wall with highly branched mannans. The inner wall 

contains ɓ-1,3-glucan (green), ɓ-1,6-glucan (red), and chitin (blue), 

which together form the scaffold linked to the plasma membrane. 

GPI-anchored proteins (blue structures with linkers) are incorporated 

into the glucanïchitin matrix and extend upward. The outer wall is 

composed primarily of N-mannan fibrils. This layered organization 

contributes to cell rigidity, environmental sensing, and immune 

recognition. Figure created in BioRender. .............................................. 20 

Figure 2.1. Environmental triggers and their pathways that regulate hyphal 

morphogenesis in C. albicans. The adenylyl cyclase Cyr1 integrates 

multiple signals in both Ras-dependent and Ras-independent manners. 

Pathways are color coded as follows: mitogen activated protein kinase 

(MAPK) pathway (green), cAMP pathway (blue), pH sensing 

pathway (pink). ........................................................................................ 42 

Figure 2.2. Peptidoglycan structure and modifications. N-acetylglucosamine is 

highlighted in green and N-acetylmuramic acid is highlighted in black. 

Chemical modifications to the sugar backbone are shown in red and 

various cross linkages among species are shown in pink. ....................... 43 

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 showcases MDP derivatives with modifications to the 2C 

position of the sugar. Box C highlights muramyl tripeptide fragments, 

increasing the peptide stem from two to three amino acids compared 

to the standard MDP. N-acetyl muramic acid, MDP, N-glycolyl MDP, 

MTPDap, and MTPLys were all purchased commercially from 

Invivogen. Dipeptides and 2-amino MDP were synthesized in the 

Grimes Lab according to previously published literature33. The 

pentapeptide Ala-D-ɔ-Glu-Lys-D-Ala-D-Ala was purchased 

commercially from MedChemExpress. ................................................... 44 

Figure 2.4. C. albicans Hyphal Growth Assay. WT C. albicans cells were treated 

with 1 mM of respective PG fragments for 4 hours at 37°C. 10% FBS 

is used as a positive control. Data is representative of 3 biological 

replicates. ................................................................................................. 46 

Figure 2.5. C. albicans hyphal growth assay with DY27. Cells were treated with 

1 mM of respective PG fragments for 4 hours at 37°C. 10% FBS is 

used as a positive control. Data is representative of 3 biological 

replicates. ................................................................................................. 49 



 xv 

Figure 2.6. qRT-PCR of Hyphae Specific Genes. Results are indicative of 3 

biological replicates with 3 technical replicates for each. Data was 

graphed in GraphPad Prism 7: ** - P Ò 0.01, ***- P Ò 0.001, ****- P 

Ò 0.001. .................................................................................................... 51 

Figure 2.7. qRT-PCR of Hyphae Specific Genes in DY27 vs WT cells. Results 

are indicative of 3 biological replicates with 3 technical replicates for 

each. Data was graphed in GraphPad Prism 7: ***- P Ò 0.001, ****- P 

Ò 0.001. .................................................................................................... 52 

Figure 2.8. Screen of C. albicans hyphal growth in response to NAG and MDP 

treatment. Experiment was carried out over 4 hours at 37°C. Each 

compound was tested at 1mM final concentration. Scale bars represent 

50 µM. ..................................................................................................... 54 

Figure 2.9. Structure of di- and tri - saccharides assessed in hyphal growth 

assay. N,Nô diacetylchitobiose (NAG2) and N,Nô,Nôô 

triacetylchitotriose (NAG3) were all purchased commercially from 

TCI and BioSynth. GMTP was synthesized in the Grimes Lab 

according to previously published literature44......................................... 55 

Figure 2.10. Screen of C. albicans hyphal growth in response MTPLys 

fragments. Treatments were carried out through 4 hours at 37°C. 

Each compound was tested at 1 mM final concentration. NAG is used 

as a positive control.  Experiments were done in biological duplicates. . 57 

Figure 2.11. C. albicans hyphal growth screen with NAG fragments. 

Treatments were carried out through 5 hours at 37°C. Each compound 

was tested at 1 mM final concentration. 10% FBS is used as a positive 

control. Experiments were done in biological duplicates........................ 59 

Figure 2.12. Chemical structure of TCT from B. pertussis. .................................... 61 

Figure 2.13. C. albicans hyphal growth screen with bacterial supernatants 

from B. Pertussis. Treatments were carried out through 4 hours at 

37°C. Each compound was tested at 10% final concentration. 10% 

FBS is used as a positive control. Experiments were done in biological 

duplicates. ................................................................................................ 64 



 xvi 

Figure 2.14. Percentage hyphal growth data. 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 2.4. Errors bars shown 

are standard error. .................................................................................... 68 

Figure 3.1. UDP-GlcNAc synthesis pathways in mammalian and fungal 

systems. NagK and Hxk1 phosphorylate GlcNAc to ultimately form 

UDP-GlcNAc, which then influences multiple downstream 

biochemical processes. ............................................................................ 79 

Figure 3.2. Substrate library used to assess enzyme promiscuity. All substrates 

were prepared in the Grimes Lab according to literature precedent. ...... 80 

Figure 3.3. Purification of Hxk1 from C. albicans recombinantly expressed in 

E.coli. Expected molecular weight is 54.8 kDa. Coomassie stained gel 

of purified Hxk1 run on a 10% TGX polyacrylamide gel. Lane 

samples ï 1: lysate, 2: supernatant, 3: pellet, 4: flowthrough, 5: elution 

1, 6: elution 2, 7: elution 3, 8: elution 4. Expression and purification 

were done in biological triplicates........................................................... 81 

Figure 3.4. Small scale kinase substrate screen scheme for Hxk1. Reaction was 

carried out at 37°C for 1 hour. Fresh enzyme aliquots were used for 

each replicate. The buffer used was 50 mM bis-Tris propane buffer 

(pH = 7.9). ............................................................................................... 82 

Figure 3.5. ATP-coupled assay scheme. This assay contains 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. .............................. 84 

Figure 3.6. Hxk1 kinetic plots for substrates 1, 2, and 3. Kinetic parameters 

were calculated by fitting the experimental data into the Michaelis 

Menten equation using GraphPad Prism-7. kcat and Km 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. ................................................................. 85 



 xvii  

Figure 3.7. Purification of Agm1 from C. albicans recombinantly expressed in 

E. coli. Expected molecular weight is 60.4 kDa. Coomassie stained 

gel of purified Agm1 run on a 10% TGX polyacrylamide gel. (A) 

Lane samples ï 1: lysate, 2: supernatant, 3: pellet, 4: flowthrough, 5: 

elution 1, 6: elution 2, 7: elution 3, 8: elution 4. (B) Purified protein 

after concentration. Lane samples ï 1: purified protein, 2: 

flowthrough. Expression and purification were done in biological 

triplicates. ................................................................................................ 87 

Figure 3.8. Purification of Uap1 from C. albicans recombinantly expressed in 

E. coli. Expected molecular weight is 54.6 kDa. Coomassie stained 

gel of purified Uap1 run on a 10% TGX polyacrylamide gel. (A) Lane 

samples ï 1: supernatant, 2: pellet, 3: flowthrough, 4: elution 1, 5: 

elution 2, 6: elution 3, 7: elution 4. (B) Purified protein after 

concentration. Lane samples ï 1: flowthrough, 2: purified protein. 

Expression and purification were done in biological triplicates. ............ 88 

Figure 3.9. General reaction scheme for assessment of UDP-GlcNAc formation 

using the native proteins for UDP-GlcNAc synthesis in C. 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/Uap1 

reaction was run for 30 minutes. Aliquots of final sample were 

quenched in methanol and transferred to an MS vial to proceed 

forward with MS analysis........................................................................ 89 

Figure 4.1. Chitin biosynthesis in C. albicans. Exogenous GlcNAc can be 

salvaged by the cell and used as a precursor to chitin via the GlcNAc-

specific transporter Ngt1 and the specific kinase Hxk1. The 

intermediate UDP-GlcNAc can either be shuttled to chitin or surface 

glycans. .................................................................................................. 103 

Figure 4.2. Chemical structures of NAG probes used to bio-orthogonally label 

C. albicans. (1) 2-AzNAG (2) 2-AlkNAG (3) 2-HTzNAG (4) 2-NBD 

NAG (5) Ac4AzNAG. Ac4AzNAG was purchased from Click 

Chemistry Tools (acquired by Vector Laboratories). 2-AzNAG, 2- 

AlkNAG, 2-HTzNAG, and 2-NBD NAG were synthesized in our lab 

as described above. ................................................................................ 108 



 xviii  

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 ɛg of protein and was incubated at 37 ÁC for 1 h. 

Samples were subjected to high-resolution LCMS. Substrates 

accepted by Hxk1 are represented in green; substrates not accepted are 

represented in red. (B) Confocal fluorescent images of CuAAC-

labeled strain DIC185 (C. albicans WT) with NAG probes. Cells were 

treated with 3 mM of either 1, 2, 3, or 5 and reacted with 5 ɛM 

Alk488 (green) or 4 ɛM TCO TAMRA (red). Scale bars: 10 ɛm. (C) 

Mean fluorescence intensity (MFI) values of fixed C. albicans WT 

cells when labeled with either 2-AzNAG (1), 2-AlkNAG (2), or NAG 

(6). Statistics were analyzed using GraphPad Prism 7 via a 2-way 

ANOVA test. Error bars represent standard error of the mean and 

**** indicates a p < 0.0001. .................................................................. 109 

Figure 4.4. CUAAC labeling of 2-AzNAG in C. albicans. Merged (left) 

Brightfield and Fluorescent (right) images of DIC185 cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

at least three biological replicates. ........................................................ 112 

Figure 4.5. CUAAC labeling of 2-AlkNAG in C. albicans. Merged (left) 

Brightfield and Fluorescent (right) images of DIC185 cells treated 

with 3 mM 2-AlkNAG or NAG for 2 hours and clicked with 5 µM 

Az488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

three biological replicates. ..................................................................... 113 

Figure 4.6. Flow cytometry population comparison of 2-AzNAG labeling in C. 

albicans WT.  DIC185 cells only (A) or DIC185 cells remodeled with 

3 mM NAG (B) or 2-AzNAG (C) and then clicked with 5 µM 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. ................................................................ 114 



 xix 

Figure 4.7. Flow cytometry population comparison of 2-AlkNAG labeling in C. 

albicans WT.  DIC185 cells only (A) or DIC185 cells remodeled with 

3 mM NAG (B) or 2-AlkNAG (C) and then clicked with 5 µM 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. ................................................................ 115 

Figure 4.8. SPAAC labeling of 2-AzNAG in C. albicans. Brightfield (left) and 

Fluorescent (right) images of DIC185 cells treated with 3 mM 2-

AzNAG or NAG for 2 hours and clicked with 30 µM AZDye 488 

DBCO (green) (scale bars, 50 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

three biological replicates. ..................................................................... 117 

Figure 4.9. CUAAC labeling of Ac4AzNAG in C. albicans. Merged (top) 

Brightfield and Fluorescent (bottom) images of DIC185 cells treated 

with 3mM NAG, Ac4AzNAG, or NAG for 2 hours and clicked with 5 

µM Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

three biological replicates. ..................................................................... 119 

Figure 4.10. Mass spectrometry-based analysis of NAG probe incorporation 

into cells. (A) Workflow for determining 2-AzNAG incorporation 

into the chitin polymer in C. albicans cells. (B) Chitinase digestion of 

azide (1)-labeled chitin; analyzed via HRMS for tetra-saccharide 

fragments in ESI positive mode. (C) Chitinase digestion of NAG-

labeled chitin (control); analyzed via HRMS for tetra-saccharide 

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 fragments. Detection of products 

was conducted via High Resolution Mass Spectrometry. Theoretical 

product mass was calculated using enviPAT isotope pattern calculator. 

Mass accuracy was determined using the University of Warwick Mass 

Error Calculator. .................................................................................... 121 

Figure 4.11. HRMS spectra of disaccharide fragment from digested 2-AzNAG 

treated C. albicans cells (experimental). Chemical structure, 

expected exact mass, and observed mass with mass accuracy (ppm) of 

chitin fragment. The final sample was subjected to high-resolution 

LCMS, ESI positive mode..................................................................... 122 



 xx 

Figure 4.12. HRMS spectra of disaccharide fragment from NAG treated C. 

albicans cells (control). Chemical structure, expected exact mass, and 

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

sample was subjected to high-resolution LCMS, ESI positive mode. .. 123 

Figure 4.13. Western blot analysis of Staudinger ligation in C. albicans lysates. 

Proteins (8 ɛg total protein load/lane) from DIC185 cells incubated 

with either NAG or 2-AzNAG in medium supplemented with 

galactose were labeled with phos-FLAG and analyzed by Ŭ-FLAG 

immunoblotting. The experiment was conducted in at least two 

biological replicates. .............................................................................. 124 

Figure 4.14. CUAAC labeling of 2-AzNAG in C. albicans strain YJA3. Merged 

(left) Brightfield and Fluorescent (right) images of YJA3 cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

three biological replicates. ..................................................................... 126 

Figure 4.15. CUAAC labeling of 2-AzNAG in C. albicans strain AG738. 

Merged (left) Brightfield and Fluorescent (right) images of AG738 

cells treated with 3 mM 2-AzNAG or NAG for 2 hours and clicked 

with 5 µM Alk488 (green) (scale bars, 10 µm). Images are 

representative of a minimum of three fields viewed and the 

experiment was conducted in three biological replicates. ..................... 127 

Figure 4.16. Co-labeling chitin in C. albicans. CfW (left), Cy5 (middle), and 

merge (right) images of DIC185 cells treated with 3 mM 2-AzNAG or 

NAG for 2 hours and labeled with either CfW (blue), 30 µM Cy5 

alkyne (red) and merged with colocalization in purple (scale bars, 20 

µm). Images are representative of a minimum of three fields viewed 

and the experiment was conducted in at least two biological replicates.128 



 xxi 

Figure 4.17. Labeling of alternative Candida strains with 3 mM of the 2-

AzNAG probe for 2 hours at 37°C. Panels AïF represent CUAAC 

reactions where probe was clicked onto with 5 µM Alk488 (green). 

Panels GïI represent SPAAC reactions where probe was clicked with 

30 µM AZDye 488 DBCO (green). All images are representative of a 

minimum of three fields viewed and the experiments were conducted 

in three biological replicates. (A) C. albicans knockout strain YJA3, 

where the GlcNAc-specific transporter Ngt1 is knocked out. (B) C. 

tropicalis WT. (C) C. tropicalis zoomed in using a 63× lens. (D) C. 

albicans knockout strain AG748, where three GlcNAc catabolism 

genes are knocked out (hxk1, dac1, and nag1). (E) C. glabrata WT. 

(F) C. glabrata zoomed in using a 63× lens. (G) C. tropicalis WT 

labeled with NAG. (H) C. tropicalis WT labeled with 2-AzNAG. 

(I) C. tropicalis WT zoomed in. ............................................................ 130 

Figure 4.18. CUAAC labeling of AzNAG in C. tropicalis. Merged (left) 

Brightfield and Fluorescent (right) images of C. tropicalis cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

three biological replicates. ..................................................................... 131 

Figure 4.19. CUAAC labeling of 2-AzNAG in C. glabrata. Merged (left) 

Brightfield and Fluorescent (right) images of C. glabrata cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

three biological replicates. ..................................................................... 132 

Figure 4.20. CUAAC labeling of Ac4AzNAG in C. tropicalis. Brightfield (top) 

and Fluorescent (bottom) images of C. tropicalis cells treated with 3 

mM Ac4AzNAG, 2-AzNAG, or NAG for 2 hours and clicked with 5 

µM Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

two biological replicates. ....................................................................... 133 

Figure 4.21. CUAAC labeling of Ac4AzNAG in C. glabrata. Brightfield (top) and 

Fluorescent (bottom) images of C. glabrata cells treated with 3 mM 

Ac4AzNAG, 2-AzNAG, or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

two biological replicates. ....................................................................... 134 



 xxii  

Figure 4.22. SPAAC labeling of 2-AzNAG in C. tropicalis WT cells. Brightfield 

(left) and Fluorescent (right) images of C. tropicalis WT cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 30 µM 

AZDye 488 DBCO (green) (scale bars, 50 µm). Images are 

representative of a minimum of three fields viewed and the 

experiment was conducted in at least two biological replicates. ........... 135 

Figure 4.23. Incorporation of NAG probes in the hyphal morphology of C. 

albicans WT cells. (A) Workflow for labeling of C. albicans WT 

(DIC185) hyphal cells with NAG probes. (B) C. albicans WT hyphal 

cell visualization with either 3 mM 2-AzNAG or 2-AlkNAG under 

fixed conditions. Image processing was achieved through Imaris 

software. Experiments were done in biological triplicates. (C) C. 

albicans multifaceted use of PG fragments shed from bacteria. ........... 137 

Figure 4.24. Chemical structures of PG synthetic fragments tested in hyphal 

growth assay. Compounds MDP, NgMDP, MTPLys, and MTPDap 

were purchased commercially from Invivogen. NAM was purchased 

commercially from Sigma Aldrich. ....................................................... 138 

Figure 4.25. Screen of various PG fragmentsô ability to induce hyphae in WT 

C. albicans after 4 hours of growth at 37°C. Each compound was 

tested at 1 mM final concentration. Scale bars represent 50 µM. 

Experiments were conducted in three biological replicates. ................. 139 

Figure 5.1. Sugar sensing and signaling in C. albicans15. The Hgt transporters 

allow sugars such as glucose and fructose to enter the cells. When 

glucose enters the cells, it is converted to pyruvate during glycolysis 

or shuttled to UDP-GlcNAc biosynthesis. Extracellular GlcNAc can 

be shuttled toward UDP-GlcNAc synthesis or towards Ras. Ras is 

then activated and stimulates Cyr1. ATP is converted into cAMP after 

complete activation of Cyr1 by Ras. cAMP binds to the regulatory 

subunits of PKA causing PKA activation. Gal enzymes help to 

process extracellular galactose for glycolysis. Further galactose 

metabolism in C. albicans has not been investigated. ........................... 162 

Figure 5.2. Growth curves of C. albicans WT and strain AG738 growth. Cells 

were grown in fresh synthetic complete medium with 2% dextrose 

until an OD600nm of 0.2 was reached. Cells were then washed and 

resuspended in synthetic complete media with corresponding sugars at 

a final concentration of 2%. Cells were incubated at 37°C for 6 hours. 165 



 xxiii  

Figure 5.3 Screen of NAM or NAG ability to induce hyphae in WT C. albicans 

after 4 hours of growth at 37°C. Each compound was tested at 1 

mM final concentration. Scale bars represent 50 µm. Experiments 

were conducted in three biological replicates. ...................................... 166 

Figure 5.4. CuAAC labeling of 2-AzNAM in C. albicans WT . Brightfield (left) 

and Fluorescent (right) images of DIC185 cells treated with 6 mM 2-

AzNAM, 3-AzNAM, or NAM and clicked onto with 20 µM Alk488 

(green) (scale bars, 50 µm). Images are representative of a minimum 

of three fields viewed and the experiment was conducted in at least 

three biological replicates. Of note, cells in brightfield are alive but 

not in the same plane for imaging, producing an overlapping white 

ring......................................................................................................... 168 

Figure 5.5. CuAAC labeling of 2-AzNAM in C. tropicalis WT.  Brightfield (left) 

and Fluorescent (right) images of cells treated with 6 mM 2-AzNAM, 

3-AzNAM, or NAM and clicked onto with 20 µM Alk488 (green) 

(scale bars, 50 µm). Images are representative of a minimum of three 

fields viewed and the experiment was conducted in at least three 

biological replicates. Of note, cells in brightfield are alive but not in 

the same plane for imaging, producing an overlapping white ring. ...... 169 

Figure 5.6. CUAAC labeling of NAG in sodium D lactate media conditions in 

C. albicans. Fluorescent (left) and Brightfield (right) images of 

DIC185 cells treated with 3 mM NAG for 2 hours in various media 

conditions and clicked with 5 µM Alk488 (green) (scale bars, 10 µm). 

Images are representative of a minimum of three fields viewed and the 

experiment was conducted in at least three biological replicates. ......... 171 

Figure 5.7. CUAAC labeling of 2-AzNAG in sodium D lactate media 

conditions in C. albicans. Fluorescent (left) and Brightfield (right) 

images of DIC185 cells treated with 3 mM 2-AzNAG for 2 hours in 

various media conditions and clicked with 5 µM Alk488 (green) 

(scale bars, 10 µm). Images are representative of a minimum of three 

fields viewed and the experiment was conducted in at least three 

biological replicates. .............................................................................. 172 

Figure 5.8. CUAAC labeling of NAG in sodium L lactate media conditions in 

C. albicans. Fluorescent (left) and Brightfield (right) images of 

DIC185 cells treated with 3 mM NAG for 2 hours in various media 

conditions and clicked with 5 µM Alk488 (green) (scale bars, 10 µm). 

Images are representative of a minimum of three fields viewed and the 

experiment was conducted in at least three biological replicates. ......... 173 



 xxiv 

Figure 5.9. CUAAC labeling of 2-AzNAG in sodium L lactate media conditions 

in C. albicans. Fluorescent (left) and Brightfield (right) images of 

DIC185 cells treated with 3 mM 2-AzNAG for 2 hours in various 

media conditions and clicked with 5 µM Alk488 (green) (scale bars, 

10 µm). Images are representative of a minimum of three fields 

viewed and the experiment was conducted in at least three biological 

replicates. ............................................................................................... 174 

Figure 5.10. CuAAC labeling time screen of NAM in C. albicans WT.  

Brightfield (top) and Fluorescent (bottom) images of cells treated with 

12 mM NAM for 30, 60, or 90 minutes and clicked onto with 20 µM 

Alk488 (green) (scale bars, 50 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

at least two biological replicates. .......................................................... 176 

Figure 5.11. CuAAC labeling time screen of 2-AzNAM in C. albicans WT.  

Brightfield (top) and Fluorescent (bottom) images of cells treated with 

12 mM 2-AzNAM for 30, 60, or 90 minutes and clicked onto with 20 

µM Alk488 (green) (scale bars, 50 µm). Images are representative of a 

minimum of three fields viewed and the experiment was conducted in 

at least two biological replicates. .......................................................... 177 

Figure 5.12. CuAAC labeling time screen of NAM in caspofungin treated C. 

albicans WT cells. Brightfield (top) and Fluorescent (bottom) images 

of cells treated with 12 mM NAM for 30, 60, or 90 minutes and 

clicked onto with 20 µM Alk488 (green) (scale bars, 50 µm). Images 

are representative of a minimum of three fields viewed and the 

experiment was conducted in at least two biological replicates. ........... 178 

Figure 5.13. CuAAC labeling time screen of 2-AzNAM in caspofungin treated 

C. albicans WT.  Brightfield (top) and Fluorescent (bottom) images of 

cells treated with 12 mM 2-AzNAM for 30, 60, or 90 minutes and 

clicked onto with 20 µM Alk488 (green) (scale bars, 50 µm). Images 

are representative of a minimum of three fields viewed and the 

experiment was conducted in at least two biological replicates. ........... 179 

Figure 5.14. CUAAC labeling of 2-AzAnhydroNAM in C. albicans. Fluorescent 

(left) and Brightfield (right) images of DIC185 cells treated with 3 

mM 2-AzNAG or NAG for 1 hour or 12 mM Anhydro-NAM or 2-

AzAnhydro-NAM and clicked with 5 µM Alk488 (green) (scale bars, 

10 µm). Images are representative of a minimum of three fields and 

experiment was conducted in at least two biological replicates. ........... 181 

 



 xxv 

A balanced and healthy microbiome is essential for the human hostôs health. 

During periods of dysbiosis in a host, C. albicans acts as an opportunistic pathogen; 

when there is disruption to the environment that the fungus occupies C. albicans 

switches from a budding to a hyphal morphology. This morphological switch can lead 

to disseminated candidiasis which can further develop into infertility, pre-term birth, 

and other infectious diseases. The fungal cell wall plays a large role in pathogenicity 

and is essential to the survival and virulence of fungi such as Candida albicans.  

Hyphal growth and its causes have been studied, however specific cell wall features 

that contribute to this morphology have yet to be investigated thoroughly. In C. 

albicans hyphal growth can be induced by a range of factors, one of which has been 

identified to be peptidoglycan (PG) fragments from serum. This 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 dissertation, I demonstrate how C. albicans uses both GlcNAc and 

MurNAc containing moieties from PG of bacterial cell walls to induce and sustain 

their pathogenic morphology. Initial growth screens of C. albicans and transcriptional 

analysis using qRT-PCR was carried out to identify if well-known hyphae specific 

genes (HSGs) are upregulated during PG induced hyphal morphogenesis. Further, we 

developed an enzymatic screening assay and a bio-orthogonal labeling method 
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utilizing GlcNAc azide and alkyne probes to fluorescently label C. albicans via 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 GlcNAc uptake for chitin biosynthesis serves 

as an excellent target for antifungals.  
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INTRODUCTION  

1.1 Human Microbiota and the Innate Immune System 

The human body is host to a variety of microbial communities, giving rise to 

what is known today as the human microbiome. The microbiome is a key interface 

between the host and the surrounding environment as these microorganisms work 

together to support immune system development and proper physiological processes1. 

As microbiota in different organs exhibit distinct characteristics and compositions, 

their interactions are specific to helping to train and develop the host immune response 

to invading pathogens2.  

The host-immune system is divided into two components: the innate immune 

response and the adaptive immune response. The innate immune response is the first 

line of defense against invading pathogens, serving as a rapid and broad-spectrum 

response3. Following this, adaptive immunity employs a delayed and targeted 

approach to eliminate pathogens within the host and provide long-term protection3. 

While the fields of innate and adaptive immunity were first identified by pioneering 

work from Ehrlich and Mechnikov4, 5, the construction of cross talk between them was 

defined in the 20th century with the discovery of pattern recognition receptors 

(PRRôs)6. Acting as a part of the innate immune system, PRRôs work to detect 

pathogens by recognizing pathogen associated molecular patterns (PAMPs) from 

invading microbes7.  

Chapter 1 
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PRRs can be classified into five types: (1) Toll-like receptors (TLRôs), (2) 

Nucleotide oligomerization domain (NOD) like receptors, (3) Retinoic acid inducible 

gene-I (RIG-I) like receptors, (4) C-type lectin receptors (CLRôs), and (5) Absent in 

melanoma-2 (AIM-2)-like receptors6, 7. The ability for PRRs to recognize PAMPs is 

critical to initiating the immune response. PAMPs are highly conserved molecular 

structures such as lipids, proteins, nucleic acids, and bacterial polysaccharides that are 

absent from mammalian cells and exclusive to microbes8, 9. Upon a PRRôs recognition 

and binding of PAMPs, activation of downstream signaling pathways occurs to 

produce an anti-inflammatory response and initiate innate immune killing (Fig. 1.1)7.  

 

Figure 1.1. Recognition of fungal- and bacterial-derived PAMPs by pattern 

recognition receptors. ɓ-1,3-glucan, lipids, proteins, and peptidoglycan 

fragments released by microbes are sensed by surface PRRôs such as 

Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), as well as 

cytosolic NOD-like receptors (NLRs). Ligand engagement triggers NF-

əB activation, leading to transcription of pro-inflammatory cytokines and 

chemokines. Figures created in BioRender.  
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1.2 The Human Mycobiome 

While interactions between the human microbiome and the immune response 

are necessary to study the pathobiology of host infections, studies have primarily 

focused on the bacterial component of the microbiome. In contrast, the microbiome is 

highly diverse, also containing fungi, protozoa, viruses, and archaea (Fig. 1.2). 

Specifically, the fungal component of the microbiome, known as the mycobiome, is 

often understudied in its connection to the host immune system10. Similar to how 

bacteria play a critical role in developing the immune system, commensal fungi that 

reside in our bodies interact with the host immune response at mucosal surfaces, such 

as the gastrointestinal (GI) tract, oral, lung, and vaginal interfaces10, 11.  

 

Figure 1.2. Diversity of the human microbiome and the consequences of 

dysbiosis. The microbiome is composed of various microbes, including 

viruses, bacteria, archaea, fungi, and protozoa. These organisms inhabit 

mucosal and epithelial surfaces in the body. A balanced microbiome 

supports host physiology and immunity. Dysbiosis is characterized by 

altered microbial composition and the overgrowth or depletion of key 

microbiota. Figures created in BioRender.  
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Fungi play a diverse role in the human microbiome, specifically in the areas of 

health and disease. While fungi are found diversely throughout the environment, only 

a small number of species can survive at the human body temperature, either in 

commensal or pathogenic forms12, 13. Commensal fungi have a significant role in 

tuning mucosal and systemic immunity in the human host. This is achieved through 

stimulation of key innate and adaptive immune pathways including the TH17 cell 

response14, 15, induction of antibody response to fungal pathogens16, 17, and triggering 

reprogramming of monocytes and macrophages18. 

Separate from tuning the host immune response, fungi also play a large role in 

the development of disease states. Collectively studies have shown that fungi can 

exacerbate diseases such as irritable bowel disease (IBD) in patients19-21, although 

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 IBD has been difficult to study as 

methods to interrogate the mycobiome and variations in patient cohort can contribute 

to dueling conclusions18. This is thought to be because many fungi within the host 

microbiome are often acquired from the environment or diet, thus leading to different 

makeup of fungal profiles in patients22, 23.  

Along with contributing to IBD, commensal fungi can also directly cause 

invasive fungal diseases (IFD), the most common include candidiasis, aspergillosis, 

cryptococcosis, and coccidioidomycosis13. To treat these infections, clinicians have 

typically turned to a 2-3 step method for prescribing antifungals based on the species 

causing the infection24, 25. However, as drug resistance/tolerance is a known threat to 

infectious diseases, those caused by fungi are no exception. Recent discoveries in the 

past two decades have shown antifungal resistance and tolerance among a number of 
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fungal species26-28, leading to further issues for what treatment to turn to next. The 

identification of this resistance is now officially recognized by the Centers for Disease 

and Control (CDC) and the World Health Organization (WHO), with these 

organizations putting out their own respective urgent antimicrobial threat lists29, 30.  

1.3 Antifungal Resistance and Challenges to the Mycobiome 

Opportunistic fungi cause substantial disease burdens and are a major threat to 

vulnerable patients worldwide. Global estimates indicate 6.5 million invasive fungal 

infections occur annually, associated with approximately 3.8 million mortalities, of 

which 2.5 million are directly attributable to these infections. Each year invasive 

aspergillosis is reported in over 2.1 million incidences, 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, with some mortality rates as high as 63%. Further, annual estimates 

indicate that 194,000 individuals develop Cryptococcal meningitis, which is associated 

with around 75% mortality rate.31 

In developed countries such as the U.S., national public health surveillance 

does not yet exist for all fungal diseases. Based on health insurance claims, 

hospitalizations, and death certificates, the CDC estimates that each year over 130,000 

people are hospitalized due to IFDôs, and the estimated cost associated with IFDôs is 

over $19 billion annually. The true burden of fungal diseases in the U.S. is likely 

higher than these estimates because fungal diseases are underdiagnosed and 

underreported. 

Historically if a diagnosis for fungal diseases is made, treatment relies heavily 

on four classes of antifungals: (1) polyenes, (2) azoles, (3) echinocandins, and (4) 
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pyrimidines (Table 1.1)32-34. However, antifungal resistance to these drugs has 

increased in the past decade26-28. Emergence of antifungal resistance is often described 

as an evolutionary response to the drug itself but is also dependent on the creation of 

ecological hotspots that emerge from intrinsic and extrinsic factors35, 36.  

Table 1.1. Classes of antifungals and their mechanisms of action37, 38.  

Antifungal 

Class 

Mechanism of 

Action 

Types of Drugs Spectrum of 

Activity /Key Pathogens 

Resistance 

Polyenes Binds to ergosterol, a 

steroid-alcohol unique 

to fungi. The polyene-

ergosterol complex 

creates pores in the 

fungal cell membrane, 

leading to cell death 

Amphotericin B, 

Nystatin 

Fungicidal: 

¶ Candida 

¶ Aspergillus 

¶ Cryptococcus 

¶ Mucorales 

Decreased 

ergosterol content; 

intristic resistance 

Azoles Non-competitive 

inhibitors of the 

fungal enzyme 

lanosterol 14-Ŭ-

demethylase, a rate-

limiting enzyme in the 

fungal biosynthetic 

ergosterol pathway. 

Fluconazole, 

Itraconazole, 

Voriconazole, 

Miconazole, 

Clotrimazole 

Fungistatic: 

¶ Candida 

¶ Aspergillus 

¶ Cryptococcus 

ERG11/cyp51A 

mutations/ 

overexpression, 

efflux pump 

overexpression 

Echinocandins Inhibits the fungal ɓ-

(1,3)-D-glucan 

synthase, which is the 

enzyme responsible 

for synthesizing ɓ-

(1,3)-D-glucan, a key 

component of fungal 

cell walls.  

Caspofungin, 

Micafungin, 

Anidulafungin, 

Rezafungin 

Fungicidal: 

¶ Candida spp. 

Fungistatic: 

¶ Aspergillus 

spp. 

Mutations 

in FKS1/FKS2 gene

s 

Pyrimidines Intracellular 

conversion to 5-FU, 

inhibits thymidylate 

synthase and 

incorporates into 

RNA, inhibiting RNA 

synthesis 

Flucytosine (5-FC) Fungistatic: 

¶ Candida spp.  

¶ Cryptococcus 

spp. 

Mutations in 

permeases or 

metabolic enzymes 

(cytosine 

deaminase, UMP 

pyrophosphorylase) 

 

When assessing how antifungal drug resistance has emerged, research 

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

in vivo resistance can evolve over time from overexposure to antifungal therapy, 
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causing larger treatment failure. One of the best examples of this is the emergence of 

azole resistance Candida albicans in individuals infected with HIV that have also been 

diagnosed with oral candidiasis39. Typically, resistance in fungi is developed through 

drug target alteration, efflux pump activity, or cellular stress response pathway 

activation34, 40, 41. Resistance to azoles has been linked to the cells ability to increase 

efflux of the drug from the fungal cell wall combined with overexpression of the drug 

target33. Polyene drug resistance has often been attributed to the yeasts ability to alter 

cell membrane permeability by forming a complex with ergosterol, causing loss of 

function mutations in genes for ergosterol biosynthesis34. Other forms of resistance 

against these antifungals and the other drugs listed above have been observed in 

nature, including point mutations and promoter insertions33, 34, 42.  

One of the most popular first line antifungal classes in use, echinocandins, is 

also suffering resistance, partly due to lack of discovery and difficulties that come 

with administration to the population. Echinocandins are natural secondary 

metabolites that target ɓ-1,3 glucan synthesis and were first discovered in the 1970ôs43, 

44. To date, there are three major echinocandins currently being used, which were all 

approved between 2001 and 200545. Along with this, these small molecules are 

insoluble in aqueous solution, thus they cannot be taken orally by patients and have to 

be administered daily and intravenously in hospital settings. This limits access for 

some patients to receive treatment and also introduces patients to the possibility of 

developing other infections while in the clinical setting. If patients are able to receive 

treatment with the preferred method of echinocandins, they also have to be monitored 

for resistance, as echinocandin treatment can trigger cell wall salvage pathways that 
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produce compensatory levels of other cell wall polymers46. Thus, cells may survive 

acute dosing levels and infections can still occur after treatment has ceased.   

From an environmental standpoint, antifungal resistance can develop from the 

overuse of fungicides in agriculture. Often fungicides are used in the agricultural field 

to prevent animals and crops from fungal infections or saprotrophic decay by fungi 

(Fig. 1.3). A clear example of this has been in the study of DeMethylation Inhibitor 

(DMI) azoles (difenoconazole, tebuconazole, etc...)47. These azoles are structurally 

similar to the first-line medical triazoles, can have a degradation half-life of 47-120 

days, and are also starting to be used in increased quantities globally48. From 2006-

2016, the U.S. increased their azole fungicide usage by more than 400%49 with a 

similar pattern seen in areas like the European Union and China50, 51. 

Along with this agricultural issue, it is of note that synergies between 

thermotolerance and fungicide exposure are currently being investigated. While there 

are estimates of over 5 million fungal species, only a few hundred are associated with 

human fungal diseases33, 52. One determining factor in this is thermotolerance, as not 

every fungal species is capable of tolerating the human host temperature. However, as 

the global climate crisis continues to develop, it can lead to the emergence of new 

fungal pathogens or the spread of current fungal pathogens to different climates (Fig. 

1.3). The two most recent examples of this are the multi-drug-resistant Candida auris 

strains that have appeared on multiple continents53 and the emergence of 

Emergomyces africanus, a new thermally dimorphic fungal pathogen (and the first 

identified in over half a century), originally found in South Africa54-56. 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 transmission. Multiple sources 

contribute to the development of antifungal resistance including 

increased fungicide use in agriculture and increasing global climate 

conditions. Clinical settings and immunocompromised individuals 

represent additional points of exposure and susceptibility. Transmission 

of antifungal resistance mechanisms can then be spread through 

environmental reservoirs such as soil, plants, and livestock. Figures 

created in BioRender.  

Thus, when taken together, there is a deep-seated relationship between 

environmental and host drivers of antifungal resistance, likely affecting how clinical 

management of fungal infections can occur. While some new antifungals are close to 

medical approval57, they are facing some pushback as the structures are similar to new 

fungicides that have already been approved for use in agriculture58. Although it is 
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difficult for researchers to develop novel antifungals, partly due to the evolutionary 

similarities of fungi and humans as eukaryotes, new studies suggest that vaccines can 

be used as a candidate to address this issue. While there is still no vaccine in clinical 

use for human fungal diseases today, there are a few currently in development59. This 

includes NDV-3, an agglutinin-like sequence 3 based vaccine which did show positive 

preliminary results in women with vaginal fungal infections60.  

1.4 Candida albicans 

One of the most prevalent and well-known fungal pathogens to date is Candida 

albicans (C. albicans), a commensal organism that coexists with diverse bacterial 

populations, such as Lactobacillus spp., in almost all healthy individuals (~80%)61-63. 

C. albicans is a polymorphic fungus, when there is disruption to the environmental 

niches it inhabits, it will change morphology from a commensal (budding) form to the 

pathogenic (filamentous) shape (Fig. 1.4A)64. This change in morphology is key to the 

organismsô virulence and allows for C. albicans to disseminate through the epithelial 

barriers into the bloodstream and cause deeper seated invasive infections in various 

organs65, 66. Along with its morphology, C. albicans also has significant metabolic 

flexibility, in that it can assimilate several sugars and alternate carbon sources 

simultaneously67, giving them a competitive advantage and increasing their 

pathogenicity.  

C. albicans is the known leading organism to cause candidiasis in humans, 

although recently researchers have seen increases in the number of candidiasis cases 

resulting from non albicans Candida organisms (Candida glabrata, Candida 

tropicalis, and Candida parapsilosis)68-70. Two types of candidiasis can occur in the 

host: (1) Mucocutaneous candidiasis or (2) Invasive candidiasis (Fig. 1.4B). 
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Mucocutaneous candidiasis is often on mucosal layers such as the mouth, skin, or 

vagina, where commensal fungi are natively found in the human host71. 

Mucocutaneous candidiasis can develop in these areas because of alterations to the 

environment allowing for increased levels of C. albicans colonization. Mucocutaneous 

infections are often common among the general population with vulvovaginal 

candidiasis (VVC) occurring at least once in ~75% of women during reproductive 

years71, 72. 

 

Figure 1.4. Candida albicans morphology and possible infections of the human 

host. (A) Different morphological states of C. albicans. Commensal 

forms of C. albicans are often referred to as budding cells. Penetration of 

epithelial cells and translocation into the bloodstream can occur as cells 

start to transition to a pseudo hyphal and true hyphae morphology. (B) 

Types of candidiasis that can be acquired by the human host from 

infection of C. albicans or other Candida species. 
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Invasive candidiasis is an infection that occurs when the pathogen translocates 

into the bloodstream of the host73. Recent studies have reported that invasive 

candidiasis has a crude mortality rate ~40% and an attributed mortality rate ~27%74, 75. 

While those who are ill or immunocompromised are more likely to develop invasive 

candidiasis76, 77, this infection can occur among healthy individuals as well. For C. 

albicans to disseminate and invade into the bloodstream, active penetration of the 

epithelial layers and endocytosis needs to occur78. C. albicans cells transitioning into 

their hyphal forms will secrete hydrolytic enzymes to disrupt epithelial cells, entering 

the bloodstream, and eventually crossing endothelial layers for dissemination78, 79. The 

hyphal morphology adopted by C. albicans also allows the organism to escape from 

and destroy macrophages which if not destroyed would aid in clearing the fungal 

infection80, 81. While some Candida species do not need to transition to hyphae to 

cause disease, a number of Candida do, with C. albicans being the most well studied 

organism in this area25, 82. The morphological transition has a number of driving 

factors83, 84 but a key driving factor is the interplay between bacteria and C. albicans in 

the human host before, during, and after infection.  

1.5 Hyphal Growth and Bacterial-Fungal Relationship 

While there are direct mechanisms for inducing hyphal growth in C. albicans, 

the relationship between bacteria and fungi in the human host plays a large part in 

triggering and activating some of these pathways, thus directly influencing the growth 

and survival of C. albicans in the human host. A leading theory in this is that 

bacteriaôs role is not to prevent colonization of Candida but rather to prevent their 

proliferation1. Bacteria, such as lactobacillus spp. in the vagina can achieve this 

through several mechanisms, including using steric interference or co-aggregation, 
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producing metabolic byproducts to influence the pH, and promoting immune response 

through the upregulation of specific chemokines and cytokines (Fig. 1.5)85-87. In the 

oral cavity, Streptococcus mutans and other Streptococcus spp. secrete trans-2-

decenoic acid, which inhibits C. albicans hyphal morphogenesis without affecting 

overall fungal cell growth88. Additionally, in the vaginal cavity, Lactobacillus spp. 

produces major secreted protein 1 (Msp1) which acts as a chitinase to break down the 

fungal cell wall and overall blocking filamentous cell growth89. By using these and 

similar mechanisms, bacteria can modulate the ability of fungi to proliferate and cause 

disease in the host. Alternatively, some bacteria promote fungal growth or enhance the 

virulent traits of C. albicans90, 91.  

 

Figure 1.5. Interactions between bacteria and Candida at mucosal surfaces. 

Bacteria contribute to defense through (1) physical interactions, including 

competitive exclusion of Candida and co-aggregation or trapping of 

fungal cells; (2) excreted metabolic products, such as lactic acid, which 

inhibit fungal growth and hyphal transition; and (3) modulation of the 

host immune response, characterized by upregulation of cytokines. 

Figure created in BioRender.  
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A common model system used to investigate these hypotheses is the vaginal 

microbiome. Here, fatty acids and lactic acid produced by bacteria are shown to inhibit 

the yeast to hyphae transition92. Building on this, reports indicate that lower numbers 

of Lactobacillus spp. in women with recurrent VVC and increased susceptibility to 

Candida vaginitis following antibiotic treatment for bacterial infections93-95. While not 

all cases of VVC are caused by antibacterial therapy96-98, colonization with Candida 

seems to be a pre-requisite risk factor for developing VVC after treatment with 

antibiotics86. These preliminary studies have been used to theorize that simply the 

presence of bacteria and fungi together in host niches, directly impacts the 

proliferation of Candida.  

Separate from affecting cell growth, bacteria have an even deeper connection 

to inducing hyphal morphology in C. albicans. Hyphal induction in C. albicans can 

generally be induced by a broad range of environmental or nutritional factors such as 

the presence of N-acetylglucosamine (GlcNAc), alkaline pH, elevated CO2, and 

37°C83, 99. It has also been shown that hyphal morphology can be induced by serum, 

which contains a variety of peptidoglycan (PG) fragments100. Peptidoglycan is a mesh 

like polymer made up of alternating ɓ-1-4 linked GlcNAc and N-acetylmuramic acid 

(MurNAc) residues that are cross linked via a pentapeptide chain (Fig. 1.6)101. PG is a 

key biomolecule as it provides structural integrity and shape to bacterial cells, 

protecting them from external stressors and also is a popular target for antibiotics, as 

this polymer is unique to bacteria and not found naturally in the human cells101, 102. 

This key finding suggests that specific molecular level interactions between bacteria 

and fungi contribute to an enhanced disease state during immune incompetence.  
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Figure 1.6. General chemical structure of mature peptidoglycan. GlcNAc 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 Recognition in C. albicans 

Peptidoglycan (PG) remodeling in bacterial cells occurs during growth and 

division, resulting in the shedding of fragments from the cell wall103, 104. As a part of 

their standard cell wall turnover process, bacteria will degrade around 40% of their 

PG105 each generation in order to expand their cell wall and protect the cell from the 

environment. Rebuilding of the cell wall is then achieved through internal recycling 

mechanisms (Fig. 1.7). As a result of this process, small polysaccharide fragments are 

released into the local environment and signal to host cells or other microbiota of 

bacterial presence in the area. 
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Figure 1.7. Biosynthesis and assembly of bacterial peptidoglycan. Beginning in the 

cytoplasm, MurA and MurB convert UDP-GlcNAc to UDP-MurNAc, 

which is sequentially modified by MurC-F to form the UDP-MurNAc-

pentapeptide. This precursor is then linked to the lipid carrier to form 

lipid I and further elongated by MurG to generate MurNAcïGlcNAcï

pentapeptide. This moiety is then flipped across the inner membrane by 

MurJ. In the periplasm, transglycosylases and transpeptidases complete 

the formation of mature peptidoglycan. Shapes and colors denote 

MurNAc (black), GlcNAc (green), and the bactoprenol lipid carrier 

(wavy tail), with amino acid residues of the peptide stem indicated. 

Figure created in BioRender.  

Wang and co-workers first isolated and identified that PG fragments play a 

role in inducing hyphal morphogenesis in C. albicans100. Along with the knowledge 

that upregulation of transcriptional factors involved in signaling for hyphae growth are 

a direct result in a spike in the cAMP-PKA cascade106, 107, it was hypothesized that 

these PG fragments must signal towards this pathway. Further, it was shown that the 
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cAMP-PKA pathway is upregulated upon binding of the adenyl cyclase (AC) Cyr1 to 

bacterial PG (Fig. 1.8A)100. Particularly, Cyr1 contains an evolutionary conserved 

leucine rich repeat (LRR) protein domain commonly found in human PRRs such as 

TLRs, and NOD like receptors (Fig. 1.8B)108-111. Diverging from common mammalian 

adenyl cyclaseôs, Cyr1 is regulated by Ras through the interaction of a small GTP 

binding protein with a leucine rich repeat domain in the protein112. LRRôs have been 

identified in bacteria, archaea, and eukaryotes and often found in diverse protein 

families, including but not limited to tyrosine kinase receptors and extracellular 

matrix-binding glycoproteins113. Their functions are also diverse ranging from cell 

adhesion to RNA processing, DNA repair, and disease resistance113.  

 

Figure 1.8. Structure of Cyr1 from C. albicans and its leucine-rich repeat (LRR) 

region. (A) Overall structure of Cyr1 showing arrangement of its major 

functional domains. Regions of the protein include the GŬ-binding 

domain, Ras-association (RA) domain, leucine-rich repeat (LRR) 

module, protein phosphatase 2C (PP2C) domain, cyclase catalytic 

(CYCc) domain, and C-terminal cyclic-nucleotide binding domain 

(CBD). (B) Linear domain map of Cyr1p (top). The LRR region is 

highlighted below. 
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Although it is known that Cyr1 is in part responsible for hyphal formation in 

the presence of PG fragments100, it remains unclear how these bacterial fragments 

enter the cell and signal for hyphal growth. Recently Qiao and coworkers identified 

that PG from bacteria enter the cytosol of C. albicans through oligopeptide 

transporters (Opts), specifically OPT4 which is constitutively expressed for basal level 

of uptake of PG fragments114. This is a divergent finding from the standard, as other 

saccharides such as GlcNAc enter the cell through established transporters such as 

Ngt1115. Given that the peptide stem off of the 3C position of MurNAc based PG 

fragments is the clear difference between the molecules, it suggests that peptide 

portion of PG is regulating the process of recognizing PG for further uptake.  

1.7 C. albicans Modulates the Cell Wall During Hyphal Growth 

While MurNAc based PG fragments have been identified as hyphal inducers of 

C. albicans, in order for filamentous growth of cells to occur100, other essential 

processes in the cell need to be monitored and regulated. The most common example 

of this is the growth and remodeling of the fungal cell wall during morphological 

transitions. The fungal cell wall is a dynamic and multifaceted structure, providing 

protection from antibiotics, playing a key role in adhesion, and is critical for fungal 

nutrition and penetration during periods of tissue colonization in the host13, 116. The 

importance of the structure and organization of the cell wall is evident as it is 

estimated that at least 20% of genes in fungi contribute to cell wall biogenesis and 

regulation117. However, although there are an estimated 5 million species of fungi, 

researchers have only investigated the molecular details of a few, with C. albicans 

being a well investigated species.  
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As with most fungi, the cell wall of C. albicans is generally divided into two 

layers: the inner layer and the outer cell wall (Fig. 1.9). The outer cell wall is the first 

layer to come in contact with other microbiota in the host. This layer is almost always 

dominated by long mannan fibrils, and as such there are more PRRôs that recognize 

mannans than for any other PAMP in the fungal cell wall118, 119. The inner cell wall 

can be more chemically diverse, playing host to the major structural polysaccharides 

chitin, ɓ-1, 3-glucan, and ɓ-1, 6-glucan as examples (Fig. 1.9)116. Other species 

beyond Candida may contain structural components such as melanin in the inner 

layer, however chitin and ɓ-1, 3-glucan are the basis of the cell wall of C. albicans120. 

While ɓ-1, 3-glucan has been heavily studied and targeted by researchers, chitin and 

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 structural organization of the fungal cell wall. The fungal cell 

wall consists of an inner wall rich in structural polysaccharides and an 

outer wall with highly branched mannans. The inner wall contains ɓ-1,3-

glucan (green), ɓ-1,6-glucan (red), and chitin (blue), which together form 

the scaffold linked to the plasma membrane. GPI-anchored proteins (blue 

structures with linkers) are incorporated into the glucanïchitin matrix and 

extend upward. The outer wall is composed primarily of N-mannan 

fibrils. This layered organization contributes to cell rigidity, 

environmental sensing, and immune recognition. Figure created in 

BioRender. 

Chitin is a linear polymer made up of GlcNAc units tied together through ɓ-1, 

4 linkages121. Chitin chains produced in the cell can form strong fibrils by folding back 

onto each other, creating antiparallel Ŭ-chitin chains that are further stabilized by intra-

chain hydrogen bonds122. Depending on the morphology of the cell, chitin can take on 

a structurally diverse form. In filamentous fungi, chitin microfibrils are observed to 

exist as long, interlaced nets, whereas budding yeast or other fungi can display chitin 
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in the form of a lattice123. Thus, chitin is modified as it is being synthesized to 

generate specific polymers with unique properties that are required of the cell. Further 

modification can occur after production of the polysaccharide, as certain 

transglycosidases can cut and splice the chitin polymer to other cell wall components 

such as ɓ-1, 3-glucan and ɓ-1, 6-glucan124, 125.  

To synthesize chitin, a group of enzymes, chitin synthases, are required and 

vary depending on the species126. Between fungal species, the number of chitin 

synthases genes differs greatly, however it has been determined that in C. albicans 

there are four chitin synthase enzymes that co-localize at the septum of the cell to 

produce the polysaccharide127, 128. While chitin synthase activity and the levels of 

chitin in C. albicans cells are relatively low compared to the levels of ɓ-1, 3-glucan 

and mannan129, recent advances in understanding how chitin levels fluctuate and 

rescue the cell during hyphal morphogenesis have been identified using solid state 

(SS) NMR130. Studies indicate that when exposed to echinocandins, which target the 

production of ɓ-1, 3-glucan, physical interactions between chitin and other cell wall 

components will help to stabilize the wall during this stress period131. In addition to 

this, SS-NMR has also shown that in response to the specific echinocandin, 

Caspofungin, C. albicans chitin synthase activity and levels of chitin increase to try 

and make up for the loss in structural integrity in the wall131.  

Whether or not the cell is under stress from environmental factors such as 

Caspofungin treatment, chitin synthase activity will need to increase but also be highly 

regulated during the morphological switch from budding to hyphae. Some studies 

have estimated that the amounts of chitin are increased by about 3-5x in the 

filamentous form132, 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 pressure134, 135. Early work in the field has also demonstrated that chitin-glucan 

cross-linking is less likely to be fibrillar in hyphae cells136. Thus, while chitin 

production is upregulated, it also needs to be monitored as to not disrupt the specific 

plasticity needed to complete elongation, making chitin and its production an 

interesting target for antifungals.  

As none of the components of the fungal cell wall, including chitin, are found 

in humans, it has become a leading target for R&D in the development of antifungals. 

Building on this, because the fungal cell wall is fundamental to proliferation and many 

essential functions are required for pathogenesis, drugs that interfere with the 

production or assembly are of high interest to researchers. Currently nikkomycin 

antifungals are specific and non-toxic inhibitors of chitin synthesis but it has been 

observed that their clinical utility is compromised, limiting their use in humans137, 138. 

Recent advances have been made in structural studies of chitin synthase, revealing 

new details of mechanisms of catalysis, but it is clear that there is a major gap in 

studies to identify possible targets or mechanisms of inhibition that directly involve 

chitin139, 140. 

1.8 Dissertation Overview 

The microbiome is a diverse makeup of organisms and the bacterial-fungal 

cross talk that occurs here is influential to the development of disease in the human 

host. Despite this, there is a lack of research in understanding how fungi, specifically 

the human pathogen C. albicans, signals for growth and pathogenesis during periods 

of immune incompetence. The goal of this dissertation is to improve the understanding 

of the molecular mechanisms governing the uptake and utilization of PG by C. 
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albicans and how it contributes to infectious fungal diseases. By investigating how 

these molecules are recognized and used inside the cell, novel targets for antifungals 

may be identified. Chapter 2 details the genes and transcriptional factors that are 

specifically activated upon PG induced hyphal growth in the cell. Chapter 3 uncovers 

molecular details and kinetic parameters regarding the fungal kinase Hxk1, an 

essential enzyme for downstream usage of NAG fragments derived from bacterial PG. 

Chapter 4 builds off work from previous chapters and demonstrates the development 

of whole-cell labeling platforms for pathogenic chitin labeling using a suite of bio-

orthogonal probes and chemical biology approaches. Chapter 5 uncovers novel 

methods that C. albicans can use for MurNAc uptake in sustaining and proliferation of 

their pathogenic morphology during periods of environmental stress. Overall, this 

dissertation provides new insights into the diverse array of bacterial fragments C. 

albicans can recognize and utilize in the morphological switch from budding to 

hyphae growth. Additionally, I emphasize how hyphae growth is regulated through 

multifaceted uses of PG building blocks GlcNAc and MurNAc in tandem, and how we 

can use the native enzymes of C. albicans as new tools to study the pathogenic switch.  

 



 24 

 

1. MacAlpine, J.;  Robbins, N.; Cowen, L. E., Bacterial-fungal interactions and 

their impact on microbial pathogenesis. Mol Ecol 2023, 32 (10), 2565-2581. 

2. Hou, K.;  Wu, Z. X.;  Chen, X. Y.;  Wang, J. Q.;  Zhang, D.;  Xiao, C.;  Zhu, 

D.;  Koya, J. B.;  Wei, L.;  Li, J.; Chen, Z. S., Microbiota in health and 

diseases. Signal Transduct Target Ther 2022, 7 (1), 135. 

3. Marshall, J. S.;  Warrington, R.;  Watson, W.; Kim, H. L., An introduction to 

immunology and immunopathology. Allergy Asthma Clin Immunol 2018, 14 

(Suppl 2), 49. 

4. Ehrlich, P. in Nobel Lectures, Physiology or Medicine 1901ï1921. 

https://www.nobelprize.org/prizes/medicine/1908/ehrlich/lecture/. 

5. Mechnikov, I. in Nobel Lectures, Physiology or Medicine 1901ï1921. 

https://www.nobelprize.org/prizes/medicine/1908/mechnikov/lecture/. 

6. Iwasaki, A.; Medzhitov, R., Control of adaptive immunity by the innate 

immune system. Nat Immunol 2015, 16 (4), 343-53. 

7. Li, D.; Wu, M., Pattern recognition receptors in health and diseases. Signal 

Transduct Target Ther 2021, 6 (1), 291. 

8. Herwald, H.; Egesten, A., On PAMPs and DAMPs. J Innate Immun 2016, 8 

(5), 427-8. 

9. Zindel, J.; Kubes, P., DAMPs, PAMPs, and LAMPs in Immunity and Sterile 

Inflammation. Annu Rev Pathol 2020, 15, 493-518. 

10. Underhill, D. M.; Iliev, I. D., The mycobiota: interactions between commensal 

fungi and the host immune system. Nat Rev Immunol 2014, 14 (6), 405-16. 

11. Kalia, N.;  Singh, J.; Kaur, M., Microbiota in vaginal health and pathogenesis 

of recurrent vulvovaginal infections: a critical review. Ann Clin Microbiol 

Antimicrob 2020, 19 (1), 5. 

REFERENCES 

https://www.nobelprize.org/prizes/medicine/1908/ehrlich/lecture/
https://www.nobelprize.org/prizes/medicine/1908/mechnikov/lecture/


 25 

12. Robert, V.;  Cardinali, G.; Casadevall, A., Distribution and impact of yeast 

thermal tolerance permissive for mammalian infection. BMC Biol 2015, 13, 18. 

13. Brown, G. D.;  Ballou, E. R.;  Bates, S.;  Bignell, E. M.;  Borman, A. M.;  

Brand, A. C.;  Brown, A. J. P.;  Coelho, C.;  Cook, P. C.;  Farrer, R. A.;  

Govender, N. P.;  Gow, N. A. R.;  Hope, W.;  Hoving, J. C.;  Dangarembizi, 

R.;  Harrison, T. S.;  Johnson, E. M.;  Mukaremera, L.;  Ramsdale, M.;  

Thornton, C. R.;  Usher, J.;  Warris, A.; Wilson, D., The pathobiology of 

human fungal infections. Nat Rev Microbiol 2024, 22 (11), 687-704. 

14. Bacher, P.;  Hohnstein, T.;  Beerbaum, E.;  Rocker, M.;  Blango, M. G.;  

Kaufmann, S.;  Rohmel, J.;  Eschenhagen, P.;  Grehn, C.;  Seidel, K.;  Rickerts, 

V.;  Lozza, L.;  Stervbo, U.;  Nienen, M.;  Babel, N.;  Milleck, J.;  

Assenmacher, M.;  Cornely, O. A.;  Ziegler, M.;  Wisplinghoff, H.;  Heine, G.;  

Worm, M.;  Siegmund, B.;  Maul, J.;  Creutz, P.;  Tabeling, C.;  Ruwwe-

Glosenkamp, C.;  Sander, L. E.;  Knosalla, C.;  Brunke, S.;  Hube, B.;  

Kniemeyer, O.;  Brakhage, A. A.;  Schwarz, C.; Scheffold, A., Human Anti-

fungal Th17 Immunity and Pathology Rely on Cross-Reactivity against 

Candida albicans. Cell 2019, 176 (6), 1340-1355 e15. 

15. Leonardi, I.;  Gao, I. H.;  Lin, W. Y.;  Allen, M.;  Li, X. V.;  Fiers, W. D.;  De 

Celie, M. B.;  Putzel, G. G.;  Yantiss, R. K.;  Johncilla, M.;  Colak, D.; Iliev, I. 

D., Mucosal fungi promote gut barrier function and social behavior via Type 

17 immunity. Cell 2022, 185 (5), 831-846 e14. 

16. Mochon, A. B.;  Jin, Y.;  Kayala, M. A.;  Wingard, J. R.;  Clancy, C. J.;  

Nguyen, M. H.;  Felgner, P.;  Baldi, P.; Liu, H., Serological profiling of a 

Candida albicans protein microarray reveals permanent host-pathogen 

interplay and stage-specific responses during candidemia. PLoS Pathog 2010, 

6 (3), e1000827. 

17. Weis, A. M.; Round, J. L., Microbiota-antibody interactions that regulate gut 

homeostasis. Cell Host Microbe 2021, 29 (3), 334-346. 

18. Ost, K. S.; Round, J. L., Commensal fungi in intestinal health and disease. Nat 

Rev Gastroenterol Hepatol 2023, 20 (11), 723-734. 

19. Limon, J. J.;  Tang, J.;  Li, D.;  Wolf, A. J.;  Michelsen, K. S.;  Funari, V.;  

Gargus, M.;  Nguyen, C.;  Sharma, P.;  Maymi, V. I.;  Iliev, I. D.;  Skalski, J. 

H.;  Brown, J.;  Landers, C.;  Borneman, J.;  Braun, J.;  Targan, S. R.;  

McGovern, D. P. B.; Underhill, D. M., Malassezia Is Associated with Crohn's 

Disease and Exacerbates Colitis in Mouse Models. Cell Host Microbe 2019, 25 

(3), 377-388 e6. 



 26 

20. Jain, U.;  Ver Heul, A. M.;  Xiong, S.;  Gregory, M. H.;  Demers, E. G.;  Kern, 

J. T.;  Lai, C. W.;  Muegge, B. D.;  Barisas, D. A. G.;  Leal-Ekman, J. S.;  

Deepak, P.;  Ciorba, M. A.;  Liu, T. C.;  Hogan, D. A.;  Debbas, P.;  Braun, J.;  

McGovern, D. P. B.;  Underhill, D. M.; Stappenbeck, T. S., Debaryomyces is 

enriched in Crohn's disease intestinal tissue and impairs healing in mice. 

Science 2021, 371 (6534), 1154-1159. 

21. Ost, K. S.;  O'Meara, T. R.;  Stephens, W. Z.;  Chiaro, T.;  Zhou, H.;  Penman, 

J.;  Bell, R.;  Catanzaro, J. R.;  Song, D.;  Singh, S.;  Call, D. H.;  Hwang-

Wong, E.;  Hanson, K. E.;  Valentine, J. F.;  Christensen, K. A.;  O'Connell, R. 

M.;  Cormack, B.;  Ibrahim, A. S.;  Palm, N. W.;  Noble, S. M.; Round, J. L., 

Adaptive immunity induces mutualism between commensal eukaryotes. 

Nature 2021, 596 (7870), 114-118. 

22. Lewis, J. D.;  Chen, E. Z.;  Baldassano, R. N.;  Otley, A. R.;  Griffiths, A. M.;  

Lee, D.;  Bittinger, K.;  Bailey, A.;  Friedman, E. S.;  Hoffmann, C.;  

Albenberg, L.;  Sinha, R.;  Compher, C.;  Gilroy, E.;  Nessel, L.;  Grant, A.;  

Chehoud, C.;  Li, H.;  Wu, G. D.; Bushman, F. D., Inflammation, Antibiotics, 

and Diet as Environmental Stressors of the Gut Microbiome in Pediatric 

Crohn's Disease. Cell Host Microbe 2015, 18 (4), 489-500. 

23. Nash, A. K.;  Auchtung, T. A.;  Wong, M. C.;  Smith, D. P.;  Gesell, J. R.;  

Ross, M. C.;  Stewart, C. J.;  Metcalf, G. A.;  Muzny, D. M.;  Gibbs, R. A.;  

Ajami, N. J.; Petrosino, J. F., The gut mycobiome of the Human Microbiome 

Project healthy cohort. Microbiome 2017, 5 (1), 153. 

24. Pappas, P. G.;  Kauffman, C. A.;  Andes, D. R.;  Clancy, C. J.;  Marr, K. A.;  

Ostrosky-Zeichner, L.;  Reboli, A. C.;  Schuster, M. G.;  Vazquez, J. A.;  

Walsh, T. J.;  Zaoutis, T. E.; Sobel, J. D., Clinical Practice Guideline for the 

Management of Candidiasis: 2016 Update by the Infectious Diseases Society 

of America. Clin Infect Dis 2016, 62 (4), e1-50. 

25. Pappas, P. G.;  Lionakis, M. S.;  Arendrup, M. C.;  Ostrosky-Zeichner, L.; 

Kullberg, B. J., Invasive candidiasis. Nat Rev Dis Primers 2018, 4, 18026. 

26. Du, H.;  Bing, J.;  Hu, T.;  Ennis, C. L.;  Nobile, C. J.; Huang, G., Candida 

auris: Epidemiology, biology, antifungal resistance, and virulence. PLoS 

Pathog 2020, 16 (10), e1008921. 

27. Govrins, M.; Lass-Florl, C., Candida parapsilosis complex in the clinical 

setting. Nat Rev Microbiol 2024, 22 (1), 46-59. 



 27 

28. Odoj, K.;  Garlasco, J.;  Pezzani, M. D.;  Magnabosco, C.;  Ortiz, D.;  Manco, 

F.;  Galia, L.;  Foster, S. K.;  Arieti, F.; Tacconelli, E., Tracking Candidemia 

Trends and Antifungal Resistance Patterns across Europe: An In-Depth 

Analysis of Surveillance Systems and Surveillance Studies. J Fungi (Basel) 

2024, 10 (10). 

29. CDC Antibiotic Resistance Threats in the United States 2019; Atlanta, GA, 

2019. 

30. Organization, W. H. WHO fungal priority pathogens list to guide research, 

development, and public health action; 2022. 

31. Denning, D. W., Global incidence and mortality of severe fungal disease. 

Lancet Infect Dis 2024, 24 (7), e428-e438. 

32. Robbins, N.;  Wright, G. D.; Cowen, L. E., Antifungal Drugs: The Current 

Armamentarium and Development of New Agents. Microbiol Spectr 2016, 4 

(5). 

33. Fisher, M. C.;  Alastruey-Izquierdo, A.;  Berman, J.;  Bicanic, T.;  Bignell, E. 

M.;  Bowyer, P.;  Bromley, M.;  Bruggemann, R.;  Garber, G.;  Cornely, O. A.;  

Gurr, S. J.;  Harrison, T. S.;  Kuijper, E.;  Rhodes, J.;  Sheppard, D. C.;  

Warris, A.;  White, P. L.;  Xu, J.;  Zwaan, B.; Verweij, P. E., Tackling the 

emerging threat of antifungal resistance to human health. Nat Rev Microbiol 

2022, 20 (9), 557-571. 

34. Lee, Y.;  Robbins, N.; Cowen, L. E., Molecular mechanisms governing 

antifungal drug resistance. NPJ Antimicrob Resist 2023, 1 (1), 5. 

35. Schoustra, S. E.;  Debets, A. J. M.;  Rijs, A.;  Zhang, J.;  Snelders, E.;  

Leendertse, P. C.;  Melchers, W. J. G.;  Rietveld, A. G.;  Zwaan, B. J.; 

Verweij, P. E., Environmental Hotspots for Azole Resistance Selection of 

Aspergillus fumigatus, the Netherlands. Emerg Infect Dis 2019, 25 (7), 1347-

1353. 

36. van Rhijn, N.; Rhodes, J., Evolution of antifungal resistance in the 

environment. Nat Microbiol 2025, 10 (8), 1804-1815. 

37. Patel, P.; Zito, P. M., Antifungal Agents. In StatPearls, Treasure Island (FL) 

ineligible companies. Disclosure: Patrick Zito declares no relevant financial 

relationships with ineligible companies., 2025. 



 28 

38. Branda, F.;  Petrosillo, N.;  Ceccarelli, G.;  Giovanetti, M.;  De Vito, A.;  

Madeddu, G.;  Scarpa, F.; Ciccozzi, M., Antifungal Agents in the 21st 

Century: Advances, Challenges, and Future Perspectives. Infect Dis Rep 2025, 

17 (4). 

39. Johnson, E. M.;  Warnock, D. W.;  Luker, J.;  Porter, S. R.; Scully, C., 

Emergence of azole drug resistance in Candida species from HIV-infected 

patients receiving prolonged fluconazole therapy for oral candidosis. J 

Antimicrob Chemother 1995, 35 (1), 103-14. 

40. Cannon, R. D.;  Lamping, E.;  Holmes, A. R.;  Niimi, K.;  Baret, P. V.;  

Keniya, M. V.;  Tanabe, K.;  Niimi, M.;  Goffeau, A.; Monk, B. C., Efflux-

mediated antifungal drug resistance. Clin Microbiol Rev 2009, 22 (2), 291-321, 

Table of Contents. 

41. Cowen, L. E.; Lindquist, S., Hsp90 potentiates the rapid evolution of new 

traits: drug resistance in diverse fungi. Science 2005, 309 (5744), 2185-9. 

42. Verwij, P. E.;  Lucas, J. A.;  Arendrup, M. C.;  Bowyer, P.;  Brinkmann, A. J. 

F.;  Denning, D. W.;  Dyer, P. S.;  Fisher, M. C.;  Geenan, P. L.;  Gisi, U.;  

Hermann, D.;  Hoogendijk, A.;  Kiers, E.;  Lagrou, K.;  Melchers, W. J. G.;  

Rhodes, J.;  Rietveld, A. G.;  Schoustra, S. E.;  Stenzel, K.;  Zwaan, B.; 

Fraaije, B. A., The one health problem of azole resistance in Aspergillus 

fumigatus: current insights and future research agenda. Fungal Biology 

Reviews 2020, 34 (4), 202-214. 

43. Aguilar-Zapata, D.;  Petraitiene, R.; Petraitis, V., Echinocandins: The 

Expanding Antifungal Armamentarium. Clin Infect Dis 2015, 61 Suppl 6, 

S604-11. 

44. Szymanski, M.;  Chmielewska, S.;  Czyzewska, U.;  Malinowska, M.; Tylicki, 

A., Echinocandins - structure, mechanism of action and use in antifungal 

therapy. J Enzyme Inhib Med Chem 2022, 37 (1), 876-894. 

45. Sucher, A. J.;  Chahine, E. B.; Balcer, H. E., Echinocandins: the newest class 

of antifungals. Ann Pharmacother 2009, 43 (10), 1647-57. 

46. Ibe, C.; Munro, C. A., Fungal Cell Wall Proteins and Signaling Pathways Form 

a Cytoprotective Network to Combat Stresses. J Fungi (Basel) 2021, 7 (9). 

47. Jorgensen, L. N.; Heick, T. M., Azole Use in Agriculture, Horticulture, and 

Wood Preservation - Is It Indispensable? Front Cell Infect Microbiol 2021, 11, 

730297. 



 29 

48. Fahy, W. D.;  Zhang, Z.;  Wang, S.;  Li, L.; Mabury, S. A., Environmental Fate 

of the Azole Fungicide Fluconazole and Its Persistent and Mobile 

Transformation Product 1,2,4-Triazole. Environ Sci Technol 2025, 59 (6), 

3239-3251. 

49. Toda, M.;  Beer, K. D.;  Kuivila, K. M.;  Chiller, T. M.; Jackson, B. R., Trends 

in Agricultural Triazole Fungicide Use in the United States, 1992-2016 and 

Possible Implications for Antifungal-Resistant Fungi in Human Disease. 

Environ Health Perspect 2021, 129 (5), 55001. 

50. Chen, Y.;  Dong, F.;  Zhao, J.;  Fan, H.;  Qin, C.;  Li, R.;  Verweij, P. E.;  

Zheng, Y.; Han, L., High Azole Resistance in Aspergillus fumigatus Isolates 

from Strawberry Fields, China, 2018. Emerg Infect Dis 2020, 26 (1), 81-89. 

51. Contro, E. C. f. D. P. a. Risk assessment on the impact of environmental usage 

of triazoles on the development and spread of resistance to medical triazoles in 

Aspergillus species; Stockholm, 2013. 

52. Paterson, R. R. M.;  Solaiman, Z.; Santamaria, O., Guest edited collection: 

fungal evolution and diversity. Sci Rep 2023, 13 (1), 21438. 

53. Casadevall, A.;  Kontoyiannis, D. P.; Robert, V., On the Emergence of 

Candida auris: Climate Change, Azoles, Swamps, and Birds. mBio 2019, 10 

(4). 

54. Kenyon, C.;  Bonorchis, K.;  Corcoran, C.;  Meintjes, G.;  Locketz, M.;  

Lehloenya, R.;  Vismer, H. F.;  Naicker, P.;  Prozesky, H.;  van Wyk, M.;  

Bamford, C.;  du Plooy, M.;  Imrie, G.;  Dlamini, S.;  Borman, A. M.;  

Colebunders, R.;  Yansouni, C. P.;  Mendelson, M.; Govender, N. P., A 

dimorphic fungus causing disseminated infection in South Africa. N Engl J 

Med 2013, 369 (15), 1416-24. 

55. Schwartz, I. S.;  Govender, N. P.;  Sigler, L.;  Jiang, Y.;  Maphanga, T. G.;  

Toplis, B.;  Botha, A.;  Dukik, K.;  Hoving, J. C.;  Munoz, J. F.;  de Hoog, S.;  

Cuomo, C. A.;  Colebunders, R.; Kenyon, C., Emergomyces: The global rise of 

new dimorphic fungal pathogens. PLoS Pathog 2019, 15 (9), e1007977. 

56. Ibe, C.;  Mnyambwa, N. P.; Mfinanga, S. G., Emergomycosis in Africa: Time 

to Pay Attention to This Emerging Deadly Fungal Infection. Int J Gen Med 

2023, 16, 2313-2322. 



 30 

57. Hoenigl, M.;  Sprute, R.;  Arastehfar, A.;  Perfect, J. R.;  Lass-Florl, C.;  

Bellmann, R.;  Prattes, J.;  Thompson, G. R., 3rd;  Wiederhold, N. P.;  Al 

Obaidi, M. M.;  Willinger, B.;  Arendrup, M. C.;  Koehler, P.;  Oliverio, M.;  

Egger, M.;  Schwartz, I. S.;  Cornely, O. A.;  Pappas, P. G.; Krause, R., 

Invasive candidiasis: investigational drugs in the clinical development pipeline 

and mechanisms of action. Expert Opin Investig Drugs 2022, 31 (8), 795-812. 

58. Hatamoto, M.;  Aizawa, R.;  Kobayashi, Y.; Fujimura, M., A novel fungicide 

aminopyrifen inhibits GWT-1 protein in glycosylphosphatidylinositol-anchor 

biosynthesis in Neurospora crassa. Pestic Biochem Physiol 2019, 156, 1-8. 

59. Oliveira, L. V. N.;  Wang, R.;  Specht, C. A.; Levitz, S. M., Vaccines for 

human fungal diseases: close but still a long way to go. NPJ Vaccines 2021, 6 

(1), 33. 

60. Edwards, J. E., Jr.;  Schwartz, M. M.;  Schmidt, C. S.;  Sobel, J. D.;  Nyirjesy, 

P.;  Schodel, F.;  Marchus, E.;  Lizakowski, M.;  DeMontigny, E. A.;  Hoeg, J.;  

Holmberg, T.;  Cooke, M. T.;  Hoover, K.;  Edwards, L.;  Jacobs, M.;  

Sussman, S.;  Augenbraun, M.;  Drusano, M.;  Yeaman, M. R.;  Ibrahim, A. S.;  

Filler, S. G.; Hennessey, J. P., Jr., A Fungal Immunotherapeutic Vaccine 

(NDV-3A) for Treatment of Recurrent Vulvovaginal Candidiasis-A Phase 2 

Randomized, Double-Blind, Placebo-Controlled Trial. Clin Infect Dis 2018, 66 

(12), 1928-1936. 

61. Barousse, M. M.;  Van Der Pol, B. J.;  Fortenberry, D.;  Orr, D.; Fidel, P. L., 

Jr., Vaginal yeast colonisation, prevalence of vaginitis, and associated local 

immunity in adolescents. Sex Transm Infect 2004, 80 (1), 48-53. 

62. Ravel, J.;  Gajer, P.;  Abdo, Z.;  Schneider, G. M.;  Koenig, S. S.;  McCulle, S. 

L.;  Karlebach, S.;  Gorle, R.;  Russell, J.;  Tacket, C. O.;  Brotman, R. M.;  

Davis, C. C.;  Ault, K.;  Peralta, L.; Forney, L. J., Vaginal microbiome of 

reproductive-age women. Proc Natl Acad Sci U S A 2011, 108 Suppl 1 (Suppl 

1), 4680-7. 

63. Hong, K. H.;  Hong, S. K.;  Cho, S. I.;  Ra, E.;  Han, K. H.;  Kang, S. B.;  Kim, 

E. C.;  Park, S. S.; Seong, M. W., Analysis of the Vaginal Microbiome by 

Next-Generation Sequencing and Evaluation of its Performance as a Clinical 

Diagnostic Tool in Vaginitis. Ann Lab Med 2016, 36 (5), 441-9. 

64. Whiteway, M.; Bachewich, C., Morphogenesis in Candida albicans. Annu Rev 

Microbiol 2007, 61, 529-53. 

65. Mba, I. E.; Nweze, E. I., Mechanism of Candida pathogenesis: revisiting the 

vital drivers. Eur J Clin Microbiol Infect Dis 2020, 39 (10), 1797-1819. 



 31 

66. Lass-Florl, C.;  Kanj, S. S.;  Govender, N. P.;  Thompson, G. R., 3rd;  

Ostrosky-Zeichner, L.; Govrins, M. A., Invasive candidiasis. Nat Rev Dis 

Primers 2024, 10 (1), 20. 

67. Miramon, P.; Lorenz, M. C., A feast for Candida: Metabolic plasticity confers 

an edge for virulence. PLoS Pathog 2017, 13 (2), e1006144. 

68. Pfaller, M. A.;  Moet, G. J.;  Messer, S. A.;  Jones, R. N.; Castanheira, M., 

Geographic variations in species distribution and echinocandin and azole 

antifungal resistance rates among Candida bloodstream infection isolates: 

report from the SENTRY Antimicrobial Surveillance Program (2008 to 2009). 

J Clin Microbiol 2011, 49 (1), 396-9. 

69. Castanheira, M.;  Messer, S. A.;  Rhomberg, P. R.; Pfaller, M. A., Antifungal 

susceptibility patterns of a global collection of fungal isolates: results of the 

SENTRY Antifungal Surveillance Program (2013). Diagn Microbiol Infect Dis 

2016, 85 (2), 200-4. 

70. Pfaller, M. A.;  Diekema, D. J.;  Turnidge, J. D.;  Castanheira, M.; Jones, R. 

N., Twenty Years of the SENTRY Antifungal Surveillance Program: Results 

for Candida Species From 1997-2016. Open Forum Infect Dis 2019, 6 (Suppl 

1), S79-S94. 

71. Yano, J.;  Sobel, J. D.;  Nyirjesy, P.;  Sobel, R.;  Williams, V. L.;  Yu, Q.;  

Noverr, M. C.; Fidel, P. L., Jr., Current patient perspectives of vulvovaginal 

candidiasis: incidence, symptoms, management and post-treatment outcomes. 

BMC Womens Health 2019, 19 (1), 48. 

72. Rosati, D.;  Bruno, M.;  Jaeger, M.;  Ten Oever, J.; Netea, M. G., Recurrent 

Vulvovaginal Candidiasis: An Immunological Perspective. Microorganisms 

2020, 8 (2). 

73. Lionakis, M. S.;  Drummond, R. A.; Hohl, T. M., Immune responses to human 

fungal pathogens and therapeutic prospects. Nat Rev Immunol 2023, 23 (7), 

433-452. 

74. Cornely, F. B.;  Cornely, O. A.;  Salmanton-Garcia, J.;  Koehler, F. C.;  

Koehler, P.;  Seifert, H.;  Wingen-Heimann, S.; Mellinghoff, S. C., 

Attributable mortality of candidemia after introduction of echinocandins. 

Mycoses 2020, 63 (12), 1373-1381. 



 32 

75. Hoenigl, M.;  Salmanton-Garcia, J.;  Egger, M.;  Gangneux, J. P.;  Bicanic, T.;  

Arikan-Akdagli, S.;  Alastruey-Izquierdo, A.;  Klimko, N.;  Barac, A.;  Ozenci, 

V.;  Meijer, E. F. J.;  Khanna, N.;  Bassetti, M.;  Rautemaa-Richardson, R.;  

Lagrou, K.;  Adam, K. M.;  Akalin, E. H.;  Akova, M.;  Arsic Arsenijevic, V.;  

Aujayeb, A.;  Blennow, O.;  Bretagne, S.;  Danion, F.;  Denis, B.;  de Jonge, N. 

A.;  Desoubeaux, G.;  Drgona, L.;  Erben, N.;  Gori, A.;  Garcia Rodriguez, J.;  

Garcia-Vidal, C.;  Giacobbe, D. R.;  Goodman, A. L.;  Hamal, P.;  

Hammarstrom, H.;  Toscano, C.;  Lanternier, F.;  Lass-Florl, C.;  Lockhart, D. 

E. A.;  Longval, T.;  Loughlin, L.;  Matos, T.;  Mikulska, M.;  Narayanan, M.;  

Martin-Perez, S.;  Prattes, J.;  Rogers, B.;  Rahimli, L.;  Ruiz, M.;  Roilides, E.;  

Samarkos, M.;  Scharmann, U.;  Sili, U.;  Sipahi, O. R.;  Sivakova, A.;  

Steinmann, J.;  Trauth, J.;  Turhan, O.;  Van Praet, J.;  Vena, A.;  White, P. L.;  

Willinger, B.;  Tortorano, A. M.;  Arendrup, M. C.;  Koehler, P.;  Cornely, O. 

A.; Group, E. C. I. S., Guideline adherence and survival of patients with 

candidaemia in Europe: results from the ECMM Candida III multinational 

European observational cohort study. Lancet Infect Dis 2023, 23 (6), 751-761. 

76. Bassetti, M.;  Vena, A.;  Giacobbe, D. R.;  Trucchi, C.;  Ansaldi, F.;  Antonelli, 

M.;  Adamkova, V.;  Alicino, C.;  Almyroudi, M. P.;  Atchade, E.;  Azzini, A. 

M.;  Brugnaro, P.;  Carannante, N.;  Peghin, M.;  Berruti, M.;  Carnelutti, A.;  

Castaldo, N.;  Corcione, S.;  Cortegiani, A.;  Dimopoulos, G.;  Dubler, S.;  

Garcia-Garmendia, J. L.;  Girardis, M.;  Cornely, O. A.;  Ianniruberto, S.;  

Kullberg, B. J.;  Lagrou, K.;  Lebihan, C.;  Luzzati, R.;  Malbrain, M.;  Merelli, 

M.;  Marques, A. J.;  Martin-Loeches, I.;  Mesini, A.;  Paiva, J. A.;  Raineri, S. 

M.;  Rautemaa-Richardson, R.;  Schouten, J.;  Spapen, H.;  Tasioudis, P.;  

Timsit, J. F.;  Tisa, V.;  Tumbarello, M.;  Van den Berg, C.;  Veber, B.;  

Venditti, M.;  Voiriot, G.;  Wauters, J.;  Zappella, N.;  Montravers, P.;  from 

the Study Group for Infections in Critically Ill Patients of the European Society 

of Clinical, M.; Infectious, D., Risk Factors for Intra-Abdominal Candidiasis in 

Intensive Care Units: Results from EUCANDICU Study. Infect Dis Ther 2022, 

11 (2), 827-840. 

77. Bauer, K. A.;  Yu, K.;  Moise, P. A.;  Finelli, L.;  Ai, C.;  Watts, J.;  Ye, G.; 

Gupta, V., Morbidity and mortality of hospitalised patients with candidemia 

during the various severe acute respiratory syndrome coronavirus 2 pandemic 

waves: A multicentre evaluation of 248 US hospitals. Mycoses 2023, 66 (6), 

483-487. 

78. Strickland, A. B.; Shi, M., Mechanisms of fungal dissemination. Cell Mol Life 

Sci 2021, 78 (7), 3219-3238. 



 33 

79. Grubb, S. E.;  Murdoch, C.;  Sudbery, P. E.;  Saville, S. P.;  Lopez-Ribot, J. L.; 

Thornhill, M. H., Candida albicans-endothelial cell interactions: a key step in 

the pathogenesis of systemic candidiasis. Infect Immun 2008, 76 (10), 4370-7. 

80. Schroppel, K.;  Kryk, M.;  Herrmann, M.;  Leberer, E.;  Rollinghoff, M.; 

Bogdan, C., Suppression of type 2 NO-synthase activity in macrophages by 

Candida albicans. Int J Med Microbiol 2001, 290 (8), 659-68. 

81. Ghosh, S.;  Navarathna, D. H.;  Roberts, D. D.;  Cooper, J. T.;  Atkin, A. L.;  

Petro, T. M.; Nickerson, K. W., Arginine-induced germ tube formation in 

Candida albicans is essential for escape from murine macrophage line RAW 

264.7. Infect Immun 2009, 77 (4), 1596-605. 

82. Kullberg, B. J.; Arendrup, M. C., Invasive Candidiasis. N Engl J Med 2015, 

373 (15), 1445-56. 

83. Sudbery, P. E., Growth of Candida albicans hyphae. Nat Rev Microbiol 2011, 

9 (10), 737-48. 

84. Villa, S.;  Hamideh, M.;  Weinstock, A.;  Qasim, M. N.;  Hazbun, T. R.;  

Sellam, A.;  Hernday, A. D.; Thangamani, S., Transcriptional control of hyphal 

morphogenesis in Candida albicans. FEMS Yeast Res 2020, 20 (1). 

85. Kwak, M. K.;  Liu, R.;  Kim, M. K.;  Moon, D.;  Kim, A. H.;  Song, S. H.; 

Kang, S. O., Cyclic dipeptides from lactic acid bacteria inhibit the proliferation 

of pathogenic fungi. J Microbiol 2014, 52 (1), 64-70. 

86. Bradford, L. L.; Ravel, J., The vaginal mycobiome: A contemporary 

perspective on fungi in women's health and diseases. Virulence 2017, 8 (3), 

342-351. 

87. Lourenco, A.;  Pedro, N. A.;  Salazar, S. B.; Mira, N. P., Effect of Acetic Acid 

and Lactic Acid at Low pH in Growth and Azole Resistance of Candida 

albicans and Candida glabrata. Front Microbiol 2018, 9, 3265. 

88. Vilchez, R.;  Lemme, A.;  Ballhausen, B.;  Thiel, V.;  Schulz, S.;  Jansen, R.;  

Sztajer, H.; Wagner-Dobler, I., Streptococcus mutans inhibits Candida albicans 

hyphal formation by the fatty acid signaling molecule trans-2-decenoic acid 

(SDSF). Chembiochem 2010, 11 (11), 1552-62. 

89. Allonsius, C. N.;  Vandenheuvel, D.;  Oerlemans, E. F. M.;  Petrova, M. I.;  

Donders, G. G. G.;  Cos, P.;  Delputte, P.; Lebeer, S., Inhibition of Candida 

albicans morphogenesis by chitinase from Lactobacillus rhamnosus GG. Sci 

Rep 2019, 9 (1), 2900. 



 34 

90. Xu, H.;  Sobue, T.;  Thompson, A.;  Xie, Z.;  Poon, K.;  Ricker, A.;  Cervantes, 

J.;  Diaz, P. I.; Dongari-Bagtzoglou, A., Streptococcal co-infection augments 

Candida pathogenicity by amplifying the mucosal inflammatory response. Cell 

Microbiol 2014, 16 (2), 214-31. 

91. Morse, D. J.;  Wilson, M. J.;  Wei, X.;  Bradshaw, D. J.;  Lewis, M. A. O.; 

Williams, D. W., Modulation of Candida albicans virulence in in vitro biofilms 

by oral bacteria. Lett Appl Microbiol 2019, 68 (4), 337-343. 

92. Guinan, J.;  Wang, S.;  Hazbun, T. R.;  Yadav, H.; Thangamani, S., Antibiotic-

induced decreases in the levels of microbial-derived short-chain fatty acids 

correlate with increased gastrointestinal colonization of Candida albicans. Sci 

Rep 2019, 9 (1), 8872. 

93. Peeters, F.;  Snauwaert, R.;  Segers, J.;  Amery, W.; van Cutsem, J., 

Observations on candidal vaginitis. Vaginal pH, microbiology, and cytology. 

Am J Obstet Gynecol 1972, 112 (1), 80-6. 

94. Auger, P.; Joly, J., Microbial flora associated with Candida albicans 

vulvovaginitis. Obstet Gynecol 1980, 55 (3), 397-401. 

95. Bluestein, D.;  Rutledge, C.; Lumsden, L., Predicting the occurrence of 

antibiotic-induced candidal vaginitis (AICV). Fam Pract Res J 1991, 11 (3), 

319-26. 

96. Pirotta, M. V.; Garland, S. M., Genital Candida species detected in samples 

from women in Melbourne, Australia, before and after treatment with 

antibiotics. J Clin Microbiol 2006, 44 (9), 3213-7. 

97. McClelland, R. S.;  Richardson, B. A.;  Hassan, W. M.;  Graham, S. M.;  

Kiarie, J.;  Baeten, J. M.;  Mandaliya, K.;  Jaoko, W.;  Ndinya-Achola, J. O.; 

Holmes, K. K., Prospective study of vaginal bacterial flora and other risk 

factors for vulvovaginal candidiasis. J Infect Dis 2009, 199 (12), 1883-90. 

98. MacAlpine, J.; Lionakis, M. S., Host-microbe interaction paradigms in acute 

and recurrent vulvovaginal candidiasis. Cell Host Microbe 2024, 32 (10), 

1654-1667. 

99. Ernst, J. F., Transcription factors in Candida albicans - environmental control 

of morphogenesis. Microbiology (Reading) 2000, 146 ( Pt 8), 1763-1774. 



 35 

100. 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 Cyr1p. Cell Host Microbe 2008, 4 (1), 

28-39. 

101. Rogers, H. J., Peptidoglycans (mucopeptides): structure, function, and 

variations. Ann N Y Acad Sci 1974, 235 (0), 29-51. 

102. Garde, S.;  Chodisetti, P. K.; Reddy, M., Peptidoglycan: Structure, Synthesis, 

and Regulation. EcoSal Plus 2021, 9 (2). 

103. Johnson, J. W.;  Fisher, J. F.; Mobashery, S., Bacterial cell-wall recycling. Ann 

N Y Acad Sci 2013, 1277 (1), 54-75. 

104. Mayer, C.;  Kluj, R. M.;  Muhleck, M.;  Walter, A.;  Unsleber, S.;  Hottmann, 

I.; Borisova, M., Bacteria's different ways to recycle their own cell wall. Int J 

Med Microbiol 2019, 309 (7), 151326. 

105. Park, J. T.; Uehara, T., How bacteria consume their own exoskeletons 

(turnover and recycling of cell wall peptidoglycan). Microbiol Mol Biol Rev 

2008, 72 (2), 211-27, table of contents. 

106. Regan, H.;  Scaduto, C. M.;  Hirakawa, M. P.;  Gunsalus, K.;  Correia-

Mesquita, T. O.;  Sun, Y.;  Chen, Y.;  Kumamoto, C. A.;  Bennett, R. J.; 

Whiteway, M., Negative regulation of filamentous growth in Candida albicans 

by Dig1p. Mol Microbiol 2017, 105 (5), 810-824. 

107. Sun, Z. B.;  Yu, S. F.;  Wang, C. L.; Wang, L., cAMP Signalling Pathway in 

Biocontrol Fungi. Curr Issues Mol Biol 2022, 44 (6), 2622-2634. 

108. Kobe, B.; Kajava, A. V., The leucine-rich repeat as a protein recognition motif. 

Curr Opin Struct Biol 2001, 11 (6), 725-32. 

109. Bertin, J.;  Nir, W. J.;  Fischer, C. M.;  Tayber, O. V.;  Errada, P. R.;  Grant, J. 

R.;  Keilty, J. J.;  Gosselin, M. L.;  Robison, K. E.;  Wong, G. H.;  

Glucksmann, M. A.; DiStefano, P. S., Human CARD4 protein is a novel CED-

4/Apaf-1 cell death family member that activates NF-kappaB. J Biol Chem 

1999, 274 (19), 12955-8. 

110. Ogura, Y.;  Inohara, N.;  Benito, A.;  Chen, F. F.;  Yamaoka, S.; Nunez, G., 

Nod2, a Nod1/Apaf-1 family member that is restricted to monocytes and 

activates NF-kappaB. J Biol Chem 2001, 276 (7), 4812-8. 



 36 

111. Matsushima, N.;  Tanaka, T.;  Enkhbayar, P.;  Mikami, T.;  Taga, M.;  

Yamada, K.; Kuroki, Y., Comparative sequence analysis of leucine-rich 

repeats (LRRs) within vertebrate toll-like receptors. BMC Genomics 2007, 8, 

124. 

112. Rocha, C. R.;  Schroppel, K.;  Harcus, D.;  Marcil, A.;  Dignard, D.;  Taylor, 

B. N.;  Thomas, D. Y.;  Whiteway, M.; Leberer, E., Signaling through adenylyl 

cyclase is essential for hyphal growth and virulence in the pathogenic fungus 

Candida albicans. Mol Biol Cell 2001, 12 (11), 3631-43. 

113. Ng, A.; Xavier, R. J., Leucine-rich repeat (LRR) proteins: integrators of pattern 

recognition and signaling in immunity. Autophagy 2011, 7 (9), 1082-4. 

114. Li, L.;  Adamson, C.;  Ng, E. W. L.; Qiao, Y., Candida albicans Ssy1 is the 

extracellular sensor of gut microbiota-derived peptidoglycan fragments 

mediating invasive hyphal growth in the host. Nat Commun 2025, 16 (1), 6737. 

115. Alvarez, F. J.; Konopka, J. B., Identification of an N-acetylglucosamine 

transporter that mediates hyphal induction in Candida albicans. Mol Biol Cell 

2007, 18 (3), 965-75. 

116. Gow, N. A. R.; Lenardon, M. D., Architecture of the dynamic fungal cell wall. 

Nat Rev Microbiol 2023, 21 (4), 248-259. 

117. Gow, N. A. R.;  Latge, J. P.; Munro, C. A., The Fungal Cell Wall: Structure, 

Biosynthesis, and Function. Microbiol Spectr 2017, 5 (3). 

118. Gow, N. A.;  van de Veerdonk, F. L.;  Brown, A. J.; Netea, M. G., Candida 

albicans morphogenesis and host defence: discriminating invasion from 

colonization. Nat Rev Microbiol 2011, 10 (2), 112-22. 

119. Erwig, L. P.; Gow, N. A., Interactions of fungal pathogens with phagocytes. 

Nat Rev Microbiol 2016, 14 (3), 163-76. 

120. Chrissian, C.;  Camacho, E.;  Fu, M. S.;  Prados-Rosales, R.;  Chatterjee, S.;  

Cordero, R. J. B.;  Lodge, J. K.;  Casadevall, A.; Stark, R. E., Melanin 

deposition in two Cryptococcus species depends on cell-wall composition and 

flexibility. J Biol Chem 2020, 295 (7), 1815-1828. 

121. Moussian, B., Chitin: Structure, Chemistry and Biology. Adv Exp Med Biol 

2019, 1142, 5-18. 

122. Minke, R.; Blackwell, J., The structure of alpha-chitin. J Mol Biol 1978, 120 

(2), 167-81. 



 37 

123. Lenardon, M. D.;  Whitton, R. K.;  Munro, C. A.;  Marshall, D.; Gow, N. A., 

Individual chitin synthase enzymes synthesize microfibrils of differing 

structure at specific locations in the Candida albicans cell wall. Mol Microbiol 

2007, 66 (5), 1164-73. 

124. Popolo, L.;  Degani, G.;  Camilloni, C.; Fonzi, W. A., The PHR Family: The 

Role of Extracellular Transglycosylases in Shaping Candida albicans Cells. J 

Fungi (Basel) 2017, 3 (4). 

125. Fang, W.;  Sanz, A. B.;  Bartual, S. G.;  Wang, B.;  Ferenbach, A. T.;  Farkas, 

V.;  Hurtado-Guerrero, R.;  Arroyo, J.; van Aalten, D. M. F., Mechanisms of 

redundancy and specificity of the Aspergillus fumigatus Crh transglycosylases. 

Nat Commun 2019, 10 (1), 1669. 

126. Goncalves, I. R.;  Brouillet, S.;  Soulie, M. C.;  Gribaldo, S.;  Sirven, C.;  

Charron, N.;  Boccara, M.; Choquer, M., Genome-wide analyses of chitin 

synthases identify horizontal gene transfers towards bacteria and allow a robust 

and unifying classification into fungi. BMC Evol Biol 2016, 16 (1), 252. 

127. Mio, T.;  Yabe, T.;  Sudoh, M.;  Satoh, Y.;  Nakajima, T.;  Arisawa, M.; 

Yamada-Okabe, H., Role of three chitin synthase genes in the growth of 

Candida albicans. J Bacteriol 1996, 178 (8), 2416-9. 

128. Lenardon, M. D.;  Munro, C. A.; Gow, N. A., Chitin synthesis and fungal 

pathogenesis. Curr Opin Microbiol 2010, 13 (4), 416-23. 

129. Walker, L. A.; Munro, C. A., Caspofungin Induced Cell Wall Changes of 

Candida Species Influences Macrophage Interactions. Front Cell Infect 

Microbiol 2020, 10, 164. 

130. Latge, J. P.; Wang, T., Modern Biophysics Redefines Our Understanding of 

Fungal Cell Wall Structure, Complexity, and Dynamics. mBio 2022, 13 (3), 

e0114522. 

131. Dickwella Widanage, M. C.;  Singh, K.;  Li, J.;  Yarava, J. R.;  Scott, F. J.;  

Xu, Y.;  Gow, N. A. R.;  Mentink-Vigier, F.;  Wang, P.;  Lamoth, F.; Wang, 

T., Distinct echinocandin responses of Candida albicans and Candida auris cell 

walls revealed by solid-state NMR. Nat Commun 2025, 16 (1), 6295. 

132. Chattaway, F. W.;  Holmes, M. R.; Barlow, A. J., Cell wall composition of the 

mycelial and blastospore forms of Candida albicans. J Gen Microbiol 1968, 51 

(3), 367-76. 



 38 

133. Garcia-Rubio, R.;  de Oliveira, H. C.;  Rivera, J.; Trevijano-Contador, N., The 

Fungal Cell Wall: Candida, Cryptococcus, and Aspergillus Species. Front 

Microbiol 2019, 10, 2993. 

134. Steinberg, G., Hyphal growth: a tale of motors, lipids, and the Spitzenkorper. 

Eukaryot Cell 2007, 6 (3), 351-60. 

135. Gow, N. A. R., Fungal cell wall biogenesis: structural complexity, regulation 

and inhibition. Fungal Genet Biol 2025, 179, 103991. 

136. Wessels, J. G. H., A steady-state model for apical wall growth in fungi. Acta 

Botanica Neerlandica 1988, 37 (1), 3-16. 

137. McCarthy, P. J.;  Troke, P. F.; Gull, K., Mechanism of action of nikkomycin 

and the peptide transport system of Candida albicans. J Gen Microbiol 1985, 

131 (4), 775-80. 

138. Ruiz-Herrera, J.; San-Blas, G., Chitin synthesis as target for antifungal drugs. 

Curr Drug Targets Infect Disord 2003, 3 (1), 77-91. 

139. Ren, Z.;  Chhetri, A.;  Guan, Z.;  Suo, Y.;  Yokoyama, K.; Lee, S. Y., 

Structural basis for inhibition and regulation of a chitin synthase from Candida 

albicans. Nat Struct Mol Biol 2022, 29 (7), 653-664. 

140. Chen, D. D.;  Wang, Z. B.;  Wang, L. X.;  Zhao, P.;  Yun, C. H.; Bai, L., 

Structure, catalysis, chitin transport, and selective inhibition of chitin synthase. 

Nat Commun 2023, 14 (1), 4776. 

 

 

  



 39 

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 species1. Over time, these 

microbial cells colonize their human host and develop into a highly diverse ecosystem. 

Candida albicans (C. albicans) is a commensal fungal member of the skin and 

mucosal flora in the human host2. As an opportunistic pathogen, C. albicans causes 

infections ranging from superficial thrush to disseminated and invasive infections of 

the GI tract, oral and vaginal cavities3. Disseminated candidiasis and candidemia are 

serious medical conditions, with documented mortality rate ranges from 30-60% in 

different studies and currently is estimated to be responsible for more than 700,000 

annual deaths worldwide4-6. 

A distinct feature of C. albicans pathogenesis is its ability to grow into 

multiple discrete morphological states, such as budding, pseudo hyphal, and hyphal 

forms7. The morphological switch observed in C. albicans allows penetration of the 

local tissues and avoidance of phagocytic destruction8. The mechanism of this 

transition is a major target of investigation as previous studies show C. albicans 

mutants that lack the ability to form hyphae exhibit severely reduced virulence9. A 

central pathway in the activation and subsequent regulation of hyphal growth is 

amplification of the cyclic Adenosine Monophosphate/Protein Kinase A (cAMP-PKA) 

Chapter 2 
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pathway3. While multiple studies have also found that several environmental stimuli 

are responsible for inducing this hyphal switch10-12, it has been established that 

serum13 is one of the most potent inducers of hyphae in C. albicans8. In 2008, it was 

determined that muramyl dipeptide (MDP) was the leading peptidoglycan (PG) 

fragment in serum that induced hyphal growth8. It is thought that PG and other 

bacterial molecules in serum induce hyphal formation by binding directly to Cyr1.  

Following the foundational work from Xu et al., initial studies in our lab 

focused on recombinantly expressing the LRR domain of Cyr1 using an Escherichia 

coli (E. coli) expression system and a Maltose Binding Protein (MBP) tag. Successful 

purification of the protein was achieved and further binding assays using a Surface 

Plasmon Resonance method (SPR) were deployed14. Data indicated bacterial 

carbohydrates binding to the purified protein with nM affinity14.  While this data 

provided key initial insights into PG binding to Cyr1, the MBP fusion tag did show 

instances of forming inclusion bodies and required a denaturation and refolding 

purification process. As a result, proceeding investigations in our lab recombinantly 

expressed the entire region of the predicted LRR of Cyr1 in a Saccharomyces 

cerevisiae (S. cerevisiae) system with a N-terminal 6xHis tag and a C-terminal spot 

tag15. This new construct also retains the ability to bind bacterial PG fragments such as 

muramyl tripeptide (MTP)15.  

Binding of fragments to Cyr1 increases intracellular cAMP levels, 

subsequently activating the PKA pathway, and triggering hyphal growth (Fig. 2.1)8, 16. 

Once the cAMP-PKA pathway has been activated in the cell, the morphological 

transition is then further transcriptionally regulated by hyphae specific genes 

(HSGôs)16, 17. These genes can be induced by transcription factors that are activated by 
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the cAMP-PKA pathway and the protein Cyr1, as well as other pathways18, 19. Genes 

currently identified as HSGôs include but are not limited to HWP1, ECE1, ALS3, and 

UME6 among others20, 21. The role of each HSG can vary from being responsible for 

structure, pathogenicity, or signal transduction, with some genes having one or 

multiple roles during the hyphal transition22. However, the difference in transcriptional 

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

set of genes that are stimulated by one known hyphal inducer might not mediate the 

hyphae transition after induction with a different inducing stimulus. Building on this, 

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

for hyphae induction that is independent of transcriptional responses, contributing to 

pathogenesis at different host sites even if HSGôs are not signaling properly23.  
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Figure 2.1. Environmental triggers and their pathways that regulate hyphal 

morphogenesis in C. albicans. The adenylyl cyclase Cyr1 integrates 

multiple signals in both Ras-dependent and Ras-independent manners. 

Pathways are color coded as follows: mitogen activated protein kinase 

(MAPK) pathway (green), cAMP pathway (blue), pH sensing pathway 

(pink).  

As MDP is the known leading PG fragment involved in hyphal induction8, we 

set out to understand if other biologically relevant fragments may also induce this 

morphological switch. Although the bacterial cell wall is highly conserved, there are 

variations that have been observed among species24, 25. In Gram-positive and Gram-

negative bacteria, differences can be observed in the cross linking of the pentapeptide 

chain or substitutions at the third position of this chain are also found in nature (Fig. 

2.2)25-27. Along with this, modifications to the carbohydrate backbone of 

peptidoglycan have been identified as follows: (1) N-deacetylation of GlcNAc in 
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Listeria monocytogenes28, (2) N-glycolyation in Mycobacterium tuberculosis29, (3) 6-

O-acetylation of Helicobacter pylori30, and (4) 1-6 anhydro formation as demonstrated 

in Escherichia coli31(Fig. 2.2). Bacteria may have evolved to modify their PG 

backbone structure as a way to prevent cell lysis, allowing bacteria to survive on the 

mucosal surface and evade the host immune response32.  

 

Figure 2.2. Peptidoglycan structure and modifications. N-acetylglucosamine is 

highlighted in green and N-acetylmuramic acid is highlighted in black. 

Chemical modifications to the sugar backbone are shown in red and 

various cross linkages among species are shown in pink.  

2.2 Peptidoglycan Induced Hyphal Growth in C. albicans WT 

C. albicans WT cells were assessed for their ability to proliferate into a 

filamentous morphology during treatment with various PG fragments. To assess how 

modifications to the standard inducer, MDP, affects hyphal induction rates, a library of 
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PG derivatives that contain modification of the 2-N position of the carbohydrate and to 

the peptide stem were assembled including: (1) N-glycolyl MDP, (2) 2-amino MDP, 

(3) MTPLys, and (4) MTPDap. In addition, the individual sections of MDP, NAM and L-

Ala-D-Glu, and the full pentapeptide stem were also used as treatment conditions for 

hyphal growth to test their individual potency for hyphal induction. (Fig. 2.3).  

 

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 showcases MDP derivatives with modifications to the 2C position of 

the sugar. Box C highlights muramyl tripeptide fragments, increasing the 

peptide stem from two to three amino acids compared to the standard 

MDP. N-acetyl muramic acid, MDP, N-glycolyl MDP, MTPDap, and 

MTPLys were all purchased commercially from Invivogen. Dipeptides 

and 2-amino MDP were synthesized in the Grimes Lab according to 

previously published literature33. The pentapeptide Ala-D-ɔ-Glu-Lys-D-

Ala-D-Ala was purchased commercially from MedChemExpress. 
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With these PG fragments in hand, we next turned attention to the testing of the 

compounds in native, pathogenic fungi via a small-scale hyphal growth assay. C. 

albicans WT cells were incubated with 1 mM final concentration of corresponding 

fragments for 4 hours and analyzed by microscopy to 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 

the monosaccharides tested that contain more than two peptides, such as muramyl 

tripeptides (MTPLys and MTPDap) have the strongest induction capabilities of the 

fragments in our library. Meanwhile monosaccharides with modifications to the C2 

position (NgMDP and 2-amino MDP) have a similar induction profile to that of MDP. 

(Fig. 2.4 and Table 2.1). These results suggest that elongating the 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 Cyr1 than 

modifications to the C2 position of the sugar. In addition, it can be concluded that 

modifications to the C2 position do not affect the ability of the fragment to be 

recognized or induce hyphae growth via Cyr1. 

Recent studies by Li et al34 have demonstrated that oligopeptide transporters 

(Opts), specifically OPT4 which is constitutively expressed for basal level of uptake of 

PG fragments, can bring PG fragments into the cytosol of C. albicans cells. 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 uptake. Of note, in our 

studies treatment with either NAM or the dipeptide L-Ala-D-Glu did not induce 

significant hyphae growth in the cells (Fig. 2.4), indicating that the intact molecule is 

needed; MDP is likely the minimal fragment to induce the hyphal morphology. In 
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addition to this, treatment with the full pentapeptide stem of PG, Ala-D-ɔ-Glu-Lys-D-

Ala-D-Ala, did not induce hyphal growth (Fig. 2.4). Thus, if the peptide stem is key to 

recognition of these fragments, it must be linked to the sugar in order to have the full 

signaling effect that is hypothesized.  

 

Figure 2.4. C. albicans Hyphal Growth Assay. WT C. albicans cells were treated 

with 1 mM of respective PG fragments for 4 hours at 37°C. 10% FBS is 

used as a positive control. Data 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 condition. Quantification is the 

average percentage hyphae from 3 different planes of view.  

Compound % Hyphal Growth  

WT (no treatment) 1.32 

L-Ala-D-Glu 5.51 

Ala-D-ɔ-Glu-Lys-D-Ala-D-Ala 3.12 

NAM 7.90 

NgMDP 36.95 

MDP 39.41 

2-NH MDP 48.88 

MTPDap 70.69 

MTPLys 72.94 

 

To validate that the PG induced hyphal growth observed above is a result of 

PG binding to Cyr1, the hyphal growth assay was tested again with the C. albicans 

Cyr1 deletion strain DY27 (CR27635), a homozygous knockout. Hyphal growth was 

tested for with a subset of the compounds from the library above, specifically the low-, 

mid-, and high-level inducers NAM, MDP, and MTPLys. FBS, a robust known hyphal 

inducer8, was selected as a positive control for this assay, as hyphal growth should still 

occur in the strain DY27 upon treatment because of the presence of alternative hyphal 

inducing factors in serum beyond PG. After four hours of growth, it was determined 

that there is a significant reduction in hyphal growth in all the conditions tested (Fig. 

2.5 and Table 2.2), indicating that Cyr1 is necessary to achieve hyphal growth with the 

treatment of PG fragments. This result does not rely on changes to peptide stem of the 

monosaccharides as both MDP and MTPLys have almost identical percentage hyphal 

growth levels in the strain DY27 (Table 2.2).  
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Figure 2.5. C. albicans hyphal growth assay with DY27. Cells were treated with 1 

mM of respective PG fragments for 4 hours at 37°C. 10% FBS is used as 

a positive control. Data 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 replicates. Quantification is the average 

percentage hyphae from 3 different planes of view. 

 % Hyphae Growth 

Compound WT DY27 (ȹcyr1) 

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 results, an investigation into transcriptional regulation 

of this morphological transition in response to treatment with PG fragments was 

carried out. To investigate gene regulation mediated by PG, a qRT-PCR assay was 

utilized to analyze the levels of the hyphae specific genes HWP1 and ECE1 in WT C. 

albicans. HWP1 and ECE1 were selected as they both have been shown to be 

previously upregulated during the hyphal transition during treatment with other 

various hyphal stimulators22, 36, 37. In addition, gene expression levels for CYR1 were 

also collected to cross analyze with the hyphal growth assay results and WT qRT-PCR 

results.  

Gene expression levels were observed after 4 hours of stimulation with 1 mM 

compound treatment. Initial screening demonstrates that the strongest hyphal inducers 

of those tested, MTPLys and MTPDap, significantly upregulate expression levels of 

HWP1 and ECE1. Additionally, NgMDP and 2-amino MDP demonstrate upregulation 



 50 

of HWP1 but not ECE1. (Fig. 2.6). Of note, upregulation was not observed after 

treatment with compounds such as NAM and L-Ala-D-Glu, which also do not show 

induction of hyphae in growth screens (Fig. 2.4 and Fig. 2.6). Upon further 

investigation, CYR1 was determined to be significantly upregulated, specifically with 

MTPLys and MTPDap (Fig. 2.6). These results showcase that the expression levels of 

HSGôs are not consistent among all PG fragment treatments, as compounds such as 

NgMDP only upregulate one of the two major genes tested. Along with this, results 

indicate that the most significant hyphal inducers of those tested had the highest 

upregulation profiles.  
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Figure 2.6. qRT-PCR of Hyphae Specific Genes. Results are indicative of 3 

biological replicates with 3 technical replicates for each. Data was 

graphed in GraphPad Prism 7: ** - P Ò 0.01, *** - P Ò 0.001, ****- P Ò 

0.001.  

After initial transcriptional analysis of WT C. albicans hyphal morphogenesis, 

qRT-PCR assays were carried out using the C. albicans homozygous Cyr1 deletion 

mutant, DY27. Although DY27 lacks Cyr1, gene analysis was tested for HWP1 and 

CYR1 during treatment with a subset of compounds from the previous qRT-PCR 

experiments. The data show that in comparison to WT C. albicans, upregulation of 

HWP1 by MTPLys treatment is abolished (Fig 2.7), indicating that if CYR1 is deleted 

from the genome, then MTPLys cannot bind to the protein and signal to ñturn onò these 
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hyphae specific genes. This is further validated by the results for CYR1 gene 

expression (Fig. 2.7) and the diminished levels of hyphae growth (Fig. 2.5).  

 

Figure 2.7. qRT-PCR of Hyphae Specific Genes in DY27 vs WT cells. Results are 

indicative of 3 biological replicates with 3 technical replicates for each. 

Data was graphed in GraphPad Prism 7: *** - P Ò 0.001, ****- P Ò 0.001. 

2.4 The Role of GlcNAc in Inducing Hyphae Growth of C. albicans 

As mentioned previously, the other monosaccharide unit of PG, GlcNAc/NAG, 

can also induce hyphae growth in the cell10, 38. This phenomenon has been well 

characterized in the field, and foundational work by Alvarez et al., has shown that 

GlcNAc has to be internalized via the GlcNAc specific transporter Ngt1, in order to 

induce downstream signaling in the cell39. Previous studies have indicated that 

GlcNAc is brought into the cell and signals to activate Ras140, 41, causing further 

stimulation of Cyr1 to produce cAMP, thus inducing upregulation of hyphae specific 

genes42. Further, deletion of Cyr1 has shown decreased levels of filamentous growth 

in C. albicans35. Alternatively, GlcNAc can induce hyphae through its metabolism 

inside the cell by indirectly raising the pH of the extracellular medium23. Metabolism 
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of GlcNAc can raise the pH, as cells export excess nitrogen as ammonia43.  Despite 

this evidence, it remains to be seen how GlcNAc and MurNAc containing PG 

fragments can work together to induce and sustain hyphae growth in the cell.  

To investigate this, the hyphal growth assay utilized previously was deployed 

with conditions that assess hyphal formation with multiple monosaccharides or 

singular disaccharide treatments. Initial studies show that when cells are co-treated 

with GlcNAc and commercially available MDP, robust hyphal grow is observed at 

earlier time points (2 hours) than when cells are treated with MDP or GlcNAc alone 

(Fig. 2.8). Following this, we wanted to assess if a similar pattern in hyphae growth 

induction was seen when co-treatment with GlcNAc and the strong hyphal inducer 

MTPLys is carried out. Results indicate that hyphal growth is initiated earlier (2 hours) 

than when cells are treated with each of these compounds separately (Fig. 2.10).  
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Figure 2.8. Screen of C. albicans hyphal growth in response to NAG and MDP 

treatment. Experiment was carried out over 4 hours at 37°C. Each 

compound was tested at 1mM final concentration. Scale bars represent 50 

µM. 

Given these initial results, further studies investigated if treatments with 

disaccharides would demonstrate a similar pattern of hyphal growth. To start, 

treatment with the disaccharide N-acetylglucosamine N-acetylmuramic acid tripeptide 

(GMTP) (Fig. 2.9) was carried out for hyphal induction to assess if the sugar could be 

transported in the cell and if the profile differed from treatment with two 

monosaccharides. GMTP was also selected for trials as in 2021 the Grimes Lab 

demonstrated through RNA sequencing that GMTP is a key disaccharide PG 

fragment, serving as a significant activator of multiple gene transcriptional and 

cytokine programs44. Initial results show GMTP did not induce hyphal growth in WT 

C. albicans cells through 4 hours (Fig. 2.10). This finding could indicate that GMTP is 

not able to enter the cell or that the fragment is unable to bind to the LRR region of 
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Cyr1p, thus not triggering downstream hyphal induction. Lack of hyphal induction by 

GMTP could also be occurring as a result of C. albicans not containing a glycosidase 

to cleave the ɓ-1,4 linkage between the two sugar units. If C. albicans cannot break 

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

pathways in the cell. 

 

Figure 2.9. Structure of di- and tri - saccharides assessed in hyphal growth assay. 

N,Nô diacetylchitobiose (NAG2) and N,Nô,Nôô triacetylchitotriose 

(NAG3) were all purchased commercially from TCI and BioSynth. 

GMTP was synthesized in the Grimes Lab according to previously 

published literature44.  
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Figure 2.10. Screen of C. albicans hyphal growth in response MTPLys fragments. 

Treatments were carried out through 4 hours at 37°C. Each compound 

was tested at 1 mM final concentration. NAG is used as a positive 

control.  Experiments were done in biological duplicates. 

Table 2.3. Quantification of PG induced hyphal growth of WT C. albicans in 

response to MTPLys fragments/combinations and GlcNAc 

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 71.43 

NAG + MTPLys 79.22 

GMTP 6.75 

 

While GMTP did not induce hyphal growth, we wanted to assess if this finding 

was due to fragment size or other signaling factors that may be involved. To 

investigate this, we treated C. albicans WT cells with mono-, di-, and tri- saccharide 

versions of GlcNAc (Fig. 2.9). Initial attempts revealed that treatment with the 

disaccharide, N,Nô diacetylchitobiose (NAG2) showed some hyphal growth through 4 

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 fragments. After 5 hours of 

treatment, the NAG2 showed hyphal induction, however not as significant as the 

monosaccharide NAG (Fig. 2.11, Table 2.4). In comparison, the trisaccharide NAG3 

did not exhibit hyphal growth through 5 hours (Fig. 2.11, Table 2.4). These findings 

are suggestive that C. albicans does have the ability to sense, uptake, and process 

larger molecules such as disaccharides, however the cells are selective in what 

polysaccharides they can sense/signal with.  
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Of note, the hyphal growth exhibited after treatment with the disaccharide 

NAG2, is likely occurring as a result of signaling via Ras1 and not direct binding to the 

LRR region of Cyr1p. Canonically, the monomer NAG can trip hyphal growth in the 

cell through interactions with Ras1through the interaction of a small GTP binding 

protein35. Ras1 will then go on to interact with Cyr1p, inducing upregulation of cAMP 

and the triggering of hyphal growth35, 41. This could explain why we are seeing a 

profile difference between disaccharides GMTP and NAG2 in hyphal 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. albicans hyphal growth screen with NAG fragments. Treatments 

were carried out through 5 hours at 37°C. Each compound was tested at 1 

mM final concentration. 10% 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. albicans cells 

after 5 hours of treatment. Data is representative of biological 

duplicates. Quantification is the average percentage hyphae from 3 

different planes of view. 

Compound % Hyphal Growth  

WT (no treatment) 1.62 

FBS 87.82 

NAG 77.43 

NAG2 16.81 

NAG3 4.37 

 

While we can directly test the effects of specific muropeptide fragments, we 

also recognize that bacteria shed a variety of compounds during cell wall remodeling. 

Among these are 1,6-anhydro-MurNAc fragments, as seen in studies from E. coli31. 

Similar to how FBS contains a variety of sugars and metabolites, we treated WT C. 

albicans cells with supernatants from Bordetella pertussis (B. pertussis), containing 

various levels of anhydro-muropeptide fragments, to observe if hyphal morphogenesis 

occurs. We examined three types of B. pertussis samples, delineated by what form of 

AmpG they express. AmpG is an inner-membrane permease of the major facilitator 

superfamily (MFS) in Gram-negative bacteria45. It works to import muropeptides such 

as N-acetylglucosaminyl-ɓ-1,4-anhydro-N-acetylmuramic acid (GlcNAc-anhMurNAc 

also known as tracheal cytotoxin or TCT) (Fig. 2.12)46, 47 into the peptidoglycan 

recycling pathway48, 49. TCT specifically has a tetrapeptide chain containing DAP, but 

AmpG is capable of transporting PG fragments containing the GlcNAc-anhMurNAc 

backbone regardless of peptideidentity The supernatant samples evaluated were: (1) 

Wildtype (native AmpG from B. pertussis), (2) TCT (+) (homozygous knockout of 

AmpG) (3) TCT (-) (AmpG from B. pertussis has been knocked out and AmpG from 

E. coli has been inserted).  
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To better understand the role TCT and other anhydro-muropeptide fragments 

produced by B. pertussis play in host immune interactions, the Grimes lab analyzed 

the supernatants by high resolution mass spectrometry. Our lab has determined that the 

TCT (+) sample contains high levels of 1, 6-anhydro containing fragments, including 

TCT tetrapeptide, TCT tripeptide (containing DAP), and the corresponding non-

anhydro reducing sugars with analogous peptide lengths. In contrast the TCT (-) 

supernatant exhibits a 1700-fold reduction in anhydro fragments, however no other 

variations were noted across the strains. For our assays, C. albicans cells were treated 

with a final concentration of 10% supernatant, alongside a 10% FBS positive control. 

The data show that none of the B. pertussis samples were able to induce hyphae in 

significant amounts and demonstrate a divergence from the patterns exhibited by 

treatment with the literature standard 10% FBS (Fig. 2.13). 

 

Figure 2.12. Chemical structure of TCT from B. pertussis.  

These data contrast with earlier reports in literature suggesting that purified 

anhydro-muropeptide fragments from B. pertussis, including TCT, induce significant 

amounts of hyphae growth in C. albicans50, 51. However, we believe it is essential to 
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consider the delicate nature of the hyphal induction assay. The results presented here 

more accurately reflect patterns of the host environment. The initial studies performed 

overnight culturing in yeast peptone dextrose (YPD) media and subsequently 

resuspend in Hanksô Balanced Salt Solution (HBSS) to complete their growth assay. 

This method can often induce hyphal growth inadvertently by releasing cells from 

farnesol-mediated inhibition23. The presence of farnesol can naturally inhibit hyphal 

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

37°C can cause unwarranted hyphal growth. Thus, to minimize this effect and 

maintain a more controlled environment, all the hyphal growth experiments reported 

in this thesis, including the B. pertussis treatment, were performed with cells 

inoculated in synthetic media containing either dextrose or galactose.  
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Figure 2.13. C. albicans hyphal growth screen with bacterial supernatants from 

B. Pertussis. Treatments were carried out through 4 hours at 37°C. Each 

compound was tested at 10% final concentration. 10% FBS is used as a 

positive control. Experiments were done in biological duplicates. 

2.5 Discussion 

Key PG fragments responsible for induction of hyphal morphogenesis in C. 

albicans were identified and confirmed via a hyphae growth assay. By screening 

beyond the traditional hyphal induction standard, MDP, we have identified that 

compounds such as MTPLys, which contain more than two amino acids of the 

canonical PG peptide stem, are significantly more robust inducers. Treatment with 

peptides of the PG pentapeptide stem did not induce hyphal growth. Further analysis 

indicates that modifications to the C2 position of the sugar of the standard fragment 

MDP (NgMDP and 2-NH MDP) do not significantly increase the percentage of hyphal 

growth observed. (Fig. 2.4). qRT-PCR analysis of mRNA expression of hyphae 

specific genes, HWP1 and ECE1, confirmed that robust PG fragment hyphal inducers 

are able to induce shared and fragment-specific gene expression profiles (Fig. 2.6). In 

accordance with this, homozygous deletions of CYR1 abolish hyphal growth via 

treatment with various PG fragments and upregulation of the hyphae specific gene 

HWP1 (Fig. 2.5 and Fig. 2.7). These results build on the previously published reports 

in the field that indicate MDP as a hyphal inducer8. 

Additionally, it was demonstrated that C. albicans hyphal growth can be 

stimulated at earlier time points when treated with two PG fragments (NAG + MDP or 

NAG + MTPLys) (Fig. 2.10, Table 2.3). However, when a disaccharide containing 

these two fragments (GMTP) is assessed, no hyphal growth is stimulated (Fig. 2.10, 

Table 2.3). This finding is not standardized to all disaccharides, as NAG2, is able to 
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induce reduced levels of hyphal growth even though larger trisaccharide fragments 

(NAG3) lack this ability (Fig. 2.11, Table 2.4). However, hyphal growth via NAG2 is 

likely a result of NAGôs ability to stimulate hyphal growth via Ras1 and not binding to 

Cyr1p. Together these findings demonstrate that the LRR region of Cyr1p specifically 

binds a group of MurNAc containing PG fragments and has a slightly promiscuous 

substrate profile.  

Building on this, we investigated whether anhydro-muropeptide fragments 

produced by B. pertussis, including TCT, can induce hyphal growth in C. albicans. As 

bacteria have demonstrated to release mixtures of cell-wall remodeling products, we 

tested supernatants from B. pertussis strains differing in what form of the muropeptide 

transporter AmpG that they express. The data indicates that C. albicans cells treated 

with 10% supernatant from any of the B. pertussis samples did not exhibit significant 

hyphal formation (Fig. 2.13). These findings strongly differ from the hyphal induction 

pattern triggered by the standard 10% FBS control, indicating that fragments derived 

from B. pertussis alone are insufficient to drive this morphological transition. 

However, in the host environment multiple other factors could coordinate together 

with these B. pertussis fragments, to induce hyphal growth.  

This work has revealed pertinent information regarding the morphogenic 

transition of C. albicans. Our work suggests that the stimulation of hyphae specific 

genes by bacterial PG fragments is more diverse and complex than previously 

observed with the standard induction fragment MDP. These specific molecular 

signatures of commensal and pathogenic bacteria enable Cyr1 to modulate specific 

gene responses during periods of immune incompetence in the host. An important 

future step will be to assess the transcription profile of HSGôs during treatment with 
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multiple hyphal inducers to see how this change affects levels of hyphae specific gene 

expression. With the newly published structural details of Cyr1 binding to PG 

fragments and our work in assessing PG stimulated hyphal morphogenesis and gene 

expression, elucidating the mechanisms responsible for this hyphal transition will be 

essential in developing new approaches to assess immune recognition.  

2.6 Experimental Methods and Materials 

C. albicans Strains and Growth Conditions: 

The C. albicans strains used in these studies were grown in YPD Broth (Sigma 

Aldrich: 20.0 g bacteriological peptone, 20.0 g glucose, 10.0 g yeast extract in 1 L of 

water) or synthetic complete medium (Sunrise Science) with 2% final concentration of 

either dextrose or galactose at 30°C unless otherwise noted. Strain DY27 of Candida 

albicans was donated to our lab by Dr. Dennis Wykoff from Villanova University. 

The strain information is as follows: ura3__ imm434/ura3_1 imm434 

cdc35__hisG/cdc35__hisG [pVEC-CaCDC35] 

Hyphal Growth Assay: 

C. albicans were 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 OD600nm of about 1 (Eppendorf BioSpectrometer 

Kinetic) was reached to avoid hyphal signaling pathways due to a release from 

farnesol inhibition23. In microcentrifuge tubes, 1 mL of culture was pipetted for WT 

samples. Treated samples consisted of 900 µL of culture and 100 µL of compound (10 

mM stock, final concentration of 1 mM; or 100 µL of FBS to achieve 10% FBS final 
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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 replicates, unless otherwise noted. 

ImageJ Analysis of Hyphal Growth: 

All replicates of samples were imported into ImageJ. Images were converted to 

grayscale and image, adjust, threshold was deployed to isolate cells. Select Plugins, 

Cell Counter to start counting cells. All cells were counted for a total number. Then 

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 so on. Cells 

were distinguished between budding and hyphal if the length of the tail budding off 

the head was longer than the diameter of the head of the mother cell. You can switch 

back and forth between types at any time, the tally will keep track. When 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 .xls Excel spreadsheet. Results were then imported into 

GraphPad Prism7 and displayed in bar graph format with standard error as shown in 

the figure below:  
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Figure 2.14. Percentage hyphal growth data. 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 2.4. Errors bars shown are 

standard error.  

Real-time quantitative RT-PCR (qRT-PCR): 

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 qRT-PCR. 
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C. albicans Growth and Retrieval: C. albicans were grown in 10 mLs of 

Synthetic Complete medium with 2% dextrose 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 OD600nm of about 1 was reached. In 

microcentrifuge tubes, 1 mL of culture was pipetted for WT samples. Treated samples 

consisted of 900 µL of culture and 100 µL of the compound (10 mM stock, final 

concentration of 1 mM). Tubes were placed in a 37°C incubator, shaking at 200 rpm. 

After 4 hours, samples were collected and pelleted at 10,000 rpm for 10 minutes. 

Media was aspirated and pellets were stored at -80  ↔C.  

RNA Isolation: Total RNA from C. albicans cultures was isolated using 

YeaStar RNA kit (Zymo Research) following the Zymo Protocol (Part 1 and Part 2) 

using DNase and RNase free water. RNA was eluted in 30 ɛL of DNase/RNase free 

water instead of 60 ɛL as directed in part 2 of the RNA Isolation protocol. Total RNA 

concentrations were determined using a nanodrop (Denovix). 

cDNA Synthesis: cDNA synthesis was performed using an iScript Reverse 

Transcription Kit (Bio-Rad). RNA was normalized prior to cDNA synthesis to convert 

1 ɛg of RNA to cDNA. Final concentrations of cDNA were determined, as well as 

260/280 and 260/230 ratio, using a nanodrop (Denovix). 

qRT-PCR and Primers: Real-time PCR was performed in a 96 well plate 

(MicroAmp Optical 96-Well Reaction Plate, Applied Biosystems) using a Bio-Rad 

CFX96 Optix Module RT-PCR with SsoAdvanced Universal SYBR green Supermix 

(Bio-Rad). 
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PCR was performed with a reaction volume of 10 ɛL consisting of 1 ɛL each 

of forward and reverse primer (100 nM) each, 1 ɛL of cDNA (1:10 dilution), 5 ɛL of 

SYBR Green (Bio-Rad), and 2 ɛL of RNase/DNase free water. Each sample was 

repeated in triplicate in the plate for the PCR as technical replicates. The thermal cycle 

was programmed for stage 1: 2 minutes at 95 ↔C; stage 2: 40 cycles of 15 seconds at 

95 ↔C, 30 seconds at 60 ↔C, and 30 seconds at 72 ↔C; stage 3 (melt curve): 5 seconds at 

55 ↔C increasing to 95 ↔C at 0.5 ↔C increments. 

Relative gene expression was determined utilizing the 2^(-ȹȹCt) method. 

Each compound treatment measurement in cells was normalized to the expression of 

the housekeeping gene ACT1 (actin). 

All primers were obtained from Eurofins Genomics LLC. A stock 

concentration of 1000 nM was made for each primer in RNase and DNase free water 

and stored at -80 ↔C. From the 1000 nM stocks, 100nM aliquots were made and stored 

at -20 ↔C for short term use. 
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PROMISCUITY STUDY OF GlcNAc SCAVENGING ENZYMES AND CHITIN 

BIOSYNTHESIS OF CANDIDA ALBICANS  

This chapter was adapted from two 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 6-O-Phospho-kinases: Substrate Specificity and Applications. 

Biochemistry 2025 64 (1), 26-31. doi: 10.1021/acs.biochem.4c00525 

 

Williams C , Carnahan BR, Blanda C, Stathoulopoulos K, Grimes CL. 

Efficient Labeling of Pathogenic Fungal Chitin with Bioorthogonal Probes. Methods 

in Enzymology. (In Preparation) 

  

Bella Carnahan (4th year graduate student) led the synthesis of the NAG probes 

utilized in this chapter. Her contributions are outlined in the original Biochemistry 

publication listed above. Min Liu (5th year graduate student) led the synthesis of 

various PG mono- and disaccharides utilized in this chapter. Her contributions are 

outlined in her forthcoming doctoral thesis.  

Chapter 3 
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3.1 Introduction  

In mammalian complexes, the innate immune system allows the recognition of 

pathogen-associated molecular patterns (PAMPs), such as peptidoglycan (PG) 

fragments, by pattern-recognition receptors (PRRs), including cytosolic NOD-like 

receptors (NLRs)1, mediating the downstream immune response. Recently, Hornung 

and co-workers have shown that human N-acetylglucosamine kinase (NagK) directly 

phosphorylates the C6 hydroxyl of the sugar moiety in muramyl dipeptide (MDP) and 

this modification is required for NOD2 activation2. As phosphorylation of the PG 

fragment, MDP, is essential in innate immune sensing2 we hypothesized that the 

pathogenic fungus, Candida albicans (C. albicans), could also phosphorylate PG 

fragments. It has been established that a signal integrator for the pathogenic 

morphological transition in C. albicans is the binding of fragments such as MDP to 

the LRR region of Cyr1p3, 4. Like the mammalian system, C. albicans contains an N-

acetylglucosamine kinase (Hxk1), an essential enzyme for cell survival (Fig. 3.1)5. 

Hxk1 phosphorylates the C6 hydroxy position of GlcNAc, enabling the activation of 

either: (1) GlcNAc catabolic genes, DAC1 and NAG1 catalyzing catabolic steps to 

provide sources of carbon and nitrogen to the cell or (2) GlcNAc anabolic processes to 

build chitin or N-glycan synthesis (Fig. 3.1)5, 6.  
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Figure 3.1. UDP-GlcNAc synthesis pathways in mammalian and fungal systems. 

NagK and Hxk1 phosphorylate GlcNAc to ultimately form UDP-

GlcNAc, which then influences multiple downstream biochemical 

processes. 

Thus, we proposed that C. albicans Hxk1 may also use phosphorylation as a 

mechanism to control PG sensing in the pathogenic hyphae switch, through the 

phosphorylation of MurNAc derivatives. This is supported via the crystal structure of 

NagK in complex with GlcNAc, as the 3-hydroxyl group on GlcNAc is exposed to 

bulk solvent7. To test the substrate specificity of Hxk1, a library of immunologically 

based PG-based fragments that were previously prepared in our laboratories was 

screened (Fig. 3.2)8-19 and utilized in conjugation with enzymatic activity assays. 
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Figure 3.2. Substrate library used to assess enzyme promiscuity. All substrates 

were prepared in the Grimes Lab according 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 designed, in 

vitro systems can be predictive of in vivo behavior. 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 yeast C. albicans to allow for 

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

synthesis of UDP-GlcNAc, the major precursor for chitin and N glycans in yeast. By 

screening probes with an in vitro method first, non-functional candidates can be 

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

Hxk1 from C. albicans was expressed in Escherichia coli (E. coli), purified 

(Fig. 3.3) and then subjected to an in vitro mass spectrometry substrate screen (Fig. 

3.4). Following previous reports5, Hxk1 accepts GlcNAc as a natural substrate (Fig. 

3.2 and Table 3.1). Other GlcNAc based substrates such as 2-AzNAG (2) and 2-

AlkNAG (3) were phosphorylated by Hxk1 (Fig. 3.2 and Table 3.1). These probes 

have previously shown to have utility in nonpathogenic Saccharomyces cerevisiae 

model system20 and have recently been shown to be accepted and incorporated into the 

chitin of various pathogenic Candida species (N.B.: Incorporation of NAG probes in 

fungal systems will be further discussed in Chapter 4)21.  

 

Figure 3.3. Purification of Hxk1  from C. albicans recombinantly expressed in 

E.coli. Expected molecular weight is 54.8 kDa. Coomassie stained gel of 

purified Hxk1 run on a 10% TGX polyacrylamide gel. Lane samples ï 1: 

lysate, 2: supernatant, 3: pellet, 4: flowthrough, 5: elution 1, 6: elution 2, 

7: elution 3, 8: elution 4. Expression and purification were done in 

biological triplicates. 
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Figure 3.4. Small scale kinase substrate screen scheme for Hxk1 . Reaction was 

carried out at 37°C for 1 hour. Fresh enzyme aliquots were used for each 

replicate. The buffer used was 50 mM bis-Tris propane buffer (pH = 7.9).  

Table 3.1. High resolution mass spectrometry results of Hxk1 activity. Enzymatic 

reactions were run in biological triplicates, and the samples were 

subjected to high-resolution LCMS, ESI negative mode on a Q-Exactive 

Orbitrap. Theoretical product mass was calculated using enviPAT isotope 

pattern calculator. Mass accuracy was determined using the University of 

Warwick Mass Error Calculator. GlcNAc (1) was used as a positive 

control. 

Substrate Theoretical 

Product m/z [M-

H] - 

Experimental 

Product m/z [M-

H] - 

Mass Accuracy 

(ppm) 

(1) 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) 258.0384 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 

(11) 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 
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However, MurNAc (4) and MDP (5) were not accepted by the fungal kinase 

(Fig. 3.2 and Table 3.1), indicating that Hxk1 does not accept steric bulk at the 3-

position of GlcNAc. In addition, no other MurNAc containing fragments (7-16) tested 

were identified to be phosphorylated (Fig. 3.2 and Table 3.1). Moreover, biologically, 

phosphorylation of MurNAc is not necessary to induce pathogenic hyphal growth. 

Thus, the PG fragments that bind to the LRR of Cyr1p3 and subsequently induce a 

cellular hyphal response in C. albicans, are likely not phosphorylated. 

3.3 Hxk1 Kinetic Activity of NAG Analogs   

In order to characterize the kinetic profile of Hxk1, the classic ATP-coupled 

assay that couples ADP production to NADH reduction by employing pyruvate kinase 

and lactic acid dehydrogenase was used (Fig. 3.5)22-24. The Km and kcat for Hxk1 with 

its natural substrate, GlcNAc, were determined to be 77.08 ɛM and 11.52 sī1 (Table 

3.2, Fig. 3.6) at 25 °C (please note initial substrate screening showed no activity 

difference between 25 and 37 °C (data not shown)). For substrates (2) and (3) Hxk1 

had Km values of 112.40 ɛM and 74.02 ɛM, but the kcat for each of these substrates 

was an order of magnitude lower than that of GlcNAc (Table 3.2), indicating that 

Hxk1 cannot turnover these unnatural substrates as quickly as unmodified GlcNAc. As 

a result, Hxk1ôs catalytic efficiency of (2) and (3) was also 10-fold less than that of 

GlcNAc (Table 3.2). While the catalytic efficiency for Hxk1 phosphorylating (1ī3) 

may appear low compared to standard ñperfect enzymeò parameters, it is of note that it 

is estimated that the ñaverage enzymeò has a catalytic efficiencyḐ105 Mī1 secī1 25.  
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Figure 3.5. ATP-coupled assay scheme. This assay contains 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 in technical triplicates. Kinetic parameters 

were calculated by fitting the experimental data into the Michaelis 

Menten equation using GraphPad Prism-7. kcat and Km values were 

calculated by fitting experimental data to the Lineweaver Burk equation. 

Substrate kcat (sec-1) K m (M) kcat/K m (M -1sec-1) 

GlcNAc 11.52 ± 0.790 (7.70 ± 0.080) x10-5 (1.49 ± 0.087) x105 

2-AzNAG 7.21 ± 0.910 (1.12 ± 0.059) x10-4 (6.41 ± 0.530) x104 

2-AlkNAG  3.66 ± 0.137 (7.40 ± 0.030) x10-4 (4.91 ± 0.160) x104 
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Figure 3.6. Hxk1 kinetic plots for substrates 1, 2, and 3. Kinetic parameters were 

calculated by fitting the experimental data into the Michaelis Menten 

equation using GraphPad Prism-7. kcat and Km 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, characterization of the further downstream 

enzymes, Agm1 and Uap16, in the chitin biosynthetic pathway was carried out26-29. 

Agm1 and Uap1 from C. albicans were each expressed in E. coli, purified, (Fig. 3.7, 

3.8) and then subjected to a mass spectrometry substrate screen (Fig. 3.9) with the 

GlcNAc based substrates 2-AzNAG (2) and 2-AlkNAG (3). Results indicate the 

formation of the final product UDP-GlcNAc-Azide, but UDP-GlcNAc-Alkyne product 

formation could not be observed in the same reaction conditions (Table 3.3). The 

intermediate 6-phospho-alkyne-GlcNAc could still be detected in the sample by high 

resolution mass spectrometry. Based on the differences in turnover of the azide and 

alkyne GlcNAc substrates with Hxk1, it is theorized that UDP-GlcNAc-Alkyne 

reaction should be allowed to proceed beyond the standard 30-minute period to test for 

UDP-GlcNAc-Alkyne formation. Follow up studies can be conducted to test this 

hypothesis.  
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Figure 3.7. Purification of Agm1 from C. albicans recombinantly expressed in E. 

coli. Expected molecular weight is 60.4 kDa. Coomassie stained gel of 

purified Agm1 run on a 10% TGX polyacrylamide gel. (A) Lane samples 

ï 1: lysate, 2: supernatant, 3: pellet, 4: flowthrough, 5: elution 1, 6: 

elution 2, 7: elution 3, 8: elution 4. (B) Purified protein after 

concentration. Lane samples ï 1: purified protein, 2: flowthrough. 

Expression and purification were done in biological triplicates. 
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Figure 3.8. Purification of Uap1 from C. albicans recombinantly expressed in E. 

coli. Expected molecular weight is 54.6 kDa. Coomassie stained gel of 

purified Uap1 run on a 10% TGX polyacrylamide gel. (A) Lane samples 

ï 1: supernatant, 2: pellet, 3: flowthrough, 4: elution 1, 5: elution 2, 6: 

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

samples ï 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 UDP-GlcNAc formation 

using the native proteins for UDP-GlcNAc synthesis in C. 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/Uap1 reaction was 

run for 30 minutes. Aliquots of final sample were quenched in methanol 

and transferred to an MS vial to proceed forward with MS analysis.  

Table 3.3. High resolution mass spectrometry results of UDP-GlcNAc formation. 

Enzymatic reactions were run in biological triplicates, and the samples 

were subjected to high-resolution LCMS, ESI negative mode on a Q-

Exactive Orbitrap. Theoretical product mass was calculated using 

enviPAT isotope pattern calculator. Mass accuracy was determined using 

the University of Warwick Mass Error Calculator. GlcNAc was used as a 

positive control. 

Product Theoretical 

Product m/z [M-

H]- 

Experimental 

Product m/z [M-

H]- 

Mass Accuracy 

(ppm) 

UDP GlcNAc 606.0743 606.0778 5.7748 

UDP GlcNAc Azide 647.0757 647.0770 2.0090 

UDP GlcNAc 

Alkyne 
644.0899 Not observed Not observed 

3.5 Discussion 

The substrate screen 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 modify bio-orthogonal probes. As bio-orthogonal probes 

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. Identification of any potential off-target reactivity can 

be detected, leading to cost and time saving measures in the laboratory. Despite 

researchers being able to link the importance of cell wall remodeling in fungal 

pathogens like C. albicans to 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 these substrate screens will enable researchers to 

quickly assess small molecules before moving on to examine their effects in a broader 

biological context. 

Biochemically, the substrate profiles of two seemingly similar kinases were 

desired, as these data inform on both the biological activity/relevance and guide the 

application of these enzymes. Here we found that the fungal kinase Hxk1 is not as 

promiscuous as the human NagK. This suggests that in mammalian systems, NagK 

serves as a gatekeeper in innate immune recognition for NOD2, but Hxk1 is not 

needed in pathogenic fungal systems to sense PG fragments via Cyr1p to initiate 

pathogenesis in the host. The results here suggest various applications for Hxk1 and 

NagK. While Hxk1 appears to be more specific with what substrates it accepts, the 

kinetic parameters showed high efficiency toward NAG probes and have biological 

applications in labeling pathogenic yeast21. The detailed biochemical investigations 

provide a roadmap of how to use these essential kinases to dissect fundamental 

biology. 

3.6 Experimental Methods and Materials 

Hxk1 Cloning: 
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Primers used for Hxk1 PCR amplification were:  

5ô- GGGCCCCTGGGATCCATGACTGAGACTAGCATTAGT-3 

5ô- TCGACCCGGGAATTCCTACTTATGATAGGCAGCACC-3ô  

Primers used for pGEX backbone PCR amplification were: 

5'- GAATTCCCGGGTCGACTCGAGCGG-3ô 

5ô- GGATCCCAGGGGCCCCTGGAAC-3ô  

Vector backbone and Hxk1with 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 µL 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 protocol5.  A 10 mL overnight of BL21 cell culture was inoculated into 1 L 

of fresh LB medium supplemented with 100 µg ml-1 carbenicillin antibiotics and 

incubated until OD600nm reached 0.6. The expression of GST-tagged Hxk1 was 

induced with 1 mM isopropyl-1- thio-ɓ-D-galactoside at 18°C for 16 hours. Induced 

cells were harvested by centrifugation (8000 rpm, 30 minutes) at 4°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-Aldrich). Cells were sonicated and Triton-X solution 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 15 mLs GST wash buffer (500 mM NaCl, 50 mM Tris, 1 mM DTT, and 1 

mM EDTA pH 7.4). After the washes 10 mLs of GST elution buffer (150 mM NaCl, 

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

PreScission Protease. The column was incubated at 4°C overnight and purified protein 

was collected. For long-term storage at -80°C, glycerol was added into the protein 

solution (final concentration of glycerol was 20%). 

 

Agm1 Expression and Purification: 

A 10 mL overnight of BL21 cell culture was inoculated into 1 L of fresh LB 

medium supplemented with 100 µg ml-1 carbenicillin antibiotics and incubated until 

OD600nm reached 0.6. The expression of GST-tagged Agm1 was induced with 1 mM 

isopropyl-1- thio-ɓ-D-galactoside at 18°C for 20 hours. Induced cells were harvested 

by centrifugation (8000 rpm, 30 minutes) at 4°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-

Aldrich). Cells were sonicated and Triton-X solution 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 1 

hour. The flow through was released and the column was washed five times with 20 

mLs GST wash buffer (500 mM NaCl, 50 mM Tris, 1 mM DTT, and 1 mM EDTA pH 
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7.4). After the washes 10 mLs of GST elution buffer (150 mM NaCl, 50 mM Tris, 1 

mM DTT, and 1 mM EDTA pH 7.4) was added with 600 µL PreScission Protease. 

The column was incubated at 4°C overnight and purified protein was collected. For 

long-term storage at -80°C, glycerol was added into the protein solution (final 

concentration of glycerol was 20%). 

 

Uap1 Expression and Purification: 

A 10 mL overnight of BL21 cell culture was inoculated into 1 L of fresh LB 

medium supplemented with 100 µg ml-1 carbenicillin antibiotics and incubated until 

OD600nm reached 0.6. The expression of GST-tagged UAP1 was induced with 1 mM 

isopropyl-1- thio-ɓ-D-galactoside at 18°C for 20 hours. Induced cells were harvested 

by centrifugation (8000 rpm, 30 minutes) at 4°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-

Aldrich). Cells were sonicated and Triton-X solution 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 1 

hour. The flow through was released and the column was washed five times with 20 

mLs GST wash buffer (500 mM NaCl, 50 mM Tris, 1 mM DTT, and 1 mM EDTA pH 

7.4). After the washes 10 mLs of GST elution buffer (150 mM NaCl, 50 mM Tris, 1 

mM DTT, and 1 mM EDTA pH 7.4) was added with 600 µL PreScission Protease. 

The column was incubated at 4°C overnight and purified protein was collected. For 



 94 

long-term storage at -80°C, glycerol was added into the protein solution (final 

concentration of glycerol was 20%). 

 

In Vitro Chemical Reaction Conditions: 

To 50 mM bis-Tris propane buffer (pH = 7.9), 1 mM of sugar derivative, 1.2 

mM ATP, and 0.5 mM MgCl2 were added to a slick tube. Reaction began with the 

addition of 1 µg 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 incubated in shaker for 1 hour at 37°C for all Hxk1 screens. Mass 

spectrometry samples were prepared by removing 10 µL of the reaction mixture and 

adding it into 90 µL 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 UDP-GlcNAc formation 1.2 mM UTP was added to the remaining 

Hxk1 reaction sample solution. 1 µg of purified Agm1 and 1 µg of purified Uap1 

enzyme was added to reaction. The reaction was incubated in shaker at 37°C for 30 

minutes. Mass spectrometry samples were prepared by removing 10 µL of the reaction 

mixture and adding it into 90 µL 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 considerations: Reaction 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 not by-products of the standard 

reaction or a blank reaction. 

Troubleshooting and Optimization: 

Table 3.4. Troubleshooting help for substrate-enzyme promiscuity screening. 

 

ATP-Coupled Assay: 

The kinetic studies for Hxk1 were performed with an ATP-coupled 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 µL, which 

contained 50 mM potassium phosphate buffer (pH = 7.5), 2 mM 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 0.025 mM to 2.5 mM. The 

reaction began with the addition of 1 µg of Hxk1 at 25°C or 37°C and recorded for 2.5 

minutes. The absorbance was measured every 5 seconds at 340 nm using a 

spectrophotometer (Eppendorf 6136). The linear region of the absorbance curve was 

determined to perform kinetic calculations. Collected data was processed and 

displayed to the Michaelis Menten and Lineweaver-Burk equations using GraphPad 

Prism 7.   
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FUNGAL CELL WALL REMODELING AND LABELING VIA GlcNAc  

SCAVENGING PATHWAY  

This chapter was adapted from two 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, Stathoulopoulos K, Grimes CL. 

Efficient Labeling of Pathogenic Fungal Chitin with Bioorthogonal Probes. Methods 

in Enzymology. (In Preparation) 

 

Bella Carnahan (4th year graduate student) led the synthesis of the NAG probes 

utilized in this chapter. Her contributions are outlined in the original JACS publication 

listed above. 

4.1 Introduction  

Chitin is the second most abundant polysaccharide in nature after cellulose and 

serves as a vital biopolymer used by forms of life ranging from pathogenic fungi to 

crustaceans to insects1. In fungi, chitin is composed of a repeating chain of ɓ-1,4-N-

Chapter 4 
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acetyl-glucosamine (GlcNAc/NAG)-linked sugars that fold onto each other to form 

antiparallel chains2, 3. This polymer is essential for plasticity of the fungal cell wall 

and provides cells with protection from external stressors4. In addition, this 

biopolymer, absent from mammalian cells, serves as a potent immunomodulator, most 

likely by activating the innate immune system by engaging with Toll-like receptors 

and other inflammasomes5-7.  

In the pathogenic fungi Candida albicans (C. albicans), chitin is 

biosynthesized de novo from glucose via a conserved linear pathway (Fig. 4.1)8, 9. 

However, it can also be synthesized by scavenging exogenous GlcNAc and converting 

it to 6-phospho-GlcNAc via the enzyme Hexokinase-1 (Hxk1)8, 10, presumably 

marking the carbohydrate for downstream use in the chitin biosynthesis pathway. The 

phosphoacetylglucosamine mutase, Agm1, repositions the phosphate group to the 

anomeric 1-hydroxy position11 and then Uap1, a UDP-N-acetylglucosamine 

pyrophosphorylase, converts this molecule to uridine diphosphate (UDP)-GlcNAc12. 

This nucleotide sugar can then be polymerized by a series of chitin synthases8, 13. C. 

albicans contains four chitin synthases (Chs1, Chs3, Chs2, and Chs8) that work in 

concert to deposit chitin at growth sites in the cell13. A complementary set of enzymes 

- chitin degraders or chitinases - are capable of breaking down the polymer to permit 

rearrangement and cell growth1, 14.  



 103 

 

Figure 4.1. Chitin biosynthesis in C. albicans. Exogenous GlcNAc can be salvaged 

by the cell and used as a precursor to chitin via the GlcNAc-specific 

transporter Ngt1 and the specific kinase Hxk1. The intermediate UDP-

GlcNAc can either be shuttled to chitin or surface glycans. 

In order to study these essential biochemical processes, a number of tools have 

been developed. One of the most popular methods for labeling chitin is the use of 

commercially available, Calcofluor white (CfW), an ionic compound that coordinates 

with the hydroxyl groups in chitinôs backbone. It permits for visibility of the polymer 

using fixed-cell, confocal microscopy; however, it has been reported that it inhibits in-

vitro chitin synthetase activity and the assembly of chitin chains in Neurospora 
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crassa15. In addition, its mechanism of binding competes for hydrogen binding sites, 

further inhibiting the growth and assembly of chitin in organisms such as C. 

albicans16. For chitin degraders, methods of tracking radio-labeled 14C substrates and 

colorimetric incubation experiments have been developed14.  

Currently, there exists no robust mechanism that labels the GlcNAc building 

blocks involved in the building and remodeling of the fungal cell wall. Fungal cell 

wall biosynthesis and its molecular components have been studied and partially 

characterized since the late 1970s17, 18. Motivation to utilize the 

biosynthetic/scavenging machinery to tag the fungal cell wall is driven by prior 

successes in the field with in vivo labeling of macromolecular structures and polymers 

such as peptidoglycan (PG)19, 20. Pioneering work conducted by Bertozzi introduced 

bio-orthogonal functionalities into eukaryotic glycans21. In 2010, a metabolic 

engineering strategy was developed to label the N-glycans on the surface of the cell 

wall in the nonpathogenic, model organism, Saccharomyces cerevisiae (S. 

cerevisiae)22. Here, a highly engineered system was developed that utilized: (1) a 

dedicated kinase, NagK, from humans and (2) a GlcNAc transporter, from C. albicans. 

This genetically modified S. cerevisiae strain was then supplemented with GlcNAc 

building blocks containing a bio-orthogonal azide or alkyne handle and was capable of 

being incorporated into the fungal cell wall. This engineered strategy had limitations 

for studying chitin; the chitin labeling was restricted to bud scars, and the 

azide/alkyne-supplemented cells showed morphological discrepancies compared to the 

GlcNAc fed cultures22. However, excellent N-glycan-protein labeling was achieved. 

Here, we wished to develop a nonengineered method that would target chitin 

biosynthesis in native pathogenic yeast. We reasoned that working directly with the 
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human pathogen, C. albicans, whose cell wall contains more chitin than S. 

cerevisiae23, would give us an advantage. Moreover, this strain, unlike S. cerevisiae, 

undergoes a morphological change to switch into a pathogenic hyphal form, adding 

utility to this method. We hypothesized that the GlcNAc probes would incorporate 

into C. albicans as its genome encodes for both:(1) a high efficiency GlcNAc 

transporter (Ngt1) and (2) a dedicated GlcNAc kinase (Hxk1) (Fig. 4.1), which would 

permit direct labeling chitin with a suite of modified GlcNAc carbohydrates, including 

minimal tetrazines, strained alkynes, and fluorophores24. 

Biologically, C. albicans was chosen as a commensal fungal organism, that 

resides on human barrier surfaces such as the skin as well as colonizes areas such as 

the mouth, lungs, gut, and vagina25-27. During periods of dysbiosis, C. albicans 

transitions into a pathogenic state indicated by discrete morphological phases, such as 

budding, pseudohyphal, and hyphal forms28-30. During this morphological switch, C. 

albicans upregulates its production of chitin, which normally sits at 2ī3% dry 

weight31, to sustain the increased content required in elongated hyphae5, 32. This 

morphological flexibility is also a virulence determinant, as the switch from budding 

to hyphae plays a key role in the infection process by allowing penetration of the local 

tissues and avoidance of phagocytic destruction33, 34. In order to combat infection, the 

human innate immune system uses a variety of pathogen recognition receptors to 

sense certain fingerprints (pathogen-associated molecular patterns - PAMPs) in the 

fungal cell wall - specifically detection of the ɓ-1,3-glucan and the chitin moieties 

found in the inner cell wall6, 35-37. However, recently, it has been shown that C. 

albicans has adapted resistance mechanisms to use mannan to physically mask 

PAMPs such as chitin from the receptors38. As chitin is demonstrated to be essential to 
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hyphal growth and sustained virulence, the development of methods to study the 

molecular integration and distribution of this polymer in the cell wall is paramount.  

In this work, a strategy to embed bio-orthogonal probes into chitin in native 

pathogenic yeast strains is developed. This is substantiated by the use of various 

appropriate knockout strains, microscopy, mass spectrometry, and flow cytometry 

analysis to rigorously demonstrate incorporation. Importantly, the budding to hyphae 

switch that enables C. albicans pathogenesis is not disturbed by the probes. This 

method presents a powerful tool for the community to study the mechanism of 

fundamental chitin synthases/degraders across the animal kingdom, identify new anti-

fungal regimes, and determine new methods to study how chitin of C. albicans 

regulates the human immune system. 

4.2 Modified GlcNAc Fragments are Accepted into the Chitin Biosynthesis 

Pathway via Hxk1 

To label the chitin backbone, a library of GlcNAc derivatives that contains a 

modification of the 2-N position of the carbohydrate moiety were assembled 

including: (1) azide, (2) alkyne, (3) tetrazine, (4) nitrobenzoxadiazole (NBD), and (5) 

peracetylated azide (Fig. 4.2). The first three include standard click modalities24, with 

(1ī3) being demonstrated as handles capable of being incorporated into the PG layer 

of the bacterial cell wall when positioned on the molecule N-acetylmuramic acid 

(MurNAc) via the use of copper-catalyzed azideīalkyne cycloaddition (CuAAc) or 

strain-promoted azide alkyne cycloaddition (SPAAC)20, 39, 40. Probes 1 and 2 were 

previously used in the engineered model S. cerevisiae system22 and we hypothesized 

that the native transporter and enzymes would accept this modification. Compound 3 

contains the slightly larger tetrazine modality; the tetrazine-trans-cyclo-octene ligation 
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(Tz-TCO) is a rapid, noncytotoxic bio-orthogonal reaction to cells that has been 

frequently used in visualization of a variety of biological processes41. Recently, we 

have shown that this minimalist tetrazine probe, H-Tz, is capable of incorporation into 

bacterial PG39 and hypothesized that a similar labeling strategy could be applied to 

yeast to rapidly label the chitin layer of the fungal cell wall. The NBD probe, 4, 

initially developed by Vocadlo to label GlcNAc modified proteins42, enables direct 

fluorescent modification of the polymer negating the need of a ñclickò reaction. 

Finally, the peracetylated probe, 5, is commercially available and was used here to 

further determine the mechanism of uptake of the GlcNAc probes and their 

incorporation into chitin. Previous studies to assess glycosylation patterns in 

mammalian systems have shown that acetylated glycan probes diffuse through the 

membrane and are then subsequently deprotected by cellular esterases43, 44. As this 

deprotection is essential for the protected probe incorporation into surface glycans in 

mammalian cells, we hypothesized that C. albicans may also use cellular 

esterases/deacetylases as a mechanism to incorporate 5. With compounds 1ī5 in hand, 

we next turned our attention to the incorporation of the probes via the GlcNAc 

scavenge system in native, pathogenic fungi.  
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Figure 4.2. Chemical structures of NAG probes used to bio-orthogonally label C. 

albicans. (1) 2-AzNAG (2) 2-AlkNAG (3) 2-HTzNAG (4) 2-NBD NAG 

(5) Ac4AzNAG. Ac4AzNAG was purchased from Click Chemistry Tools 

(acquired by Vector Laboratories). 2-AzNAG, 2- AlkNAG, 2-HTzNAG, 

and 2-NBD NAG were synthesized in our lab as described above. 

It is hypothesized that if exogenous GlcNAc is incorporated in the cell wall, 

the kinase Hxk1 from C. albicans is essential for this process. Initially characterized in 

2001, Hxk1 has been shown by thin layer chromatography to phosphorylate sugars 

such as GlcNAc, glucose, and mannose10. This substrate promiscuity differs from the 

enzyme Hxk2, which shows restricted substrate usage, capable of only 

phosphorylating hexose; Hxk2 found in both C. albicans and S. cerevisiae is 

responsible for phosphorylating glucose which can be further incorporated into chitin 

(Fig. 4.1)8, 45, 46. However, Hxk1 is expressed only in C. albicans. In order to assess 

Hxk1 substrate specificity, the enzyme was expressed and purified and assessed using 

an in vitro biochemical mass spectrometry-chemoenzymatic assay (Fig. 4.3A). In 

agreement with previous reports10, the data show that purified Hxk1 is capable of 

accepting GlcNAc and mannose, producing phosphorylated products (Fig. 4.3A and 

Table 4.1). In addition, the data show that the GlcNAc-based probes (1ī4) are 

accepted and phosphorylated by Hxk1 (Fig. 4.3A and Table 4.1). However, recent 



 109 

work from our lab (shown in Chapter 3 and reproduced here) showed that the enzyme 

does not have activity with MurNAc (Fig. 4.3A, compound 7), the other carbohydrate 

component of bacterial PG47 (Fig. 4.3A and Table 4.1) and probe (5), peracetylated 

GlcNAc, was not assessed, as it does not have a free hydroxy to phosphorylate.  

 

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 ɛg of protein and was incubated at 37 ÁC for 1 h. Samples were 

subjected to high-resolution LCMS. Substrates accepted by Hxk1 are 

represented in green; substrates not accepted are represented in red. (B) 

Confocal fluorescent images of CuAAC-labeled strain DIC185 (C. 

albicans WT) with NAG probes. Cells were treated with 3 mM of 

either 1, 2, 3, or 5 and reacted with 5 ɛM Alk488 (green) or 4 ɛM TCO 

TAMRA (red). Scale bars: 10 ɛm. (C) Mean fluorescence intensity (MFI) 

values of fixed C. albicans WT cells when labeled with either 2-AzNAG 

(1), 2-AlkNAG (2), or NAG (6). Statistics were analyzed using GraphPad 

Prism 7 via a 2-way ANOVA test. Error bars represent standard error of 

the mean and **** indicates a p < 0.0001. 



 110 

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 tested. Enzymatic reactions were run in 

biological triplicates, and the samples were subjected to high-resolution 

LCMS, ESI negative mode on a Q-Exactive Orbitrap. Theoretical 

product mass was calculated using enviPAT isotope pattern calculator. 

Mass accuracy was determined using the University of Warwick Mass 

Error Calculator. GlcNAc (6) was used as a positive control.  

Substrate Theoretical 

Product m/z [M-

H] - 

Experimental 

Product m/z [M-

H] - 

Mass Accuracy 

(ppm) 

GlcNAc 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 and co-workers have previously reported that 

C. albicans can grow on GlcNAc as a sole carbon source8, 48, 49. Here, growth 

conditions in which C. albicans would not need to rely on GlcNAc as a carbon source 

were chosen, potentially permitting the cell to selectively shuttle the NAG probe to the 

chitin polymer; thereby restricting the distribution of the probe into other metabolites 

and N-glycans (Fig. 4.1). Following a previously published CUAAC-based protocol50, 

probes 1 and 2 were incubated in the mid-log phase for 2 hours, analyzed by 

fluorescent microscopy and the data show the cell wall was robustly labeled (Fig. 

4.3B, 4.4, 4.5). Qualitatively, more robust labeling was observed with the azide probe 

(1) than with the alkyne (2); however, this observation could be due to the alkyne 

handle being reduced in the complex growth media. Recently, we showed that (2) has 

a kcat lower than that of the natural substrate GlcNAc and probe (1)51, suggesting that 
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in the cell, Hxk1 does not turnover (2) for incorporation into the fungal cell wall at the 

same rate as it does (1). To gain a more quantitative appreciation for labeling 

efficiency, flow cytometry was used to show that both probes (1) and (2) are 

incorporated into the cell compared to the NAG and cell-only control. However, the 

data show that the azide probe (1) labeled a higher number of cells compared to that of 

the alkyne probe (2) (Fig. 4.3C, 4.6, 4.7).  
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Figure 4.4. CUAAC labeling of 2-AzNAG in C. albicans. Merged (left) Brightfield 

and Fluorescent (right) images of DIC185 cells treated with 3 mM 2-

AzNAG or NAG for 2 hours and clicked with 5 µM Alk488 (green) 

(scale bars, 10 µm). 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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Figure 4.5. CUAAC labeling of 2-AlkNAG in C. albicans. Merged (left) Brightfield 

and Fluorescent (right) images of DIC185 cells treated with 3 mM 2-

AlkNAG or NAG for 2 hours and clicked with 5 µM Az488 (green) 

(scale bars, 10 µm). 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 2-AzNAG labeling in C. 

albicans WT.  DIC185 cells only (A) or DIC185 cells remodeled with 3 

mM NAG (B) or 2-AzNAG (C) and then clicked with 5 µM 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 2-AlkNAG labeling in C. 

albicans WT.  DIC185 cells only (A) or DIC185 cells remodeled with 3 

mM NAG (B) or 2-AlkNAG (C) and then clicked with 5 µM 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 label C. albicans in the absence of copper to preserve cellular fitness, we 

utilized SPAAC52, permitting live cell imaging of the C. albicans cell wall for the first 

time. Incubation with (1) showed excellent labeling of the cells compared to the 

control (Fig. 4.8), indicating that these bio-orthogonal probes can be used in fungal 

systems without the use of copper. Alternatively, incubation with other probes that 

would negate the use of copper, the tetrazine probe (3) or the NBD probe (4), did not 

show clear labeling of the cells, despite the probes being phosphorylated by Hxk1 

(Fig. 4.3B). We reasoned that this could be a result of the size or chemical properties 

leading to the probes not being scavenged by the cell. To overcome this limitation, 

mutagenesis studies of either the transporter or subsequent syntheses could be 

developed. Of note, small scale chemoenzymatic studies with the tetrazine probe (3) 

indicated that after formation of the 6-phospho-GlcNAc-tetrazine moiety via Hxk1, 

further reactions with Agm1 and Uap1 result in loss of substrate and no formation of 

final product (Table 4.2). Importantly, the acetylated probe (5) did not label the cell 

wall (Fig. 4.3B, 4.9), implying that C. albicans lacks cellular deacetylases that can 

process and unmask this probe or that the specific GlcNAc transporter does not accept 

this probe. 
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Figure 4.8. SPAAC labeling of 2-AzNAG in C. albicans. Brightfield (left) and 

Fluorescent (right) images of DIC185 cells treated with 3 mM 2-AzNAG 

or NAG for 2 hours and clicked with 30 µM AZDye 488 DBCO (green) 

(scale bars, 50 µm). Images are representative of a minimum of three 

fields viewed and the experiment was conducted in three biological 

replicates. 
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4.2. High resolution mass spectrometry results of UDP-GlcNAc-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 high-resolution LCMS, ESI negative 

mode on a Q-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 

Product m/z [M-

H]- 

Experimental 

Product m/z [M-

H]- 

Mass Accuracy 

(ppm) 

UDP GlcNAc 606.0743 606.0778 5.7748 

UDP GlcNAc 

tetrazine 

700.1022 Not observed Not observed 
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Figure 4.9. CUAAC labeling of Ac4AzNAG in C. albicans. Merged (top) Brightfield 

and Fluorescent (bottom) images of DIC185 cells treated with 3mM 

NAG, Ac4AzNAG, or NAG for 2 hours and clicked with 5 µM Alk488 

(green) (scale bars, 10 µm). Images are representative of a minimum of 

three fields viewed and the experiment was conducted in three biological 

replicates. 

4.3 Validation of GlcNAc Probes into Chitin Biosynthesis Pathway 

Incorporation of the probes into the chitin of C. albicans was validated and 

determined by using a variety of methods, the first of which was high-resolution mass 

spectroscopy (HRMS). Briefly, a mass spectrometry protocol was developed to 

analyze chitin (Fig. 4.10A). Cells treated with either NAG or AzNAG (1) were lysed, 

and sugars, including chitin, were isolated. Chitinase cocktails were utilized to digest 

chitin in both of the isolated samples. Disaccharide and tetra-saccharide subunits of 

chitin containing azide handles were identified in the AzNAG (1)-treated samples 
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(Fig. 4.10B, 4.11) and the same non-azide-containing fragments were found in the 

digested control sample (Fig. 4.10C, 4.12), indicating that AzNAG is incorporated into 

the chitin polymer. Interestingly, the pattern of probe incorporation suggests that the 

chitin is polymerized using a disaccharide building block and/or the chitinases 

produced only di- or tetra-saccharide fragments as the trisaccharide was not observed 

(Fig. 4.10D). HRMS indicated that the probes are being directly funneled to UDP-

GlcNAc for subsequent installation into chitin polymers. However, as UDP-GlcNAc is 

also a precursor for N-glycan synthesis, and the cells are not genetically engineered, 

the bio-orthogonal probes could also be used to synthesize surface N-glycans in vivo. 

To assess this, cells were treated with either 1 or control sugar NAG and lysed. Pellets 

from lysis were treated with EndoH or PNGaseF and final lysates were subjected to 

Staudinger ligation with phosphine-Flag22, 53. Immunoblotting was used to determine 

if any labeled glycoproteins were present. No distinction could be made between the 

control and treated sample (Fig. 4.13). These data indicate that in C. albicans, UDP-

GlcNAc that is synthesized from the bio-orthogonal probes is likely not being shuttled 

to N-glycan synthesis, as in the engineered strain22, and instead the probes are 

scavenged directly into chitin, suggesting that the transporter (Ngt1)/kinase(Hxk1) is 

tightly coupled to efficiently utilize GlcNAc from the environment (Fig. 4.1). 
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Figure 4.10. Mass spectrometry-based analysis of NAG probe incorporation into 

cells. (A) Workflow for determining 2-AzNAG incorporation into the 

chitin polymer in C. albicans cells. (B) Chitinase digestion of azide (1)-

labeled chitin; analyzed via HRMS for tetra-saccharide fragments in ESI 

positive mode. (C) Chitinase digestion of NAG-labeled chitin (control); 

analyzed via HRMS for tetra-saccharide 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 

fragments. Detection of products was conducted via High Resolution 

Mass Spectrometry. Theoretical 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 2-AzNAG 

treated C. albicans cells (experimental). Chemical structure, expected 

exact mass, and observed mass with mass accuracy (ppm) of chitin 

fragment. The final sample was subjected to high-resolution LCMS, ESI 

positive mode. 
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Figure 4.12. HRMS spectra of disaccharide fragment from NAG treated C. 

albicans cells (control). Chemical structure, expected exact mass, and 

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

sample was subjected to high-resolution LCMS, ESI positive mode. 
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Figure 4.13. Western blot analysis of Staudinger ligation in C. albicans lysates. 

Proteins (8 ɛg total protein load/lane) from DIC185 cells incubated with 

either NAG or 2-AzNAG in medium supplemented with galactose were 

labeled with phos-FLAG and analyzed by Ŭ-FLAG immunoblotting. The 

experiment was conducted in at least two biological replicates. 

To confirm that the probes are going through the proposed chitin biosynthesis 

pathway (Fig. 4.1), yeast cell wall labeling was attempted in cells in which the 

transporter Ngt1, a specific GlcNAc transporter48, is knocked out (strain YJA3). If 1 is 

recognized and transported by the dedicated GlcNAc transporter, Ngt1, this would 

suggest that the carbohydrate is transported across the membrane and does not 
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passively diffuse. Attempts to label YJA3 with 1 were successful (Fig. 4.14, 4.17A), 

indicating that there could be alternative homologues of the transporter54, 55 or there 

are other monosaccharide transporters that allow for GlcNAc to transfuse the 

membrane. Alternatively, when the genes for the three GlcNAc catabolism enzymes 

Hxk1, Nag1, and Dac18 (Fig. 4.1) are knocked out (strain AG738), incubation with the 

azide probe (1) did not show incorporation into the fungal cell wall (Fig. 4.15, 4.17D). 

This indicates that Hxk1 is part of an essential gene cassette and is likely required for 

GlcNAc incorporation into the fungal cell wall.  
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Figure 4.14. CUAAC labeling of 2-AzNAG in C. albicans strain YJA3. Merged 

(left) Brightfield and Fluorescent (right) images of YJA3 cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). 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 2-AzNAG in C. albicans strain AG738. Merged 

(left) Brightfield and Fluorescent (right) images of AG738 cells treated 

with 3 mM 2-AzNAG or NAG for 2 hours and clicked with 5 µM 

Alk488 (green) (scale bars, 10 µm). 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, cells were co-labeled 

with CfW and the azide-bearing probe (1). Briefly, CUAAC was carried out using 

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


















































































































































































































