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The human innate immune system is composed of functionally distinct 

modules that has evolved to provide different forms of protection against invading 

pathogens. The adaptive immune system provides long lasting pathogen specific 

immune responses. The innate immune system, though less specific to pathogens, 

serves as the body’s first line of defense against invading pathogens. The innate 

immune system is a conserved host response that entails the sensing of pathogen-

associated molecular patterns (PAMPS) through germline-encoded pattern recognition 

receptors (PRRs), which initiate pathway-specific signaling networks, resulting in 

rapid responses that serve as the hosts’ first line of defense. Such germline encoded 

PRRs include but are not limited to Toll-like receptors (TLRs), RIG-I-Like (RLRS), 

NOD-like receptors (NLRs), and DNA receptors. PRRs are an irrefutable asset for the 

proper maintenance of human health. While they are traditionally known to recognize 

microbial molecules during infection scenarios, ligands for PRRs are not exclusive to 

foreign pathogens and are abundantly produced by the resident microbiota during 

normal colonization.  

The human microbiota consists of 10-100 trillion symbiotic microbial cells that 

reside in the body and vastly outnumber human somatic and germ cells. 

Microorganisms of the microbiota include bacteria, viruses, fungi, and protozoa. 

Together, these microbes form ecological communities in many anatomical sites. As 

such, the microbiota affects many vital functions of the human body. One of the most 
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common residents of the human microbiota is the polymorphic fungi Candida albicans 

(C. albicans).  

C. albicans is a commensal member of the human microbiota, typically 

residing in the gut and other mucosal surfaces of the body. In the human host, C. 

albicans interacts with a plethora of bacterial species and relies on these interactions 

for homeostasis under normal conditions. In the event of microbiota nice disruption, 

such as immune incompetence of the host, C. albicans transcends from a commensal 

state to a virulent state. Specifically, owning to the virulence of C. albicans is the 

phenotypic switch from budding yeast (blastophore) to filamentous state (hyphae) 

followed by transcriptional regulation of hyphae specific genes upon introduction of 

certain environmental signals. Central to transcriptional regulation for virulence 

associated genes and subsequent pathogenicity, is a spike in the cAMP-PKA cascade. 

This signaling pathway is upregulated upon binding of the adenyl cyclase Cyr1p to 

bacterial peptidoglycan. Cyr1p behaves much like a PRR, in its ability to bind and 

sense ligands that are foreign to the fungi. Particularly, this protein contains an 

evolutionary conserved leucine rich repeat (LRR) protein domain commonly found in 

human PRRs such as TLRs, and NOD like receptors.  

Through its LRR domain, Cyr1p can sense and detect bacterial peptidoglycan 

(PG). PG, being a major culprit for the transition of C. albicans from commensal to 

pathogenic, is a focal point of the bacterial-fungal relationship and is at the molecular 

interface facilitating these cross-kingdom interactions. We sought to understand 

bacterial-fungal crosstalk by characterizing the Cyr1p LRR domain, investigating the 

Cyr1p-LRR-PG interactions, and probing the phenotypic plasticity of C. albicans cells 

in the presence of synthetic PG fragments.  
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In our efforts to characterize the Cyr1p-LRR domain, we have biochemically 

classified this domain as a peripheral membrane protein and have demonstrated that 

the extended membrane associated LRR construct retained the ability to interact with 

previously known bacterial PG fragments such as Muramyl tripeptide (MTP). We 

have also shown the differential morphological regulation of C. albicans hyphae by 

various synthetic PG fragments and have correlated these findings to anomalous 

transcriptional regulation of Hyphae Specific Genes (HSGs). Though maintenance of 

HSGs at the transcriptional level ensures hyphal growth and elongation, we reasoned 

that our observed anomalous HSG transcriptional pattern is due to inadequate 

knowledge of the entire signaling pathways that govern the morphological transition 

from budding to hyphae and therefore commensalism to pathogenicity.  

In this dissertation, the characterization of the long-standing difficult nature of 

the Cyr1p-LRR domain has been explained, as this domain has been shown to be 

membrane associated. This may also foreshadow how C. albicans can interact with 

PG fragments that are small, polar, and not readily membrane permeable ligands. 

Furthermore, the exploration of C. albicans morphological plasticity in the presence of 

synthetic bacterial PG fragments has indicated that there is specificity in the PG 

ligands that are able to produce true hyphae in the microbe. These findings, along with 

anomalous HSG regulation, presage that without proper transcriptional regulation, C. 

albicans can readily convert between yeast and hyphal forms.
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INTRODUCTION 

 

This chapter was adapted from the publications below. Further permissions 

related to the material excerpted should be directed to the designated journal. Reprint 

(adapted) with permission from the following publication: 

 
Crump, G. M., et al. (2020). "Revisiting peptidoglycan sensing: interactions with host 
immunity and beyond." Chemical Communications 56(87): 13313-13322. 
  
 

1.1 The Innate Immune System 

The mammalian immune system has both innate and adaptive components that 

cooperate to protect the host from infection. The innate immune system is composed 

of functionally distinct modules that evolved to provide different forms of protection 

against pathogens. The adaptive immune system, or the acquired immune system is 

pathogen specific 1 and  provides long term immune protection, via memory responses 

to previously encountered pathogens2. During the first critical hours and days of 

exposure to a new pathogen, humans rely on their innate immune system to protect 

them from infection, making it the body’s first line of defense. The innate immune 

system is a conserved host response that entails the sensing of pathogen-associated 

molecular patterns (PAMPS) through germline-encoded pattern recognition receptors 

Chapter 1 
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(PRRs), which initiate pathway-specific signaling networks, resulting in rapid 

responses that serve as the hosts’ first line of defense3.  

Such germline encoded PRRs include but are not limited to Toll-like receptors 

(TLRs), RIG-I-Like (RLRS), NOD-like receptors (NLRs), and DNA receptors3. TLRs 

are perhaps the most characterized of the PRRs, and are considered to be the primary 

sensor of pathogens4. Humans have at least ten TLRs, of which several have been 

shown to play important roles in innate immune recognition of PAMPs, immuno-

stimulants that are essential for the life cycle of pathogens such as bacterial 

peptidoglycan and lipopolysaccharides5. In addition, molecules related to TLRs have 

been found to be involved in innate immunity in all multicellular organisms. For 

instance, in plants, proteins with leucine rich repeats and with domains homologous to 

the cytosolic portion of TLRs are required for resistance to fungal, bacterial, and viral 

pathogens6. NLRS are cytosolic PRRs that survey intracellular environments for 

threats. Threat detection leads to oligomerization into large macromolecular scaffolds 

and the rapid deployment of effector signaling cascades to restore homeostasis7.  

PRRs are an irrefutable asset for the proper maintenance of human health. 

While they are traditionally known to recognize microbial molecules during 

infections, ligands for PRRs are not exclusive to foreign pathogens and are abundantly 

produced by the resident microbiota during normal colonization.  

1.2 The Human Microbiota 

The birth of the human microbiota began in the late 1600’s, when 17th century 

scientist Anthony van Leeuwenhoek discovered and illustrated using a handcrafted 

microscope, that there were five different kinds of bacteria, or animalcules as he 

termed them at the time, present in his own mouth and the mouths of others. He then 
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went on to investigate the fecal microbiota, spurring the start a revolutionary field in 

science. Centuries later, in 1853 Joseph Leidy published a book entitled A Flora and 

fauna within Living Animals, spurring what was considered to be the start of 

“microbiots” research8. Building off of their predecessors, Pasteur, Metchnikoff, 

Koch, Escherich, Kendall, and several others began laying the foundation of how 

scientist understand host-microorganism interactions9. Specifically, Pasteur developed 

the germ theory of disease, Metchnikoff believed that the microbiota composition and 

its interactions with the host were essential for human health, and Escherich spawned 

the idea that understanding the endogenous flora was a necessity to understand the 

physiology of digestion and the pathology and therapy of intestinal diseases10. Though 

it was not defined as the microbiota at that time, the aforementioned scientist designed 

the landscape of what is now termed the human microbiota.  

The human microbiota consists of 10-100 trillion symbiotic microbial cells that 

reside in the body (Figure 1.1). The microbes that live in and on us outnumber our 

somatic and germ cells by an estimated 10-fold11. These microorganisms include a 

large number of bacteria, viruses, fungi, and protozoa12, and are an assemblage of 

microorganisms that form ecological communities in many anatomical sites. As such, 

the microbiota affects many vital functions on the human body.  

1.2.1 The Human Mycobiome 

The term microbiome at large refers to the bacterial component of the 

microbes that resides in and on the body. When the Human Microbiome Project was 

launched, priority was focused on the normal bacterial microbiome of various 

anatomical sites such as the oral, skin, gut, and vaginal cavities. With the advent of 

findings regarding human health and disease, there was a significant lack of 
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characterization of the fungal diversity within the aforementioned anatomical sites. 

Interestingly, the term microbiome has implied reference to only commensal and 

pathogenic bacteria13. As more interest emerged in the study of the microbial 

component of the human body, there was shift in 2010 with the branding of the term 

‘mycobiome’14. Mycobiome is a combination of the word ‘mycology’ and 

‘microbiome’ and was first used to refer to the fungal microbiome.  

 

Figure 1.1: The human microbiome. The human microbiome encompasses the 
collection of microbes that inhabit the human body. These microbes are 
found primarily in the gut, and offer many advantages to the human host  
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The lesser characterized mycobiome is no less important or physiologically 

relevant in the context of human health, pathology, and disease progression. There has 

been a constant increase in the incidence of fungal infections in the past two decades, 

primarily in opportunistic infections of immunocompromised populations, such as 

those living with HIV/AIDS, cancer, and other immune suppressing indications15. 

Even more alarming, is that several diseases that were formerly considered to have no 

association with fungi, such as hepatitis B16, cystic fibrosis17, 18, and inflammatory 

bowel disease (IBD)19, are now found to be associated with particular mycobiomes. 

With the realization that there is a greater interplay between the fungal component of 

the microbiome (mycobiome), research has expanded in the field of characterizing 

fungi and their roles in the body.  

Like their bacterial counterparts, fungi can occupy multiple anatomical sites 

and under normal conditions pose no threat to the human host, but in an instance of 

dysbiosis, these commensals turn pathogenic and can have lethal implications. A 

hallmark of fungal pathogenies in the human body is the coincidence of bacterial 

peptidoglycan. Thus, fungal-bacterial interactions within the context of the human 

microbiome are important for disease pathology and overall human health.  
 

1.3 Bacterial Peptidoglycan 

With regards to the human microbiome, bacterium and their associations are an 

important facet in the overarching context of human health and disease pathology. 

Specifically, the bacterial cell wall peptidoglycan (PG) is an extremely immune-

stimulat agent in the human host. Peptidoglycan, or murein, is an essential and highly 

specific component of the bacterial cell wall found on the outside of the cytoplasmic 
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membrane of almost all bacteria. This dynamic structure functions to preserve the 

overall bacterial cell integrity by withstanding turgor pressure, maintaining 

homeostasis within the cell, and provides a scaffold for anchoring other cellular 

envelope components such as proteins and teichoic acids 20.  

The hallmark of bacterial peptidoglycan is linear glycan strands cross-linked 

by short peptides. The glycan backbone consists of alternating N-acetylglucosamine 

and N-acetylmuramic acid (GlcNAc-MurNAc)residues connected via a b-1-4 linkage 

and the pentapeptide bridges are attached to the lactyl moiety of MurNAc via an 

amide linkage 20. The typical peptide structures: 1) L-alanine, 2) D-glutamate, 3) an 

amine functionalized amino acid, 4) D-alanine and 5) D-alanine21. Importantly, the 

second and third amino acid are linked via the carboxylic acid in glutamate’s side 

chain, not the �-carboxylic acid (Figure 1). Two of the most prominent examples are 

the following: in most Gram (-) bacteria, the peptide moiety at the third position is m-

DAP (meso-diaminopimelic acid), and connects the glycan strands through direct m-

DAP-D-Ala cross linkage, whereas in Gram (+) bacteria the third amino acid is lysine 

and is cross-linked to other glycan strands via glycine bridges22. 
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Figure 1.2: Schematic representation of peptidoglycan and corresponding 
fragments upon enzymatic digestion. Left: Cross-linked peptidoglycan. 
Depicted in green is N-acetyl glucosamine and in blue N-acetyl muramic 
acid with the corresponding representative peptide linkage. Right: 
representative set of possible PG fragments upon digestion with enzymes 
such as Lysozyme and Carboxypeptidases.  Note that MDP is a synthetic 
fragment and has not been shown to be produced in a biological context. 

Though the glycan backbone is generally conserved in bacteria, the peptide 

moiety exhibits considerable diversity among Gram (-) and Gram (+) bacterium 

(Figure 1.2). Substitution of m-DAP by other amino acids such as lanthionine and 

stereochemical variant LL-DAP has been reported for Gram (-) bacteria Fusobacterium 

nucleatum23 and Porphyromonas gingivalis24 respectively. Similarly, in the Gram (+) 

bacteria Herpetosiphen aurantiacus25 and Ornithinmicrobium humiphilum26 m-DAP is 

completely replaced by L-ornithine. Moreover, the peptide stem constitutes the point 

of covalent anchoring of cell envelope proteins to peptidoglycan. For instance, in E. 

coli and other Gram (-) bacteria, Braun’s lipoprotein is the only protein covalently 

linked to peptidoglycan to date27, 28. Gram (+) bacteria contain many surface proteins 
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that are anchored to the peptidoglycan and subsequently involved in pathogenic 

processes. Such proteins include protein A, fibronectin-binding proteins, collagen 

adhesions, and others29.  

The rigid structure of PG lends to its diverse functions that play critical roles 

for the protection and integrity of the bacterial cell30. Premature or unwanted 

degradation of PG results in bacterial cell lysis30. The presence of PG is multifaceted, 

as it serves to preserve and define cellular integrity, as well as scaffold cell 

components such as lipopolysaccharides31. The role of PG is very broad and has 

scientific relevance from antibacterial development32, to the human microbiome33, and 

human innate immune signaling34.  

1.3.1 Peptidoglycan Sensing and Recognition 

Peptidoglycan is a dynamic structure that continuously undergoes remodeling 

during bacterial growth and reproduction, which results in the release of fragments 

from the bacterial cell wall into the localized environment; a process termed 

peptidoglycan turnover35. Bacteria degrade approximately 40 to 50% of their 

peptidoglycan per generation as part of their normal peptidoglycan remodeling process 

required for cell wall expansion36. The heteropolymer must be at least partially 

degraded to allow for proper cell division before it is reconstructed to yield mature 

daughter cells37-39. During this highly regulated process, small fragments are released 

into the milieu, and constitute a marker for bacterial presence and activity40. 

Since peptidoglycan turnover is a highly regulated process, it requires stringent 

control at the transcriptional level to avoid autolysis and unintentional cell death35. It 

is therefore controlled by more than one enzyme. Varying enzymatic control equates 

to multiple fragments that can be placed in the milieu at any given time, thus the 
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chemical composition of these fragments can vary wildly. For instance, both lysozyme 

and lytic transglycosylases release disaccharide-peptides but while the hydrolytic 

reaction of lysozyme generates a terminal reducing MurNAc, the lytic 

transglycosylase produces anhydromuropeptides which present a 1,6-anhydro ring at 

the MurNAc thereby producing an anhydroMurNAc moiety 41. PG turnover/recycling 

is not limited to Gram (-) or Gram (+) but is indeed a facet of both types of bacteria, 

further increasing the types of fragments produced35, 42.  

With the array of fragments that can be encountered by the host, one must 

imagine that nature has evolved inherent sensing mechanisms to generate the 

appropriate response. Indeed, this is the case as various hosts have evolved 

peptidoglycan recognition receptors that aid in its detection and subsequently 

processing (Figure 1.3). The molecular signatures present in bacteria that are absent in 

host cells (mammals, plants) are defined as microbe-associated molecular patterns 

(MAMPs)43. The detection of MAMPs is successful through specific receptors termed 

Pathogen Recognition Receptors (PRRs)44. Pathogen Recognition receptors are able to 

bind peptidoglycan and a plethora of other bacterial derived molecules such as 

lipopolysaccharides (LPS)44. In this dissertation, I elaborate only on PRRs and their 

activation as it pertains to PG, specifically MurNAc containing fragments, in which 

many excellent reviews have been written on the innate immune recognition21, 34, 40, 45, 

46 of. 
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Figure 1.3: Pathogen Recognition Receptor interplay in bacterial cell wall 
recognition. Homologous PG receptors exist for mammals, plants, and 
insects. A common domain found in these receptors is the evolutionary 
and structurally conserved Leucine Rich Repeat protein domain, which is 
not only responsible for the sensing and detection of PG fragments, but 
us found across innate immune receptors. 

Plants, insects, and mammals have all evolved a number of germline encoded 

PRRs and peptidoglycan-recognition receptors47. Once these receptors are activated, a 

host response is elicited for the particular class of invading microbe or bacteria. To 

date, much research has been conducted on Toll-like receptors (TLRs) and nucleotide 

oligomerization domain (NOD) like receptors (NLRs)4, 48-50. NOD proteins are 

intracellular and regulatory proteins that respond to a variety of signaling molecules, 

including PG fragments5, 50 (Figure 1.6). NOD1 and NOD2 are multi-domain proteins 

consisting of one or two CARD domains respectively, and a centrally located NOD 

domain followed by a number of C-terminal leucine rich repeats (LRRs)50.  
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Our lab and others have demonstrated that the LRR domain of NOD2 binds to 

the synthetic bacterial PG fragment MDP7, 51. In addition, other labs have focused on 

NLRP3 and NOD152-54, which sense GlcNAc55 and m-DAP respectively. In contrast to 

NLRs, TLRs are integral membrane glycoproteins which are localized to the cell 

surface (TLR1,2,3) or to intracellular compartments (TLR7,9)4. Each Toll Like 

Receptor is composed of an ectodomain with leucine rich repeats that mediate microbe 

associated molecular patterns recognition, a transmembrane domain, and a 

cytoplasmic Toll/IL receptor (TOR) domain responsible for downstream signaling49. 

Like Nod Like Receptors, Toll Like Receptors sense pathogens via their LRR 

domains, with the Pathogen Associated Molecular Patterns binding sites formed by 

insertions in leucine rich repeat loops. These receptors work in concert to generate the 

appropriate immune response, with substantial cross-talk between the receptors56.  

In addition to triggering immunological responses upon activation, NLRs and 

TLRs, all share a common binding domain. Of particular interest in these PG 

recognition receptors, is the commonality of the LRR domain. Briefly, leucine rich 

repeats are generally 20–30 residues long and contain a conserved 11-residue segment 

with the consensus sequence LxxLxLxxN/CxL, where x can be any amino acid and 

leucine residues can also be substituted by valine, isoleucine and phenylalanine57. 

Overall, LRRs display a curved shape with parallel ß-sheets on the concave side and 

mostly helical segments on the convex side58. A more extensive overview of LRRs 

can be found in section 1.4.  

A less studied LRR that senses bacterial peptidoglycan is the adenylyl cyclase, 

Cyr1p, from the human commensal C. albicans. Although yeasts, being singled celled 

organisms, are not considered to have an immune system, Cyr1p functions very much 
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like an innate immune receptor by signaling to C. albicans that bacterial peptidoglycan 

fragments are present and ultimately changing the phenotype of the C. albican’s cell. 

While much literature can be found on NRLs and TLRs, not much has been presented 

with regards to the sensing and detection of yeast to bacterial peptidoglycan. 

Nonetheless, it is highly documented in the medical sector that there is a clear 

association between C. albicans pathogenesis and bacterial infections59. C. albicans 

infections are often isolated with bacterial infections and in fact worsened in the 

presence of bacteria60, 61. Shing et al. reported that the presence of C. albicans can not 

only promote Group B Streptococcus urinary tract infections, but can also increase 

bacterial adherence to bladder epithelium thereby promoting bacterial colonization62.  

1.4 Leucine Rich Repeat Proteins 

As previously mentioned, Leucine Rich Repeats (LRRs) are evolutionarily 

conserved protein domains that are 20-30 amino acid residues in length with sequence 

motifs ranging from 2-4560. Proteins containing LRRs include tyrosine kinase 

receptors, cell-adhesion molecules, virulence factors, and extracellular matrix-binding 

glycoproteins63, 64. They are involved in a variety of biological processes, including 

signal transduction, cell adhesion, DNA repair, recombination, transcription, RNA 

processing, disease resistance, apoptosis, and the immune responses. This 

evolutionarily conserved protein domain is a unique structural motif consisting of 2-45 

leucine rich repeats that contain the consensus sequence LxxLxLXXN/CxL, where x 

can be any amino acid and L positions can be occupied by valine, isoleucine, and 

phenylalanine60. Specifically, LRRs are short protein modules characterized by a 

periodic distribution of hydrophobic amino acids, especially leucine residues, 

separated by more hydrophilic residues. Early consensus sequences compiled from 
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LRR containing proteins containing leucine or other aliphatic residues at positions 

2,5,7,12,16,21,24, and asparagine, cysteine, or threonine at position 1059 demonstrated 

that most proteins almost exclusively contain asparagine at position 10, but some have 

exclusively cysteines at this position. Additional conserved amino acid residues are 

also found in LRR proteins at varying positions. These conserved residues are mostly 

aliphatic and aromatic amino acids, sometimes glycines and prolines, but seldom other 

amino acids59. In addition, hydrophobic consensus residues in the carboxy-terminal 

parts of the repeats are commonly spaced by 3, 4, or 7 resides59.  

 

Figure 1.4: Evolutionarily Conserved Leucine Rich Repeat. Crystal structure 
depicts the secondary structure of porcine ribonuclease inhibitor, the first 
LRR to be structurally characterized. Crystal structure demonstrates the 
conserved structure of the LRR, featuring a horseshoe shaped tertiary 
structure with b-strands lining the concave surface and a-helices on the 
convex face.  
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LRRs were first discovered in leucine-rich a2-glycoprotein, a protein of 

unknown function from human serum65, with the porcine ribonuclease inhibitor (RI) 

LRR being the first to be sequenced (Figure 1.4). In the case of the porcine RI, a 

cytoplasmic protein that inhibits ribonucleases from the pancreatic superfamily by 

binding very tightly to an extensive surface area of ribonuclease containing its 

catalytic site, the LRR domain consists of 15 alternating LRRs that correspond to b-a 

structural units, consisting of short b-strands and an a-helix approximately parallel to 

each other 66.  

The structural units are arranged so that all the b-strands and the helices are 

parallel to a common axis, resulting in a nonglobular horseshoe-shaped, molecule with 

a curved parallel b-sheet lining the inner circumference of the horseshoe, and helices 

flanking its outer circumference. Furthermore, regardless of the LRR residue sequence 

motif length, all LRR domains structurally adopt a horseshoe shape, with the concave 

face consisting of parallel b-strands and the convex face that is typically occupied by 

helices64. This is readily observed from the very first LRR containing protein to be 

sequenced, the porcine ribonuclease inhibitor67, as well as recent computational 

algorithms such as LRR predictor that provides insights into the diversification of 

LRR domains and a robust support for structure informed analysis of LRRs  

particularly in immune receptors68.  

LRRs are found in functionally and evolutionarily diverse proteins, from 

viruses, to bacteria, archaea, and eukaryotes (Figure 1.5). All LRR containing proteins 

appear to be involved in protein-protein interactions, and a vast majority of them 

partake in signal transduction pathways. Given the nonglobular structure of LRRs, the 

area available for interaction with smaller globular proteins is significantly increased, 
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and therefore facilitates more interactions. In addition, the exposed surface of the 

parallel b-sheets could also aid in protein binding. Though parallel b-sheets occur 

more frequently in the interior of proteins, where helices or other parallel b-sheets 

pack against them, in the case of LRR proteins, ligand interactions can substitute for 

such packing interactions. The specificity of LRR containing proteins with regards to 

protein-protein interactions and signal transduction can possibly be attributed to the 

composition of non-consensus residues and may also be influenced the lengths of the 

repeats and the flanking domains. This owns directly to the evolution of these proteins. 

The variety of non-consensus residues found in LRR domains lend to the need to 

characterize LRR proteins into superfamilies.  

 

Figure 1.5: The juxtaposition of leucine rich repeat domains across Kingdoms. 
The leucine rich repeat (LRR) domain is found in pattern recognition 
receptors in plants, bacteria, fungi, humans, and viruses.  
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1.4.1 Leucine Rich Repeat Protein Families 

The continuously expanding leucine rich repeat (LRR) superfamily includes 

intracellular, extracellular and membrane-attached proteins characterized by a 

common modular architecture especially suited to favor protein-protein interactions. 

Seven classes of LRR proteins have been identified and are further categorized into 

subfamilies. Subfamilies are defined as Typical, Ribonuclease inhibitor (RI-like), 

Cysteine containing (CC), Plant Specific (PS), SD22-like, Treponema pallidum and 

Bacterial69. Subfamilies differ in the length of the amino acid residues in the 

consensus sequence as well as cellular location70-77 . A representation of LRR 

subfamilies and some of their characteristics can be found in Table 1 below.  

Table 1.1: Subfamilies of LRR proteins. 

LRR Subfamily Typical LRR 
Length (range) 

Organism of 
Origin 

Cellular Location 

RI-like 28-29 (28-29) Animals Intracellular 
SDS22-like 22 (21-23) Animals, Fungi Intracellular 
Cysteine 
Containing 

26 (25-27) Animals, Plants, 
Fungi 

Intracellular 

Bacterial 20 (20-22) Gram-negative 
bacteria, Animals, 
Fungi 

Extracellular 
Typical 24 (20-27) Extracellular 

Plant Specific  24 (23-25) Plants, primary 
eukaryotes 

Extracellular 

TpLRR 23 (23-25) Bacteria Extracellular 
 

LRR classification into subfamilies has demonstrated that repeats from 

different subfamilies never occur simultaneously in the same protein and suggest that 

they have evolved independently. Subfamily classification along with structural 

insights have also highlighted important flanking regions of the domain. Particularly, 

in a typical LRR structure, the hydrophobic core would be exposed to solvent at the 
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ends, denoting that most LRR proteins contain flanking regions that are an integral 

part of the domain. C-terminal flanking motifs have been recognized in several LRR 

proteins and is termed the LRR cap78. Hydrophilic N-terminal caps have also been 

identified in LRRs and have been predicted to function in metal ion binding as well as 

cellular invasion73.  
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Figure 1.6: The interaction between bacterial cell wall fragments and the human 
immune system. PG turnover and subsequent fragment release to the 
environment; non-septic PG fragments appear to enter the bloodstream. 
The innate immune system response to potential PG antigen is the first 
line of defense against infection. Many of the cells in the innate immune 
system (such as dendritic cells, macrophages, mast cells) produce 
cytokines or interact with other cells directly to activate the adaptive 
immune system. γ𝛿 T cells and Nature Killer cells are lymphocytes 
without antigen specificity. Therefore, they are considered to be innate 
cells with some similarities to effector lymphocytes. The adaptive 
immune system is based on clonal selection of lymphocytes with antigen 
receptors (B cell receptors and T cell receptors)83 and recent studies 
suggest that antibodies for specific PG fragment exist. A more detailed 
understanding of PG related immune response provides new 
opportunities for improving immunotherapy for autoimmune diseases. 

1.5 Candida albicans 

C. albicans is a dimorphic fungus that is part of the commensal microbial flora 

in many healthy individuals79-81. As a normal resident of the human body, C. albicans 
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typically coexists with the human host in a symbiotic manner and colonizes several 

niches in the skin, gastrointestinal and urogenital tracts in almost all healthy 

individuals82. Each site of occupancy delivers a different environment for growth and 

maintenance of these organisms, yet disruption of such environment leads to similar 

infectious outputs. The ability of C. albicans to occupy multiple anatomical sites both 

in a commensal and pathogenic state is largely due to multiple distinct regulatory 

mechanisms upon receiving environmental cues. The ability to thrive in multiple 

anatomical sites requires a high level of metabolic adaptivity of the species. C. 

albicans must contend with mechanical barriers, biochemical, chemical, and physical 

antagonist, microbial competition, and the innate and adaptive immune system of the 

human host83. The most intrusive skill of C. albicans is its versatility to strive in host 

niches that differ dramatically in their environmental conditions, particularly with 

regards to pH, nutrient availability, O2 and CO2 levels, and the presence of immune 

cells84.  

Another important adaptability that is now under heavy research is the 

survivability of C. albicans in environments that encompass other microbial species, 

particularly bacteria. Under most in vivo situations, C. albicans will encounter other 

members of the natural human microbiota and/or coinfecting pathogens. As such, the 

organism must not only cope with host defense mechanisms, but also compete with 

other microorganisms for host niches, adhesion sites, nutrients and must deal with 

toxins and metabolic byproducts of its neighbors to successfully colonize and survive 

within the human host. As a commensal, C. albicans colonizes niches that are co-

colonized by a wide range of other microbes forming the natural microbiome of the 

human host. As such, interactions between C. albicans and commensal bacteria have 
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evolved during the evolution of the human microbiota. Interactions between C. 

albicans and other microbes in the human microbiome are multifaceted and can be 

mutualistic as well as competitive. These interactions can occur via direct contact of 

cells, the secretion of signaling molecules or toxins, competition for nutrients/ 

metabolites, or simply via alterations of localized environments in a beneficial or 

detrimental way for one or all interacting partners85, 86, 87.  

 

Figure 1.7: The Morphological growth forms of Candida albicans. Candida 
albicans growth forms are associated with pathogenicity. Under budding 
growth, cells are typically commensal. The morphological transition to 
pseudohyphae/ hyphae lends the fungi the ability to penetrate human 
epithelial cells and cause disseminated infections.  

Rather than planktonic or single-species growth, the most common occurrence 

of C. albicans in nature are in polymicrobial multispecies communities. To that end, 

4-8% of all Candida associated bloodstream infections involve more than one Candida 

spp88, 89. Furthermore, it was estimated that greater than 20% of C. albicans 

bloodstream infections also have bacteria. For instance, it has been documented that 

the most common co-isolated species are Staphylococcus epidermis, Enterococcus 
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spp., and Staphylococcus aureus. Not surprisingly, to survive bacterial attacks or gain 

beneficial effects from these coinfections, C. albicans must sense and communicate 

with its neighbors. The dynamic between fungal and bacterial interactions is one of 

necessity to elucidate.  

Perhaps one of the most important implications of bacterial-fungal interactions 

is the pathogenicity that ensues when C. albicans senses and detects bacterial 

peptidoglycan. As previously mentioned, C. albicans is capable of altering its 

morphology from that of a budding yeast to filamentous state (hyphae/pseudohyphae) 

in response to niche disruption via immune incompetence and/or environmental 

changes90 (Figure 1.7). An important and still developing aspect of niche disruption 

that leads to pathogenicity for this organism, is an encounter with bacterial 

peptidoglycan in localized environment. C. albicans can morph into true hyphae in the 

presence of certain bacterial peptidoglycan fragments (Figure 1.8).  

1.5.1 Candida albicans Hyphae and Psuedohyphae  

By definition, hyphae or germ tubes are long tube-like filaments with 

completely parallel sides and the absence of constrictions at the site of separation91. 

Contrastingly, pseudohyphae are morphologically distinguishable from hyphae 

because they have constrictions at the sites of septation and are wider than hyphae. 

The morphological plasticity of C. albicans is a direct virulence determinant, as the 

hyphal growth form occupies key roles in infection processes. It is hyphal forms that 

allow C. albicans to invade epithelial and endothelial cells during mucosal infections. 

In addition, access to the bloodstream to establish candidemia requires penetration of 

mucosal barriers. Several studies have demonstrated that the hyphal form is invasive, 

as biopsy samples from patients with mucosal infections show that only hyphal forms 
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are found in epithelial cells92.  Hyphae are therefore an important asset for the 

establishment of infections. In fact, C. albicans strains that are deficient in their ability 

to form hyphae are generally attenuated in virulence 93.  

 

Figure 1.8: Bacterial peptidoglycan is a potent molecular signal for the yeast to 
hyphae morphological transition. In the presence of some bacterial 
peptidoglycan fragments budding C. albicans cells morphologically 
transition to hyphal cells.  

The morphological switch between yeast and hyphal forms is regulated by a 

plethora of sophisticated mechanisms of both external and internal stimuli. These 

stimuli result in communication not only with other C. albicans cells, but also with 

other nearby microbial cells. Such stimuli can include quorum sensing molecules such 

as the sesquiterpene farnesol, which is secreted into the environment and inhibits 

hyphal formation 94. In contrast, increased temperatures of 37°C, the presence of 

serum, neutral pH , 5%CO2, and N-acetyl glucosamine are a few positive regulators of 

hyphal growth 91.   
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1.6 Adenylate Cyclases 

Adenylyl Cyclase also termed adenylate cyclase catalyzes the formation of the 

secondary messenger cyclic adenosine monophosphate (cAMP). cAMP is a universal 

secondary messenger in signal transduction based on G-protein coupled receptors 

(GPCR) in eukaryotes95. This secondary messenger is responsible for amplifying 

stimuli received by cells, through the binding and regulation of kinases and ion 

channels, whose activity subsequently determine cellular responses to stimuli. It is this 

downstream effect of cellular responses that require the tight regulation of cAMP at 

the enzymatic level. The adenylyl cyclase framework is seen to function both as a 

discriminator for environmental signals and as a signal generator.  

cAMP was first discovered by Rall et al., and has been a booming field in 

scientific research to elucidate the mechanisms or regulation of this intracellular 

concentration of this secondary messenger96. A plethora of hormones and 

neurotransmitters can stimulate and inhibit the rate of cAMP synthesis via pathways 

that consist of three distinct types of plasma membrane associated proteins: hormone 

receptors, guanine nucleotide-binding regulatory proteins (G proteins), and adenylyl 

cyclase’s97. In its simplest mechanistic manner, binding of a hormone to a stimulatory 

receptor at the extracellular surface then triggers the activation of the signal 

transducing G protein, Gs, which then interacts with adenylyl cyclase at the 

intracellular face of the plasma membrane to stimulate the formation of cAMP98. 

When stimulated, adenylate cyclases produce cAMP, which act through multiple 

intracellular signals to conduct a plethora of biochemical reactions necessary for the 

sustenance of life in many organisms. Adenylyl cyclase, being one of the first signal 

modulators intracellularly for cAMP made the receptor a particularly important 

enzyme to understand.  
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The first adenylate cyclase was cloned from complementary DNA isolated 

from bovine brain and provided key insights into the structure of and characterization 

of other enzymes in the family98. Data obtained from the first adenylyl cyclase 

deduced amino acid sequence residues divisible into alternating sets of hydrophobic 

and hydrophilic domains, with each of the two large hydrophobic domains appearing 

to contain transmembrane spans98. In addition, the two large hydrophilic domains 

contain sequences that are homologous to single cytoplasmic domains of several 

guanylyl cyclases. This was the first structural insight into this family of enzymes and 

has since set the precedence of characterization of this class of enzymes. This 

information suggested that this enzyme family structure is reminiscent of those that 

have been proposed for several transporters and channels, due to the common motif of 

one or more sets of transmembrane spans, large cytoplasmic domains that separate 

multiple sets of transmembrane spans. Additionally, a striking topographical 

resemblance was observed between adenylyl cyclase and the P glycoprotein- the 

product of the multidrug resistance gene99.  

Since the analysis of the first adenylyl cyclase, there have been several efforts 

in the field of enzymology to further understand and classify this enzyme with respect 

to structure function relationships.  This has led to the classification of this family of 

enzyme in various families and subfamilies. The adenylyl cyclase family of enzymes 

contains 9 enzymes, termed adenylate cyclase 1-9 (AC1-9), with each member of the 

family responsible for specific regulatory properties and tissues localization. Thus, 

Adenylyl cyclases have a structural fingerprint.  
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1.7 Candida. albicans Cyr1p 

A key signaling pathway for morphological regulation in C. albicans is the 

cAMP/protein kinase A (PKA) pathway, which is activated by the adenylyl cyclase 

Cyr1p. Cyr1p is the only adenylate cyclase present in C. albicans and is encoded by 

the gene caCDC35. The 189.4 kDa protein has a domain structure typical of fungal 

adenylate cyclases in addition to mammalian isoforms around the catalytic core. In 

contrast to mammalian adenylate cyclases, the fungal isoforms appear to be regulated 

by Ras through the interaction of a small GTP binding protein with a leucine rich 

repeat domain in the central region of the adenyl cyclase.  

Previous studies have demonstrated that Cyr1p is indispensable for the 

pathogenesis of C. albicans cells. Furthermore, C. albicans cells deleted for both 

alleles of Cyr1p are viable but grow approximately 2.5-fold slower than wildtype 

cells100. Deletion of CaCD35, the gene encoding Cyr1p completely abolishes 

detectable levels of intracellular cAMP, reverberating that this is the only enzyme 

capable of producing cAMP in C. albicans cells. While Cyr1p mutant cells are viable, 

meaning that cAMP is not a requirement for vegetative growth, C. albicans cells 

lacking cyr1p do not form hyphae, but can be rescued in the presence of endogenous 

cAMP and subsequently produce hyphae.  
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Figure 1.9: The adenylate cyclase Cyr1p from the human commensal Candida 
albicans. From N to C terminus, this receptor consists of a Ga domain, a 
ras associating domain (RA), 14 Leucine Rich Repeats, a 
proteinphosphatase 2C (PP2C) domain, a catalytic cyclae (CYC) domain, 
and a C-terminal catalytic binding domain (CBD). 

In the early 2000s, it was thought that Cyr1p may be involved directly in signal 

sensing. Klengel et al. reported that the catalytic domain of Cyr1p behaved as a CO2 

sensor and mediated CO2 induced filamentous growth, while Hogan et al. reported 

that a sensory role was suggested for quorum sensing molecules100. While these 

findings made major headway in the role of Cyr1p and the morphological regulation 

of C. albicans, the molecular mechanism of signal sensing remained to be elucidated. 

The ability of Cyr1p to distinguish different stimuli or sense and integrate multiple 

ones is owed to its several highly conserved domains. One such domain, and pertinent 

to this dissertation, is the aforementioned LRR domain, common in many innate 

immune receptors as discussed above.  

Several studies have characterized the adenylate cyclase from S. cerevisiae to 

which the C. albicans adenylate cyclase shares 42.80% homology101, 102. Data obtained 

from the S. cerevisiae adenylate cyclase has provided much insight into the nature of 

this protein and have demonstrated the importance of the adenylate cyclase in yeast103-

106. Elegant work by Wang and coworkers demonstrated that this domain is able to 
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bind PG fragments107. Though it was long determined that serum was the most potent 

activator of the morphological transition from budding yeast to hyphal yeast90,  the 

active constituent in serum remained unknown. Wang and co-workers discovered that 

bacterial peptidoglycan fragments, specifically muramyl-dipeptides (MDPs) in serum 

(Figure 1), was the causative agent of high-inducing hyphal activity107. Using 

biotinylated MDP enrichment assays, data were obtained that demonstrated the 

association between Cyr1p’s LRR and MDP, but direct binding and analytical 

characterization of this interaction remained unknown. To quantitatively and 

molecularly characterize this interaction, our lab has successfully expressed and 

purified an MBP fusion construct of the Cyr1p LRR domain and demonstrated via a 

sensitive, surface plasmon resonance assay (SPR) that the LRR binds diverse PG 

fragments with high affinity105. Briefly, our lab was able to prove that Cyr1p-LRR 

binds to muramyl tripeptide (MTP) with a Kd of 176 ± 68nM, and through 

competition assay demonstrate that binding is strong and specific105.  

1.8 Dissertation Overview 

Bacterial-fungal crosstalk in the microbiome are critical interactions for the 

progression of human health and disease states. Incorrect communication between 

commensal microbes in the microbiome oftentimes leads to the onset of disease 

characteristics. Despite the recent outburst of scientific data suggesting this, there is 

still a lack of basic molecular understanding as to how these microbes sense and detect 

one another. My dissertation aimed at honing in on the crosstalk between bacterial and 

fungal components of the microbiome, through elucidating molecular interactions 

stemming from bacterial peptidoglycan. Particularly, the major goal of my dissertation 

is to characterize the LRR domain of the adenylate cyclase Cyr1p, as this domain is 
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the key molecular integrator of bacterial peptidoglycan sensing, and ensuing 

pathogenicity of the C. albicans. By characterizing this receptor, we can begin to 

gather a comprehensive scope of ligands that make C. albicans susceptible to 

pathogenicity. Once this information is gathered, high throughput inhibitor screens can 

ensue, that can be used as leads for new antifungals. Chapter 2 details the expression 

and biochemical classification of the Cyr1p-LRR domain as a peripheral membrane 

protein. Chapter 3 demonstrates the ability of different bacterial peptidoglycan 

fragments to elicit hyphal growth at varying timepoints and consistencies. Chapter 4 

uncovers transcriptional anomalies in the regulation of hypha specific genes under 

hyphal induction conditions in response to various bacterial peptidoglycan fragments. 

Overall, my dissertation has provided new insights into the LRR domain of Cyr1p and 

demonstrates the differential activation of hyphae growth in wildtype C. albicans cells 

stimulated with various bacterial peptidoglycan fragments. Additionally, I demonstrate 

that hyphal induction does not correlate with the upregulation of hyphae specific genes 

when C. albicans cells are stimulated with bacterial peptidoglycan fragments. These 

data are interesting, and mimic observations by Naseem et al108.  
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PURIFICATION AND CHARACTERIZATION OF A STABLE, MEMBRANE- 
ASSOCIATED PEPTIDOGLYCAN RESPONSIVE ADENYLATE CYCLASE 

LRR DOMAIN FROM HUMAN COMMENSAL CANDIDA ALBICANS 

 

This chapter was adapted from the publications below. Further permissions 

related to the material excerpted should be directed to the designated journal. Reprint 

(adapted) with permission from the following publication: 

 
Crump, G. M., et al. (2022). "Purification and Characterization of a Stable, Membrane-
Associated Peptidoglycan Responsive Adenylate Cyclase LRR Domain from Human 
Commensal Candida albicans." Biochemistry. 
 

2.1 Introduction 

Leucine Rich Repeat (LRR) proteins provide an important structural 

framework for molecular interactions necessary for proper recognition in self vs non-

self. They are especially important with regards to the molecular recognition and 

detection of pathogens and microbes in the human microbiome; a complex multi-

kingdom microbial community that lives on and in the human body. This microbial 

community consists of various bacteria, fungi, and viruses1. The ability to maintain 

human health is directly linked to a system of checks and balances that must occur 

between human and non-human cells in the microbiome2. The ability to sense and 
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detect foreign entities makes the LRR domain a prime candidate to maintain proper 

symbiosis both in the human host through innate immunity, and through molecular 

interactions between coexisting species of the microbiome3.  

The LRR protein domain is an evolutionarily conserved structural motif of 20-

30 amino acids with a characteristic repetitive sequence rich in leucine residues4. LRR 

domains consist of 2-45 leucine rich repeats and structurally adopt a horseshoe shape, 

with the concave face consisting of parallel b-strands and the convex face that is 

typically occupied by helices5. LRRs contain the consensus sequence 

LxxLxLXXN/cxL, where ‘x’ can be any amino acid and ‘L’ positions can be occupied 

by valine, isoleucine, and phenylalanine6. LRR proteins have been identified in 

viruses, bacteria, archaea, and eukaryotes. The juxtaposition between the varies 

kingdoms that this domain is present in lies at the interface of innate immunity and 

protein-protein interactions. LRR containing proteins aid in innate immunity through 

the sensing of pathogen-associated molecular patterns (PAMPS), protein-protein 

interactions, and many others7.  

The importance of the LRR domain and its diversity is readily observed in the 

polymorphic fungus Candida albicans (C. albicans), the most common fungal 

commensal in the human microbiome8. It is capable of colonizing multiple anatomical 

sites such as the mouth, skin, intestine, vagina, etc. The suitability to thrive in multiple 

anatomical sites with varying microbial niches, and metabolic factors, renders these 

fungi can produce a range of infections in the human host. C. albicans can disseminate 

from its localized environment and invade almost every internal organ, producing 

invasive life-threatening infections, particularly if disseminated in the blood stream9. 
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Whereas superficial skin infections pose no severe health complications, disseminated 

systemic infections known as Candida have a mortality rate exceeding 70%10.  

The margin of commensalism and pathogenicity in C. albicans is a morphological 

transition from that of a budding yeast to an extended hyphal form, with budding 

being commensal and hyphal denoting pathogenicity and potential virulence. A major 

signal integrator for this morphological transition is the single adenylyl cyclase, 

Cyr1p. The fungal adenylate cyclase Cyr1p, is a Class III adenylate Cyclase (AC) and 

catalyzes the formation of the universal secondary messenger cyclic adenosine-3’,5’-

monophosphate (cAMP) from ATP11 (Figure 2.1). Like yeast type ACs, Cyr1p has a 

multi-domain architecture not found in mammalian ACs. This 1690 amino acid 

receptor consists of a RAS- associating domain (RasA), Leucine Rich Repeat (LRR), 

domain, protein phosphatase type 2C catalytic domain (PP2Cc) and a Cyclase 

homology domain (CHD) 12 (Figure 2.1). Though this protein remains unclassified at 

large, previous studies have proven Cyr1p to be regulated by several strong hyphal 

inducing signals such as serum, carbon dioxide, and bacterial peptidoglycan 13, 14. 

Interestingly, Xue, et al., were the first to make the connection that Cyr1p contains the 

evolutionarily conserved LRR domain that is also found in the human innate receptors, 

NOD1 and NOD214. Using biotin-streptavidin pull down assays, they were successful 

in demonstrating that the LRR domain of Cyr1p does in fact bind the synthetic 

bacterial peptidoglycan fragment muramyl dipeptide (MDP). In recent work, the team 

has gone on to characterize this phenotype in the presence of peptidoglycan targeting 

antibiotics in mouse models15. 
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Figure 2.1: A: The adenylate cyclase Cyr1p contains a G𝛼 domain, a Ras 
associating domain, 14 Leucine Rich Repeats (LRR), a Protein Phosphatase 2 domain, 
a guanylate cyclase domain, and a catalytic binding domain. Our newly designed 
expression vector for Cyr1p LR LRR domain contains residues from 435 up to the 
PP2C domain. The construct contains 14 repeats of the LRR domain and is expressed 
in S. cerevisiae. Our previous construct did not include all of the Leucine Rich Repeat. 
B: Tertiary structure prediction of the 1690 amino acid adenylate cyclase by 
AlphaFold2. Model is depicted with respect to the LRR domain, red= G𝛼 domain, 
Blue= Ras association domain, Teal+ Leucine Rich Repeat domain, Grey= Protein 
Phosphatase 2C domain, Orange= Adenylyl/ guanylyl cyclase domain. All 
uncharacterized, or disordered domains are depicted in green. 

Building on this work, we developed interest in quantifying the binding 

between recombinant Cyr1p and various bacterial derived carbohydrates. Taking 

inspiration from Xu et al., we recombinantly expressed the LRR domain of Cyr1p 

using an E. coli expression system, and conducted bioanalytical binding assays using a 

Surface Plasmon Resonance assay (SPR)16. The binding of recombinantly expressed 

Cyr1p-Maltose Binding Protein (MBP) to bacterial carbohydrates was successfully 

quantified as a  nM binding event. However, the MBP-fusion proved limited in further 

characterization experiments due to its expression as aggregates in insoluble inclusion 

A
B
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bodies. This expression profile required a denaturation/renaturation purification 

scheme that proved inefficient and resulted in a highly unstable construct. Purified 

protein did not remain soluble in solution once cleaved from the MBP fusion tag, 

could not undergo freeze thaw cycles, and readily precipitated upon dialysis or buffer 

exchange. To circumvent these limitations, the recombinant LRR was redesigned here 

utilizing a biophysical and bioinformatics approach. Biophysical data obtained from a 

Kyte-Doolittle hydropathy plots suggested several possible transmembrane helices  17. 

In addition, C. albican’s adenylate cyclase is 43% homologous to Saccharomyces 

cerevisiae’s (S. cerevisiae) adenylate cyclase, which is a peripheral membrane protein 

18-20. These parameters led us to hypothesize that Cyr1p may also be a membrane 

associated protein.  

In this chapter we report detailed characterization of a more stable 

recombinantly expressed LRR domain that spans the entire region of the predicted 

leucine rich repeat domain using a new expression system with a smaller epitope tag. 

Inspiration for the amino acid sequences off the LRR was gathered from homology 

between the adenylate cyclases of four other Candida spp. The N terminus contains a 

His3 tag, and the C-terminus contains a 1.4 kDa Spot-Tag, The novel Spot-Tag 

contains an inert 12-amino acid (PDRVRAVSHWSS) peptide-tag and spot-

nanobodies that specifically bind to Spot-tagged proteins with high affinity 21, 22.  The 

newly designed recombinant LRR domain was found to be more stable than the 

previously expressed E. coli construct, localized to cellular membranes and retain the 

ability to bind bacterial peptidoglycan fragments.  
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2.2 Materials and Methods  

Primers were purchased from Eurofins Genomics. Restriction endonucleases 

were purchased from New England Biolabs. Antibiotics were purchased from Gold 

Biotechnology. Bacterial expression hosts were purchased from Agilent Technologies, 

and yeast expression hosts were gifted to us from our collaborator Dr. Dennis Wykoff 

at Villanova University.  Detergents were obtained from Anatrace, DNA molecular 

weight standards were obtained from New England Biolabs, Protein molecular weight 

markers were obtained from Bio-Rad, Spot Nanobody was purchased from 

Chromotek, and anti-llama nanobody from Bethyl Laboratories. All protease inhibitors 

were purchased from Roche Applied Sciences. All other chemicals were purchased 

from Sigma- Aldrich, unless otherwise specified. Graphs were generated using 

GraphPad Prism. All homology models were visualized using the PyMOL software, 

using a PDB file of the LRR generated for us graciously by Dr. Juan Perilla, utilizing 

the AlphaFold2 software.  

2.2.1 Molecular cloning in S. cerevisiae expression host 

Codon optimized plasmid containing the Cyr1-LRR domain (amino acid 

residues 435-1004) with an N-terminal His6 tag and a C-terminal Spot-Tag was 

synthesized by Genscript. The codon optimized LRR (amino acid residues 435-1004) 

was synthesized and cloned by Genscript into a pESC-URA expression vector 

utilizing the restriction sites EcoRI at the N terminus and Not1 at the C-terminus, 

under the control of the GAL10 promoter. The plasmid was transformed into 

Saccharomyces. Cerevisiae cells EY1201 ((leu2 trp1 ura3 prb1-1122 pep4-1 

his3del::pGAL10::GAL4) that were graciously gifted to us by from Dr. Dennis 

Wykoff at Villanova University. The Genscript synthesized plasmid encoding the 
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Cyr1p-LRR domain was transformed into S. cerevisiae cells using the lithium acetate 

(LiOAc) method23, 24. Transformed cells were selected on -uracil synthetic dropout 

media.  

2.2.2 Kyte-Doolittle Hydropathy Plots 

Kyte-Doolittle hydropathy plots were generated using Expasy to indicate 

potential transmembrane and surface regions of the LRR domain 17. The hydropathy 

index was analyzed using 2 window positions. First, a window position of 9 amino 

acids was used to determine the potential for surface regions in the protein. In 

addition, a window position of 19 was used to determine possible transmembrane 

segments in the LRR. Hydropathy plots were generated using the linear weight 

variation model. 
 

2.2.3 Expression of Cyr1-LRR domain in S. cerevisiae 

A single colony was used to initiate culture by inoculating into 5mL of 

Synthetic Dropout-Uracil (SD-Ura) medium supplemented with 2% glucose at 30°C. 

Cells were harvested from the saturated overnight culture and resuspended in Yeast 

Basic Medium containing (0.67% yeast nitrogen base without amino acids, 0.087% -

Uracil amino acid drop out mix, 60% (w/w) sodium lactate, 3% glycerol) and allowed 

to overcome the diauxic shift from glucose to lactate (approximately 2 days). Protein 

expression was induced at 30°C with sterile filtered galactose at a final concentration 

of 2% when cell culture reached an optical density of 0.8 at 600 nm. Cells were 

harvested at 3500 g for 30 minutes and the supernatant was discarded. Pellets were 

stored at -80°C until use.  
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2.2.4 Purification of Cyr1-LRR domain from S. cerevisiae  

2.2.4.1 Cellular Lysis 

A 1 L cell pellet was Cells were harvested at 3500 g and resuspended in ice 

cold lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 0.1 mM MgCl2, 0.1 mM 

EGTA, 1 mM PMSF, 10% glycerol, and protease inhibitor cocktail tablet). 

Resuspended cells were transferred to 7 mL screw cap vials preloaded with 4.5 mL of 

acid washed glass beads. Cell lysis was performed by disruption with acid washed 

glass beads using an OMNI Bead Ruptor 12 for 10 cycles of 30 seconds each with 

intermittent cooling on ice for 1-minute intervals.  

2.2.4.2 Membrane Isolation and Solubilization 

Total cell lysate was ultracentrifuged at 505,000 g for 2 hours at 4ºC to isolate 

membranes. Membrane pellets were resuspended in membrane solubilization buffer 

(50mM HEPES pH 7.4, 500mM NaCl, 0.1mM MgCl2, 0.1mM EGTA, 1mM PMSF, 

10% glycerol, and protease inhibitor cocktail tablet). For detergent solubilization, 

membrane pellets were first homogenized in membrane solubilization buffer, then 

detergents were added at levels greater than their critical micelle concentration (CMC) 

(Figure 3). For low CMC detergents DDM, C12E8, the final concentration was 1%. 

For higher CMC detergents OG, Fos-Choline 12, 16 and Fos-MEA-12, the final 

concentration was 2% (Figure 2). Membranes were solubilized for 2 hours at 4ºC with 

end-over-end rotation. Insoluble material was removed via centrifugation at 505,000 g 

for 1 hour at 4 ºC to remove unextracted membranes. An equal volume of lysate was 

used for the membrane isolation to examine the extraction efficiencies for the 

aforementioned detergents.  
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2.2.4.3 Purification of Cyr1p-LRR from Membranes 

Detergent-solubilized membranes were clarified by ultracentrifugation at 

505,000 g for 1 hour at 4 ºC. The Spot-Cap affinity matrix was equilibrated in 

membrane solubilization buffer with 0.5% Fos-choline 16. Solubilized protein was 

incubated with the resin at 4 ºC overnight. Resin was then washed with 4 CVs of 

membrane solubilization buffer with 0.5% Fos-Choline, followed by washing twice 

with 5 CVs of wash buffer (50 mM HEPES pH 7.4, 1 M NaCl, 0.1 mM MgCl2, 0.1 

mM EGTA, 1 mM PMSF, 10% glycerol, and protease inhibitor cocktail tablet). 

Cyr1p-LRR was eluted from the column using spot peptide in PBS to compete for 

binding to the resin. Elution was carried out in 2 stages, stage 1 utilizing 100 µM spot 

peptide, and stage 2 utilizing 200 µM spot peptide warmed to 30 ºC before elution.  

2.2.4.4 Circular Dichroism Spectroscopy  

Circular Dichroism (CD) spectra were obtained on a JASCO J1500 

spectropolarimeter equipped with a PM-539 detector. All spectra were obtained in a 

rectangular quartz cell 1mm cuvette at 1nm data pitch, 8 second D.I.T, 1.00nm 

Bandwidth, and a scanning speed of 50 nm/min over wavelengths 190-260. Spectra 

were analyzed to the limit of detection per CD buffer. Each spectrum is the average of 

5 scans and were obtained with reference to the baseline of the buffer. Mean residue 

ellipticity ([θ]) was calculated from the following formula: (millidegrees X mean 

residue weight)/ (pathlength in millimeters X concentration in mg ml-1), where mean 

residue weight = (molecular weight/ number of backbone amides) = 113.26 and 

Pathlength= 1mm. The ellipticity of each sample was corrected using buffer 

containing no protein as the baseline. Purified protein detergent complexes were 

buffer exchanged using a PD 10 Desalting column into CD compatible buffer (10mM 
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Potassium phosphate, 50mM (NH4)2SO4, residual detergent) and concentrated down to 

0.5 mg/mL.  Protein concentration was determined using the Pierce Detergent 

Compatible Bradford Assay Kit. Spectra was obtained at 20°C.  

2.2.4.5 CD Thermal Denaturation Analysis  

CD spectroscopy was also used to determine secondary structure alterations 

with increasing temperature. Purified protein at a concentration of 0.021 mg /mL was 

subjected to spectral analysis from 0°C to 95°C and 95°C to 0°C in increments of 5 

degrees. The Beta Structure Selection (BeStSel) method for the secondary structure 

determination and fold recognition from protein circular dichroism spectra, was used 

to predict secondary structure from CD data25, 26. Using this platform, secondary 

structure was predicted to consist of 16.1% a helix, 10.5% antiparallel b-sheets, 0% 

parallel b-sheets, 15.4 % turns, 57.9% other structures, 2.7% helix1 (regular), 13.4% 

helix2 (distorted), 0% Anti1 (left-twisted), 10.5% Anti2 (relaxed) and 16.5% Anti3 

(right twisted). A shift in secondary structure was observed at 95°C, where secondary 

structure composition was predicted to consists of 4.4% a helix, 32.1% antiparallel b-

sheets, 0% parallel b-sheets, 21.6 % turns, 41.9% other structures, 1.4% helix1 

(regular), 3.0% helix2 (distorted), 0% Anti1(left-twisted), 15.7% Anti2 (relaxed) and 

16.5% Anti3 (right twisted) at 95°C.  

2.2.4.6 Peptidoglycan Fragment Immobilization to Magnetic Beads 

 NHS activated beads were equilibrated to room temperature and 

aliquoted into microcentrifuge tubes (300 µL). Beads were washed in ice cold 1M 

hydrochloric acid. Peptidoglycan fragments or ethanolamine were incubated with 

beads. Peptidoglycan fragments muramyl tripeptide, muramyl dipeptide, and muramic 



 

 47 

acid were each dissolved in 50mM borate buffer, pH 8.5 at a concentration of 2.0 

mg/mL, ethanolamine was added to the beads at a concentration of 3M, pH 9.0. PG 

fragments and ethanolamine were incubated with the acid washed beads with end-

over-end rotation at 4°C overnight.  Beads were washed 3x with 0.1M glycine, pH 2.0, 

followed by DI water. Immobilized peptidoglycan beads were stored in 300 µL 50mM 

borate buffer, pH 8.5 + 0.05% sodium azide.  

2.2.4.7 Protein Enrichment Assay Using Peptidoglycan Immobilized Beads: 
Cellular Lysate2 

5 µL peptidoglycan immobilized magnetic beads were equilibrated in lysis 

buffer, or lysis buffer, 5%v bovine serum albumin (BSA). Clarified cellular lysate was 

incubated with beads overnight at 4°C with end-over-end rotation. Beads were washed 

2x with lysis buffer, 1x with lysis buffer + 0.1% Triton-x-100, and 2x with wash 

buffer (50mM HEPES, 0.5 M NaCl, 0.1 mM EGTA, 0.1 mM MgCl2, 10% glycerol, 

pH 7.4). Bound protein was eluted from the beads with 6X Lamelli buffer. To 

normalize the volumes between supernatant and bead elutions, the bead was 

resuspended in 10µL 6X Lamelli Buffer, 50µL PBS, supernatant was prepared by 

50µL supernatant and 10µL Lamelli Buffer. Samples were analyzed via 

immunoblotting against the Spot-Tag.  
 

2.2.4.8 Protein Enrichment Assay Using Peptidoglycan Immobilized Beads: 
Purified Protein 

15 µL peptidoglycan immobilized magnetic beads were equilibrated in lysis 

buffer, 5%v bovine serum albumin (BSA). Purified protein from solubilized cellular 

membranes was incubated with beads overnight at 4°C with end-over-end rotation. 
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Beads were washed 2x with lysis buffer, 1x with lysis buffer + 0.1% Triton-x-100, and 

2x with wash buffer (50mM HEPES, 0.5 M NaCl, 0.1 mM EGTA, 0.1 mM MgCl2, 

10% glycerol, pH 7.4). Bound protein was eluted from the beads with 6X Lamelli 

buffer. To normalize the volumes between supernatant and bead elutions, the bead was 

resuspended in 10µL 6X Lamelli Buffer, 50µL PBS, supernatant was prepared by 

50µL supernatant and 10µL Lamelli Buffer. Samples were analyzed via 

immunoblotting against the Spot-Tag.  

2.3 Results and Discussions  

2.3.1 Growth of Yeast for Protein Expression 

The 68.5 kDa LRR domain (amino acid residues 435-1005), was cloned into a 

pESC-URA expression vector under the bidirectional GAL:10 promoter in a S. 

cerevisiae expression system, with an N-terminal His6 tag, and a C-terminal 1.4 kDa 

Spot-Tag (Figure 2.2a). The expression vector was transformed into S. cerevisiae 

cells EY1202 (leu2 trp1 ura3 prb1-1122 pep4-1 his3del::pGAL10::GAL4) via the 

Lithium Acetate method23,24. Optimal Cyr1p-LRR expression was obtained with the 

addition of 2% galactose final concentration (Figure 2.2b) after 10 hours of induction 

(Figure 2.3).  
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Figure 2.2: Cyr1p LRR in episomal plasmid pESC-Ura. A: The recombinant 
construct consists of an N-terminal 6xHis tag, and a C-terminal Spot-Tag. B: Western 
blot analysis of protein expression using an anti-Spot nanobody raised against the 
Spot-Tag. In the absence of Galactose (-Control) no protein expression is observed. 
Optimal protein expression is observed in the presence of 2% galactose final 
concentration. 

 

 

Figure 2.3: LRR induction analysis. Optimal induction times are between 9.5 to 11 
hours. After 11 hours, protein expression decreases noticeably. Dashed line indicates 
time points that were removed.  
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2.3.2 Homology of adenylate cyclases from Candida Species 

Inspiration for the amino acid composition of the newly expressed LRR was 

gathered from sequence homology date from the adenylate cyclase of Candida spp. 

Candida. glabrata, Candida. parapsilosis, Candida. auris, and Candida. dubliniensis 

(Figure 2.4). At the N-terminus of the aligned adenylate sequences, a high degree of 

amino acid residue conservation can be observed at proline residue 453 in the C. 

albicans receptor. At the C-terminus, sequence conservation severely subsides after 

amino acid residue 1004 in the C. albicans receptor. As such, the newly designed LRR 

was cloned from amino acid residues 435-1005.  

Figure 2.4: Sequence homology of the adenylate cyclase from 5 Candida. spp. 
Blast analysis of the adenylate cyclae genes from Candida. spp Candida. albicans, 
Candida. glabrata, Candida. parapsilosis, Candida. auris, and Candida. dubliniensis 
revealed several highly conserved residues in red and less conserved residue in blue. 
The LRR domain was cloned from residue 435 at the N-terminus, and reside 1004 at 
the C-terminus, where sequence conservation decreases significantly as indicated by 
the gray dashed lines. 

2.3.3 Characterization of Cyr1-LRR 

Protein purification was confirmed via immunoblotting using both anti-Spot 

nanobody raised against the Spot-Tag (Figure 2.5a) and anti-his antibody raised 
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against the His6 tag (Figure 2.5b). Low protein expression levels, determined by 

overexpressed protein detection via Coomassie staining led to the need to investigate 

protein enrichment strategies. Interestingly, previous attempts to express this protein 

in an E. coli expression system with various epitope tags also resulted in undetectable 

expression levels (refer to appendix 1). These observations propelled the investigation 

into biophysical parameters to better predict protein behavior.  
 

 
 

Figure 2.5: Purification of Protein Detergent Complexes. Protein solubilized from 
isolated membranes were purified under native conditions. A: Western blot analysis 
against the Spot-Tag shows successful purification of the LRR domain C-terminus. 
From left to right, MW marker, Flow through, washes 1-6, and elutions 1-3. B: 
Western blot analysis against the His3 Tag shows successful purification of the LRR 
domain N-terminus. From left to right, MW marker, Flow through, washes 1-6, and 
elutions 1-3. C: Coomassie staining reveals that the sample in elution is composed 
primarily of full-length Cyr1-LRR and there are no major impeding impurities. From 
left to right, Flow Through (FT), Washes 1-6 (W1-W6), followed by elution 1, 2 and 3 
(E1, E2, E3 respectively) using Spot Peptide in PBS. Dashed lines indicate truncated 
gel.  
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2.3.4 Cyr1-LRR Domain Predicted Biophysical Parameters 

Results from the Kyte-Doolittle hydropathy plot of the LRR domain suggests 

several possible transmembrane associated helices in the LRR domain. Specifically, 

the plot calculated with a window position of 9 indicate that there are several potential 

surface regions of the LRR, particularly towards the C-terminus (Figure 2.6a). Results 

from the plot calculated using a window position of 19 indicate that there is the 

potential for one transmembrane segment in the LRR (Figure 2.6b). Secondary 

structure determination by the AlphaFold2 algorithm depicts localized hydrophobic 

segments on the surface of the LRR domain (Figure 2.7)27, 28. Taken together, these 

data suggested the possibility that the LRR domain may localize to the cellular 

membrane.  

 

Figure  2.6: Hydropathy Plot of the Cyr1-LRR domain. Possible transmembrane 
segments were calculated using the linear weight variation model.  Y axis represents 
the hydropathy score, and X axis represents the window number or amino acid 
position. A: Surface regions can be identified by peaks below the midline, and 
transmembrane proteins can be identified by peaks with scores greater than 1.6. B: 
Potential for a transmembrane domain exits between amino acid residues 500 and 600, 
at the C-terminus.  

A B
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Figure 2.7: Hydrophobic residues in Cyr1-LRR. Red color signifies negative 
charge, blue signifies positive, and white denting neutral. Electrostatic potential maps 
demonstrate that there are several localized areas of negative charges distributed in the 
LRR. A: Side view of a ribbon diagram depicting hydrophobic amino acids residues in 
yellow. B: Side view of an electrostatic potential map of the LRR domain, where areas 
of negative charge are observed in red. C: Top-down view of the LRR in a ribbon 
diagram depicting hydrophobic residues in yellow. D: Top-down view of the LRR 
electrostatic potential map depicts localization of negative charges towards the N and 
C terminus. Figures were generated using PyMol.  

2.3.5 Cyr1-LRR Purification from S. cerevisiae Membranes  

To assess the cellular membrane as a possible site of protein localization, 

clarified total lysate, insoluble cellular debris, and fractionized cellular membranes 

were analyzed for Cyr1p-LRR levels via SDS and immunoblotting with a Spot 

nanobody (Methods). Following cellular lysis and membrane fractionization, the 

majority of Cyr1p-LRR was detected in the total lysate, and significantly decreased 

when membranes were fractionized from the total lysate by ultracentrifugation. No 

A B

C D
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Cyr1p-LRR was detected in the insoluble cellular debris following solubilization in 8 

M urea and heating to 95 °C (data not shown). Immunoblotting confirmed that Cyr1p-

LRR abundance significantly decreased in the cytosolic fraction after 

ultracentrifugation, indicating that the majority of the protein was localized to the 

cellular membranes (Figure 2.8).  
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Figure 2.8: Membrane solubilization of the Cyr1p-LRR. Expected MW is 68.5 
kD. A: LRR can be extracted from cellular membranes using high ionic strength alone. 
Solubilization of the LRR can be achieved with 0.5 M NaCl in the absence of 
detergent. At 1 M NaCl, decrease in protein solubilization was observed due to salting 
out. At 100 mM NaCl, protein precipitated was observed from the buffer. B: 
Detergent screens with a salt concentration of 0.5 M demonstrate that the Fos-choline 
class of detergents is best suited for the solubilization of the LRR from the 
fractionized cellular membranes. C: From the Fos family of detergents, Fos-Choline 
16 provided the most solubilized protein from cellular membranes with a salt 
concentration of 0.5 M.  D Chemical Structure of the solubilizing detergent Fos-
Choline-16. 
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Confirmation that the LRR domain was preferentially distributed in the cellular 

membrane warranted characterization of the protein as either a transmembrane or a 

peripheral membrane protein. Protein solubilization was conducted from fractionized 

membranes in the presence of increasing salt concentrations. Solubilized samples were 

analyzed via immunoblotting against the spot-tag. Immunoblotting confirmed that the 

Cyr1p-LRR can be solubilized from the membrane effectively at 0.5 M NaCl. 

Densiometric analysis of immunoblots displayed that at a concentration of 1 M NaCl, 

Cyr1p-LRR solubility slightly decreased (Figure 2.8a). This decrease in solubilized 

protein at 1 M NaCl concentration was attributed to the salting out effect29. The 

solubilization of the protein in high salt concentrations without the presence of 

detergent is indicative of a peripheral membrane protein, as extraction of 

transmembrane proteins require complete disruption of the lipid bilayer through the 

use of organic solvents, or detergents30.  

Though high ionic conditions are often sufficient to solubilize peripheral 

membrane proteins, once solubilized in high ionic conditions it is often necessary to 

remove high salts for further downstream biochemical assays, such as binding assays. 

Removal of proteins from high ionic environments can confer structural instability and 

lead to protein aggregation, particularly in the case of hydrophobic proteins. Thus, 

enhanced stabilizing elements were sought for the solubilization of the LRR in the 

form of detergents as a means to mitigate possible aggregation once removed from a 

high ionic buffer. As such, detergent screens were conducted with the aim of obtaining 

purified protein in its native functional form (Figure 2.8b-c). To that end, protein 

solubilization from the membranes was primarily carried out in mild, non-denaturing 

detergents that would not disrupt the secondary structure of the LRR (Figure 2.9), 
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such as Octaethylene glycol monododecyl ether (C12E8), n-Octyl-β-D-Glucoside (OG), 

n-Dodecylphosphocholine (Fos-C12), n-hexadecylphosphocholine (Fos-C16), 

Dodecylpho-n-Methylethanolamine (Fos-MEA-12), sodium lauroyl sarcosine 

(Sarkosyl), and n-Dodecyl-B-D-Maltoside (DDM). Furthermore, selected detergents 

were sought out based on accessibility, ease of detergent removal, protein 

functionality, and compatibility with downstream biochemical characterization such as 

binding assays.  

Following isolation, membranes were resuspended in lysis buffer. The protein 

fraction was analyzed via immunoblotting against the Spot-Tag to ensure that protein 

loss did not occur due to precipitation upon introduction of detergent. Detergents were 

added to resuspended membranes at varying percentages (w/v) to ensure that the 

amount of detergent was orders of magnitude higher than critical micelle 

concentration (CMC) values Table 1.  In lysis buffer, the best solubilizing detergent 

for the LRR domain was found to be from the choline family of detergents (Figure 

2.8b). Specifically, Fos-C12 was the most efficient detergent for solubilizing the LRR 

in detergent screens.  

Table 2.1:  Detergents used in this study. * CMC values obtained from 
anatrace.com. 

Detergent Abbreviation MW *CMC 
mM 

Octaethylene glycol 
monododecyl ether 

C12E8 538.75 0.09 

n-Octyl-β-D-Glucoside OG 292.40 19 
n-Dodecylphosphocholine Fos-C12 351.50 1.5 

n-
Hexadecylphosphocholine 

Fos-C16 407.50 0.013 

Dodecylpho-n- Fos-MEA-12 323.00 0.43 
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Methylethanolamine 
n-Lauroylsarcosine 

sodium salt 
Sarkosyl 293.40 14.4 

n-Dodecyl-B-D-
Maltoside 

DDM 510.60 0.17 

Triton-x-100 NA 647.00 0.016 
 

 

Figure 2.9: Chemical Structures of detergents used for membrane solubilization.  
Detergents used in the solubilization trials of the LRR are as follows: n-Dodecyl-B-D-
Maltoside (DDM), Octaethylene glycol monododecyl ether (C12E8), n-
Hexadecylphosphocholine (Fos-C16), -n-Dodecylphosphocholine (Fos-C12), n-Octyl-
β-D-Glucoside (OG), Dodecylpho-N-Methylethanolamine (FOS-MEA-16) and N-
Lauroylsarcosine sodium salt (Sarkosyl). 

 



 

 59 

Preliminary detergent screens were conducted in lysis buffer utilizing mild 

conditions, i.e., low salt concentration (150 mM NaCl), however, in the absence of a 

specific requirement for low ionic strength, a higher ionic strength workflow was 

explored.  Higher salt concentrations can be helpful in the solubilization of membrane 

proteins as the conditions decrease electrostatic interactions between proteins and 

charged lipids31. With this in mind, solubilization using Fos-Choline detergents were 

conducted again, with an increased salt concentration of 0.5 M NaCl. In addition to 

increasing salt concentration, other closely related Fos-choline detergents, Fos-choline 

16, and Fos- MEA 12 (Table 1), were also analyzed for effective solubilization.  

In the presence of 0.5 M NaCl, an increase in the solubilization of Cyr1p was 

observed from the detergent Fos-C12 and Fos-C16, which has a slightly longer lipid 

chain (Figure 2.5d). Protein solubilization failed in the presence of Fos-MEA 12, and 

other common detergents such as DDM and Sarkosyl. The longer lipid chain of Fos-

C16 may aid in the additional solubilization of some membrane interacting lipids 

necessary for the stability and subsequent solubility of the LRR, as detergents with 

longer lipid chains tend to be more solubilizing than detergents with shorter chains32. 

Interestingly, the methyl group in Fos-MEA-12 inhibited the solubilization of the LRR 

and promoted protein precipitation, indicating some specificity for the charge of the 

amine head group. 

With enhanced LRR solubilization and enrichment from fractionized 

membranes, purification was conducted in the optimized conditions (1% Fos-C16, and 

0.5 M NaCl). Purified Cyr1p-LRR was used to characterize the functionality of the 

LRR domain as it pertains to the binding of bacterial peptidoglycan fragments. The 

decision to undergo purification in the presence of detergent though not necessary was 
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driven by the added stability the detergent conferred to the LRR when dialyzed from a 

high ionic buffer. Solubilization in 0.5 M NaCl alone was not deemed an efficient 

purification scheme as the LRR did not bind resin adequately under such conditions, 

and readily precipitated upon dialysis into lower ionic strength buffers. In addition, 0.5 

M NaCl was not conducive to further downstream biochemical assays, particularly 

bacterial cell wall binding assays. Upon dialysis to a lower ionic strength buffer, the 

persistent presence of detergent in the buffer conferred an added advantage of stability 

and therefore protection from precipitation. Purification was successful in the presence 

of Fos-C16, as immunoblots were positive against both the N-terminal His6 Tag, and 

the C-terminal Spot-Tag, demonstrating that the entire LRR domain was successfully 

purified in detergent complexes (Figure 2.5). 

2.3.6 Cyr1-LRR Characterization 

2.3.6.1 CD Spectroscopy of Purified Protein  

Upon purification, Cyr1p-LRR was dialyzed into buffer containing 0.01% Fos-

C16, with no precipitation observed. Circular Dichroism (CD) spectroscopy of 

purified detergent solubilized protein determined that the LRR domain was properly 

folded, and agreed with our previous observations16 (Figure 2.10a). Using the K2D2 

program for estimation of protein secondary structure from CD spectra, the membrane 

purified construct was predicted to contain 28.8% alpha helix and 16.41% b strand33, 

which is in agreement with the predicted secondary structure from AlphaFold2 

(Figure 2.10b). CD spectroscopy was also used to analyze LRR secondary structure 

variation under increasing temperatures. Though limited in the ability to produce high 

concentrations of purified protein in a monomeric state (Figure 2.11), data suggest 
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that there is a change in secondary structure in the presence of high temperatures 

(Figure 2.12). These data suggest that predicted structure from AlphaFold2 is an 

accurate model of how the construct is folded.   

Figure 2.10: Secondary Structure of Cyr1p-LRR. A: Circular Dichroism 
spectroscopy reveals that the LRR domain is well folded and consists of 28.8% alpha 
helix, and 16.41% 𝛽 strands. B: AlphaFold2 secondary structure prediction agrees 
with the experimental observations from CD spectroscopy. 

BA
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Figure 2.11: Concentrated purified protein. Purified membrane solubilized protein 
is prone to oligomerization upon concentration. This high propensity to coexist in 
multiple oligomerization states is a hinderance to spectroscopic analysis such as 
Circular Dichroism spectroscopy. 

 

 

Figure 2.12: LRR Secondary Structure Perturbations. Slight perturbations in 
secondary structure was observed when the LRR was subjected to 95°C temperatures. 
While the protein remains largely folded, there is some loss of secondary structure 
observed. Particularly, there is some loss of a- helical and antiparallel b-sheets. 
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2.3.6.2 Cyr1p-LRR Binds Bacterial Peptidoglycan Fragments 

Figure 2.13: Membrane-associated Cyr1p–LRR domain can bind synthetic 
peptidoglycan fragments. (a) Schematic of magnetic bead functionalization. 
Terminal carboxylic acids are activated with NHS and subsequently coupled to an 
amine-functionalized peptidoglycan derivative. (b) Structures of 2-NH2muramyl 
dipeptide (MDP), muramyl tripeptide (MTP), and 2-NH2 muramic acid (MA) coupled 
to the magnetic beads through an amine functionality. (c) Western blot analysis and 
quantification of Cyr1p–LRR domain affinity purification relative to the 
unfunctionalized beads (ethanolamine control). Error bars represent the standard 
deviation between replicates. 

It has previously been reported that the LRR binds to bacterial peptidoglycan 

fragments16. The newly expressed Cyr1p-LRR’s functionality was assessed for the 

ability to bind bacterial peptidoglycan (PG) fragments: Muramyl Tripeptide (MTP), 

Muramyl Dipeptide (MDP), and Muramic Acid (MA) (Figure 2.13). Briefly, PG 

fragments were coupled to NHS activated magnetic beads using an amine handle 

contained within each fragment: MTP on the peptide, MDP and MA on the 2-position 

of the sugar. To assess non-specific binding, ethanolamine coated beads were used as 

a control. Functionalized, precoated bovine serum albumin (BSA) beads were 

incubated with clarified cellular lysates with end-over-end rotation at 4 °C overnight. 
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Beads were washed and bound constituents were eluted off the bead using 6x Lamelli 

buffer (without heating). Samples were analyzed using immunoblotting against the 

Spot-Tag. Relative to the ethanolamine functionalized beads, increased binding was 

observed for the peptidoglycan fragments muramyl tripeptide, muramyl dipeptide and 

muramic acid. We note that background binding was not decreased upon the addition 

of BSA (Figure 2.14, 2.15). However, when purified Cyr1p-LRR from solubilized 

membranes was used, limited background binding to ethanolamine was observed 

(Figure 2.13) and substrate preferences changed. Purified Cyr1p-LRR bound to MTP 

when it was linked through the peptide chain (Figure 2.13); these data are in 

accordance with the previously published SPR assay using E. coli LRR. Interestingly, 

for the human LRRs binding preferences shifted depending on the spatial orientation 

of the PG ligand34. These data suggest that purified Cyr1p’s LRR may behave in a 

similar manner; as binding is observed when a PG fragment is linked through the 

peptide but not the carbohydrate (Figure 2.13c). These binding preferences could shift 

depending on the presence of accessory proteins, as it was observed that Cyr1p-LRR 

in total lysate did not display the same binding preferences as purified protein (Figure 

2.14-15, 2.16). This is supported by recent work by Hang et al., that show the binding 

of NOD2 for its peptidoglycan ligand can be enhanced in the presence of the 

accessory protein Arf635. 
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Figure 2.14: Cellular Lysate enrichment biological replicate 1. A: Immunoblotting 
against the C-terminal Spot-Tag. B: Densiometric analysis was used to quantify the 
binding of Cyr1p-LRR and was normalized to ethanolamine. Relative to 
Ethanolamine, increased binding is observed for PG fragments, MTP, MDP, and MA. 
X denotes empty lanes 
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Figure 2.15: Cellular Lysate enrichment biological Replicate 2. A: 
Immunoblotting against the C-terminal Spot-Tag. B: Densiometric analysis was used 
to quantify the binding of Cyr1p-LRR and was normalized to ethanolamine. Relative 
to Ethanolamine, increased binding is observed for PG fragments, MTP, MDP, and 
MA. 

The data demonstrate that the LRR domain can bind bacterial peptidoglycan 

fragments with greater affinity relative to an ethanolamine control. While not a 

quantitative assay, this affinity-assay confirms the positive association of the LRR 

domain with bacterial peptidoglycan fragments, suggesting that the newly expressed 

LRR domain is functional. This non-quantitative experiment allows for rapid 

evaluation of the LRR domain with various PG ligands and is amenable to the 

limitations of working with a membrane protein. It provides an effective middle 

ground between the biotin-streptavidin pull down assay 14 and an analytical SPR assay 

16. The former involves complex synthesis to access the bacterial cell wall fragments, 

while the later requires expensive instrumentation. We envision that this assay could 

be rapidly expanded with a host of bacterial PG fragments36, 34, 37 to quickly assess 

Cyr1p’s binding preferences both from cellular lysates and purified protein. 

The Leucine Rich Repeat (LRR) domain of the adenylate cyclase Cyr1p from 

the human commensal C. albicans is a membrane associated protein that can sense 

and detect bacterial peptidoglycan fragments. We have established a rigorous, 

reproducible workflow to recombinantly expressed and purified a stable LRR domain 

from cellular membranes. We have proven the ability of the LRR to interact with 

bacterial peptidoglycan fragments. This difficult to characterize protein was expressed 

with an N-terminal His3 Tag and a small C-terminal Spot-Tag. To the best of our 
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knowledge, this is the first time this protein has been expressed in a closely related 

host with such a small affinity tag.  

Figure 2.16: Purified protein binding to PG functionalized beads. Background 
binding to the ethanolamine control is undetectable using purified protein. In addition, 
purified protein binds MTP with higher affinity relative to ethanolamine control. 

Though previously successful in the ability to express and characterize the 

binding of an LRR construct from Cyr1p to bacterial derived carbohydrates, efforts to 

further study this construct were limited by the instability of the MBP Tag fusion 

protein. The inability to obtain purified protein without a denaturing and refolding 

procedure from inclusion bodies was a limiting factor in the ability to further study the 

biochemistry of the LRR. Furthermore, the previously reported construct lacked the 

entire LRR domain, and the necessary N and C terminal caps needed for proper 

folding, which likely attributed to the instability of the construct.  

Here the construct for the Cyr1p’s LRR domain was redesigned. AlphaFold2 

facilitated a detailed predicted structural analysis, permitting the design of a new 

construct that spans the majority of the Leucine Rich Repeats in the LRR domain and 
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most likely encompasses the necessary N and C terminal caps required for proper 

folding and stability. In addition, the newly designed LRR remains stable after 

purification and has a small 12 amino acid Spot-Tag that allows for adequate 

purification and analysis via immunoblotting. This new construct was expressed in a 

more native host (S. cerevisiae). These important changes have allowed for a new 

LRR construct from Cyr1p that is functional in binding bacterial PG, does not localize 

to inclusion bodies, and can therefore be purified under native conditions. These 

findings permit a better understanding of the native properties governing the structure 

and function of Cyr1p’s LRR.  It also provides some molecular level insight as to how 

the LRR can bind bacterial fragments that it is responsive to. We hypothesize that 

Cyr1p’s membrane association are important for protein stability and the ability to 

properly interact with bacterial PG fragments from its niche via membrane 

association. In future experiments, this construct will be used to identify accessory 

proteins and to study the inhibition of bacterial PG binding by small molecules, which 

will serve as therapeutic leads in the development of new anti-fungals. 
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PEPTIDOGLYCAN FRAGMENTS DIFFERENTIALLY REGULATE 
HYPHAL GROWTH IN WILDTYPE CANDIDA ALBICANS 

 

3.1 Introduction 

Of the fungal pathogens capable of infecting humans, Candida albicans (C. 

albicans) is considered to be the most important, and historically the most successful1. 

The success of C. albicans’s pathogenicity is directly owned to a morphological 

transition from budding yeast to psuedohyphae, and true hyphae, as well as the 

organism’s ability to thrive in multiple anatomical sites in the human host by adapting 

to a variety of micro-ecological environments.  Hyphae are an important phase in 

disease progression, as it can cause tissue damage by invading mucosal epithelial cells 

and subsequently leading to blood infections2. In addition, the transformation of C. 

albicans from yeast to hyphae can help fungi escape phagocytosis of macrophages, 

resulting in an increased likelihood of invading host tissues thus causing greater 

damage3.  

Yeast cells, the prominent cell morphology under most in vitro conditions, are 

round and/or oval, have a unicellular morphology, can be involved in biofilm 

formation, can be toxic or remain symbiotic in blood, and maintain symbiosis in the 

oral cavity, skin and vagina4-6. Pseudohyphal cells have long elliptic, multicellular 

forms, which can be induced at pH 6.0, 35°C, on solid limited nitrogen medium, and 

Chapter 3 
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via involvement in biofilm formation7. Pseudohyphal cells are differentiated from 

hyphal cells through the presence of constrictions at the neck of the bud and mother 

cell, with varying width and length8. These variations can cause pseudohyphal cells to 

resemble hyphae at one end, and elongated buds of yeast cells at the other end. 

Pseudohyphae can therefore be regarded as an intermediate between budding yeast 

and true hyphae, as true hyphae are distinguished by the absence of constriction in the 

neck of the mother cell, and parallel sides throughout its length. Furthermore, hyphae 

and psuedohyphae can be distinguished from one another via mycelium width. The 

width of hyphal cells has been reported to be approximately 2.0 µm on most media, 

whereas pseudohyphal cells have a minimum width of 2.8 µm9.  

Of particular interest is the formation and maintenance of true hyphae in the 

presence of coexisting microbial communities. It has been well documented that. C. 

albicans infections, which are accompanied with hyphal morphology,  are almost 

always accompanied by bacterial infections10. Moreover, this is observed not just in 

disease scenarios, but environmental scenarios in which microorganisms present 

themselves as biofilm communities that are almost often polymicrobial. This cross-

kingdom interaction between C. albicans and bacteria parlays microbial advantages 

such as alterations to host immune responses in the favor of microbial cells, decrease 

of antimicrobial effectiveness, microbial pathogenesis, and virulence. Microbial 

advantages garnered through cross-kingdom interactions typically augment the 

severity of infections and heighten the recalcitrance towards conventional therapies. 

One of the most prominent examples of this phenomena is the coinfection of 

Pseudomonas aeruginosa and C. albicans. This coinfection comprises a canonical 
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example of clinically relevant fungal-bacterial consortium commonly found in 

respiratory tract and skin11.  

While it is readily documented that C. albicans has a particular advantage in its 

ability to thrive in polymicrobial communities with a heightened degree of 

pathogenicity, there is little detail about the molecular characteristics that allow for 

this to ensue. Several stimuli, both external and internal, have been documented to 

elicit a hyphal response in C. albicans. Some of the most potent stimuli of this 

morphological transition are serum, N-acetyl glucosamine, acidic pH, CO2, bacterial 

peptidoglycan fragments, etc.9, 12. In recent years, several studies have shed light on 

the powerful hyphal stimulating and pathogenic outcomes that bacterial peptidoglycan 

has on the pathogenicity and virulence of C. albicans13-16.  

This is noteworthy as C. albicans infections are almost always isolated with 

the presence of bacteria, such as Pseudomonas aeruginosa17, and Staphylococcus 

aureus18. Furthermore, a 2007 review of 141 candidemia patients from 8 Veterans 

Affairs hospitals and 231 patients from a tertiary care hospital with transplant services 

demonstrated that 27% of patients presented with polymicrobial blood cultures, 24% 

had synchronous bacteremia and 3% has more that 1 species of Candida18. In addition, 

identification of 100 bacteria isolated from patients demonstrated that 69 were Gram 

(+), and 31 were Gram (-)18.Despite these findings, mechanisms by which coinfected 

bacteria exacerbate Candida infections remain elusive at large.  

In many aspects, Candida albicans can be regarded as a disease of 

antibiotics19. Since the late 1940’s an association with increased C. albicans infections 

were observed in patients treated with antibiotics20. In fact, the association of 

increased C. albicans infections first became known in the 1950’s, to what was largely 
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referred to as the antibiotics era. In June 1951, the Council on Pharmacy and 

Chemistry of the American Medical Association (AMA) agreed that a statement 

should be printed on bottles of the antibiotics aureomycin, chloramphenicol, and 

terramycin to warn patients receiving these drugs that they may be more susceptible to 

yeast like organisms20. For quite some time it was thought that the cause of increased 

incidence of C. albicans infections in the presence of antibiotics treatment was due to 

the loss of competition of neighboring bacterial species. While this holds some 

precedent, as it has been recently demonstrated that antimicrobial compounds 

produced by vaginal Lactobacillus crispatus are able to strongly inhibit C. albicans 

growth, hyphal formation, as well as the regulation of virulence-related gene 

expressions21, there is still a gap in the persistence of C. albicans infections and 

infection related morphology in the presence of bacterial peptidoglycan fragments 

alone, without interfering bacterial species, extracellular secretions, etc.  

The need to therefore unravel the molecular dynamics of coinfections has 

become even more urgent. Several studies have sought to unravel this through the 

ability of the human body to clear C. albicans cells such as through activation of 

invariant natural killer T (iNKT) cells22, or macrophage engulfment23. Several studies 

have also scratched the surface denoting the onset and exacerbation of C. albicans 

infections as a direct result of bacterial peptidoglycan fragments in localized 

environments24, 25. This is of extreme significance, as many antibiotics target bacteria 

through a mechanism that disrupts bacterial cell wall synthesis such as b-lactams and 

glycopeptide antibiotics, and C. albicans infections are known to persist in the 

presence of antibiotic treatment26. Studies conducted by Manson et al., demonstrated 

that C. albicans colonizes the cecum and stomach in cefoperazone treated mice27. 
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Cefoperazone is a broad-spectrum antibiotic that has been shown to have a dramatic 

long-term effect on the indigenous microbiota of mice28. Broad-spectrum antibiotic 

treatment predisposes mice to Candida GI overgrowth and candidiasis and studies 

have demonstrated that cefoperazone can cause long term alterations of the cecal 

microbiota29.  

The aforementioned studies, though revolutionary, did not specifically analyze 

individual bacterial peptidoglycan fragments’ ability to drive C. albicans infections. 

We aim to unravel communication in coinfection scenarios, through the lens of 

specific bacterial peptidoglycan fragments such as Muramyl dipeptide (MDP) 

Muramic acid (MA), and their synthetic derivatives. MDP consists of one 

carbohydrate and two amino acids, and is found in both Gram (-) and Gram (+) 

bacteria30. The biologically relevant isomer is MDP-(D). Muramic acid, specifically N-

acetyl muramic acid (NAM) is a core structural element found exclusively for 

bacterial cell wall31-33. While bacterial peptidoglycan is dynamic and constantly 

changing through bacterial growth and division, the NAM building block is a 

conserved element across all bacterial species33, 34.  

Using our repertoire of in house synthesized bacterial peptidoglycan 

derivatives31, 35, 36we analyzed the ability of these fragments (Figure 3.1),  to alter the 

morphology of wildtype C. albicans cells, from that of a commensal state (budding) to 

a pathogenic state (hyphae). Fragments were assessed for their ability to induce and 

maintain hyphal morphology in wildtype (WT) C. albicans through a 22-hour time 

span. The selected bacterial peptidoglycan fragments are at large, MDP, MA, and 

glucose derivatives. We aimed to characterize a breadth of MDP ligands that would 

provide insight into 1) the importance, if any of the orientation of the peptide stem on 
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the carbohydrate, 2) the impact of functionalization on the 2 carbon in the 

carbohydrate backbone, and 3) the significance of the peptide stem attached to the 

carbohydrate moiety. Essentially, we sought to understand the smallest fragment of the 

bacterial cell wall that C. albicans is responsive to by assessing MDP variations and 

subsequently peeling back the functionalization of the carbohydrate moiety, thereby 

stripping MDP down to its N-acetyl muramic acid backbone. We were primarily 

interested in delineating any trends in bacterial cell wall fragments that were potent, 

mild, or non-inducers of hyphal morphology. C. albicans cells have a large degree of 

morphological plasticity, as they are readily able to interconvert between budding and 

hyphal growth forms. As such, we sought to understand which bacterial fragments 

were able to trap cells in the hyphal form, as this is the basis for C. albicans infections.  

3.2 Materials and Methods 

3.2.1 Materials 

 Candida albicans wildtype cells used in this study were SC5314/ ATCC 

MYA-2876. Bacterial peptidoglycan fragments MDP- LL  ester, 6-amino MMP ester, 

6-N-acetyl Muramic acid methyl ester, 2-NH muramic acid, 6-amino MDP-LL-ester, 

and 6-amino MDP-LL-ester were synthesized in the Grimes Lab by former laboratory 

member Dr. James Melnynk35 . Bacterial peptidoglycan fragments 2-amino-g amino 

butyryl MDP and 2-amino b-alanyl MDP were synthesized in the Grimes Lab by 

former laboratory member Dr. Ashley Brown36. Candida. albicans growth curves were 

conducted on a Molecular Devices SpectraMax i3x plate reader in 96 well plates 

purchased from Corning Biosciences. All other chemicals, reagents, and consumables 

were purchased from ThermoFisher or one of their subsidiaries.  
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3.2.2 Budding C. albicans Peptidoglycan Sensitivity 

Proliferation of C. albicans cells was determined in YPD medium at 30°C 

overnight. Saturated overnight cultures were diluted to OD600 = 0.1 into fresh YPD 

medium. Growth assessment of wildtype C. albicans cells in the budding state were 

conducted at 30°C in the presence of peptidoglycan fragments at 50, 100, and 1000 

µM concentrations. Growth curves were conducted in 96 well plates for 24 hours, with 

absorbance readings at 600 nm every 30 minutes. Plates were agitated for 10 s at 

medium intensity before each initial reading, and in between readings. Growth 

analysis were done in triplicates.  

3.2.3 Filamentous C. albicans Peptidoglycan Sensitivity  

Proliferation of C. albicans cells was determined in YPD medium at 30°C 

overnight. Saturated overnight cultures were diluted to OD600 = 0.1 into fresh YPD 

medium. Growth assessment of wildtype C. albicans cells in the budding state were 

conducted at 30°C in the presence of peptidoglycan fragments at 50, 100, and 1000 

µM concentrations. Growth curves were conducted in 96 well plates for 24 hours, with 

absorbance readings at 600 nm every 30 minutes. Plates were agitated for 10 s at 

medium intensity before each initial reading, and in between readings. Growth 

analyses were conducted in triplicates.  

3.2.4 C. albicans Wildtype Phenotypic Characterization in the Presence of 
Bacterial Peptidoglycan Fragments 

Proliferation of C. albicans cells was determined in YPD medium at 30°C 

overnight. 1 mL of the saturated overnight cultures was harvested and washed 2x with 

sterile 1x PBS. Washed cells were resuspended in fresh YPD medium and diluted to 

OD600 = 0.1. Cells were incubated with appropriate peptidoglycan fragment at a 
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concentration of 1 mM in 96 well plate and grown aerobically for 22 hours. 5 µL of 

liquid culture was removed at 4, 8, and 22-hour time points. Liquid culture images 

were captured by differential interference contrast (DIC) microscopy using a Evos 

M5000 microscope. Images were further processed using the ImageJ software. 

3.3 Results and Discussions 

3.3.1 Budding C. albicans Peptidoglycan Sensitivity  

Figure 3.1: Bacterial Peptidoglycan Fragments Synthesized by former 
members of the Grimes Laboratory. A suite of in house synthesized 
bacterial peptidoglycan fragments were analyzed for their ability to induce 
consistent hyphal morphology in wildtype (WT) yeast C. albicans. The 
selected bacterial peptidoglycan fragments are at large, MDP, MA, and glucose 
derivatives.  

Growth assessment in the presence of peptidoglycan fragments in the yeast 

state (budding, 30°C) showed that none of the fragments tested were lethal to the cells 
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(Figure 3.2-3.3). We therefore continued in our characterization of hyphal 

morphology at 37°C. Growth curve analysis showed that wildtype cells grew slightly 

faster in the presence of 1 mM peptidoglycan fragments (12) and (9) (Figure 3.2). 

Since yeast cells are metabolically adapted to survive on a plethora of carbon sources, 

we moved forward with the possibility that the increased growth observed could be 

attributed to peptidoglycan fragment consumption as a carbon source for growth.  

 

Figure 3.2: Growth of budding yeast characterized in the presence of 6-amino-D - 
glucose and 2-amino-muramic acid. A slight increase in cellular 
growth was observed at a concentration of 1mM for both fragments, as 
evident by a shift in the growth curve to the left.   

No observable difference in growth was detected in WT cellular growth in the 

presence of bacterial peptidoglycan fragments (5), (4), and (8) (Figure 3.3). Since cell 

viability was not a concern with these fragments, we went on to assess their ability to 

induce hyphal growth in WT cells. Peptidoglycan fragments (1), (6), and (7) were not 

assayed for their lethality in the budding state. Previous studies have been conducted 

on MDP and its ability to induce hyphal growth in C. albicans, and therefore there was 

not a concern for lethality to the cells, circumventing the analysis of growth13. 

Additionally, we were limited in our quantity of fragments (6) and (7). As such, we 

sough best to save the fragments for the analysis of hyphal formation. Growth curves 

O
HO

HO
OH

H2N

HO

2 4 6 8 10 12 14 16 18 20 22 24

-0.5

0.0

0.5

1.0

1.5

Time (Hours)

O
D

60
0

6-Amino-D-Glucose

50uM 6-Amino-D-glucose

100uM 6-Amino-D-
glucose

1mM 6-Amino-D-glucose

WT



 

 81 

were also not conducted for fragments (9), (10), and (11) for reasons mentioned 

above.  

 
 

Figure 3.3: Growth of budding yeast in the presence of MDP derivatives. No 
changes were observed in growth in the presence of these bacterial 
peptidoglycan fragments at concentrations of 50, 100 and 1000 µM. 
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Following the growth analysis of budding WT C. albicans cells in the presence 

of varying concentrations of the peptidoglycan fragments, filamentous assays were 

conducted at 37°C at a concentration of 1 mM. This concentration was selected with 
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1 mM concentration, a slight alteration in growth was observed for some of the 

fragments. All fragments tested were compared to WT cellular growth, and cellular 

growth in the presence of 10% Fetal Bovine Serum (FBS), as this has long been the 
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peptidoglycan fragments (12) and (10), cells reached an overall higher OD600 in the 

stationary phase of growth, relative to (1), one of the longest known bacterial 

peptidoglycan fragments to stimulate hyphal formation, and FBS (Figure 3.4).  

Figure 3.4: Filamentous growth assessment in the presence of 1 mM 6-amino-
D-glucose and 2-amino-muramic acid. At 1 mM of each peptidoglycan 
fragment, a slight increase in filamentous growth is observed, similar to growth 
as budding yeast.  

Relative to filamentous growth in the presence of 1 mM (1), and 10% FBS, C. 

albicans cells reached a slightly lower OD600 in the presence of 1 mM (5), (8), and (7) 

(Figure 3.5).  Peptidoglycan fragment (4) displayed a unique growth pattern relative 

to FBS and MDP. During the lag phase of growth, cells treated with 1 mM (4) 

displayed a slightly slower growth rate, at approximately 6 hours, when cells entered 

log phase of growth, treated cells grew at a rate similar to FBS and (1) treated cells, 

and during stationary phase of growth, (4) cells displayed a lower OD600 between 9 

and 16 hours, after 16 hours, an increase in OD600 can be observed, with the treated 

cells leveling off in stationary phase of growth at a slightly higher OD600 compared to 

(1) and FBS treated cells (Figure 3.6a). There was no observable difference between 

cells treated with (11) relative to cells treated with (1) and FBS (Figure 3.6b). 

Relative to cells grown in 10% FBS and the biologically relevant stereoisomer MDP-( 
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LD) (1), cells achieved an overall lower OD600 when treated with the MDP isomer (2) 

(Figure 3.6c).  

 

Figure 3.5: Filamentous growth of wildtype cells treated with 1 mM 6-amino 
MDP-(LL)- ester, 6-amino-MMP ester, and 2-amino-g-amino-butyryl 
MDP.  
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Figure 3.6: Filamentous growth analysis in presence of a:6-amino MDP ester, 
b: 6-N-acetyl muramic acid methyl ester, and C: MDP-(LL). Where 
stereochemistry is not denoted, the biologically active stereoisomer MDP ( LL) 
is implied. 

3.3.3 C. albicans WT Phenotypic Characterization in the Presence of Bacterial 
Peptidoglycan Fragments  

 The above bacterial peptidoglycan fragments were gauged for their ability to 

1) induce true hyphae relative to nontreated cells (WT control), 1 mM MDP, 10% 

FBS, and 2) maintain true hyphae over the course of 22 hours. Cells were treated with 

1 mM of each bacterial peptidoglycan fragment and incubated at 37°C in 96 well 

plates. Cells were analyzed directly from liquid cultures via microscopy. Three 

different aliquots of cells were analyzed to gather as clear a depiction of each time 

point.  
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Figure 3.7: Hyphal assessment control used to ensure proper cellular responses. 
FBS and MDP have been documented hyphal inducers of filamentous 
growth in C. albicans. Where stereochemistry is not denoted, the 
biologically active stereoisomer MDP-(LD) is implied. 

Our hyphal assessment began from a baseline obtained from hyphal induction 

upon treating WT cells with 10% FBS, and 1 mM fragment (1) (Figure 3.7). From 

there we went on to assess the ability of MDP esters, substituted MDP, muramic acid 

derivatives, a glucose derivative and an MMP derivative to induce and maintain 

hyphal growth. MDP esters analyzed were MDP- (LL)-ester (3), 6-amino-MDP-(LL)-

ester (5) and 6-amino-MDP-(LD)-ester (4). Of the 3 esters tested, (3) ranked a 5, 

depicting the ability to induce hyphae and maintain true hyphal growth at 22 hours 

post treatment (Figure 3.8).  
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Figure 3.8: Filament assessment in the presence of MDP esters. True hyphae 
were only observed in the presence of 6-amino MDP ester. MDP ester alone 
and the 6-amino MDP-(LD)- ester failed to form true hyphae. Where 
stereochemistry is not denoted, the biologically active stereoisomer MDP-(LL) 
is implied. 

Interestingly, in comparison to (4), fragment (3) was more potent at inducing 

and maintaining hyphal growth. The ester with the least ability to form and maintain 

true hyphae was (3), suggesting that not only is the (LL) orientation of the peptide in 

the ester preferred, but an amine at the 6- position of the muramyl backbone is 

advantageous in the ability to stimulate true hyphae. Furthermore, analysis of 

substituted MDP fragments 2-amino-b-alanyl MDP (6), and 2-amino-g-amino butyryl 

MDP (7) demonstrated that the former was more potent at not only inducing hyphal 

growth, but maintaining it at 22 hours, whereas the latter was unable to form true 

hyphae (Figure 3.9). At 4 hours pseudohyphae was observed in (7) treated cells, but 

true hyphae were never formed, and at 22 hours cells were observed to occupy only 

the budding morphology.  
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Figure 3.9: Filamentous assessment in the presence of substituted MDP 
derivatives 2-amino-b-alanyl MDP, and 2-amino-g-amino butyryl 
MDP. At 22 hours post induction, 2-amino-b-alanyl MDP maintained 
hyphae. Comparitevely, 2-amino-g-amino butyryl MDP failed to form 
true hyphae. At 8 hours, pseudo hyphae can be observed, but cells readily 
reverted to budding at 22 hours post induction. Where stereochemistry is 
not denoted, the biologically active stereoisomer MDP- (LL) is implied.  

MDP derivative analysis thus far suggest that an amine at the C-6 position on 

the carbohydrate backbone was advantageous in the ability to form and maintain 

hyphae in wildtype cells. Though 6-amino-MDP-(LL)-ester was not a more potent 

hyphal inducer than MDP alone, it was more effective at maintaining true hyphae than 

10% FBS. Perhaps 2-amino-b-alanyl MDP may present as a more potent inducer of 

hyphal induction and maintenance, as it has a bulkier substituent on the 2 position, and 

may interact tighter with the LRR domain of the adenylate cyclase Cyr1p, as this 

receptor has been proven to be sensor and signal integrator of bacterial peptidoglycan 

fragments13-15.  

We next wanted to strip the MDP fragment down to its carbohydrate backbone 

to determine the minimum peptidoglycan fragment that can stimulate hyphal growth. 

As such, we analyzed N-acetyl-muramic acid (NAM) and 2-amino muramic acid for 
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their ability to induce and maintain hyphal morphology. NAM is a conserved 

precursor in bacterial cell wall synthesis as well as peptidoglycan turnover, and is 

therefore biologically relevant as it is found in localized environments upon cleavage 

by peptidoglycan hydrolases39.  At 8 hours post treatment, NAM displayed sparse 

psuedohyphae, but no true hyphae, whereas at 4 hours 2-amino muramic acid 

displayed sparse pseudohyphae and was true hyphae at 8 hours. In addition, NAM was 

unable to maintain psuedohyphae at 22 hours, and almost all cells were observed to 

have reverted to a budding morphology, whereas 2-amino muramic acid maintained 

true hyphae at 22 hours post treatment. Furthermore, cells treated with (10) began 

hyphal induction at 4 hours and maintained true elongated hyphae throughout the 22-

hour assessment. In our hands, this was the most potent inducer of hyphal 

morphology, even more potent than MDP (Figure 3.10). Fragment (11) was unable to 

form true hyphae but did form some pseudhypahe. At 8 hours pseudohyphae was 

observed, but cells remained budding at large, and by 22 hours, cells were completely 

reverted to budding (Figure 3.10). Analysis of MMP (8) demonstrated that cells 

though able to form hyphae at 4 and 8 hours, were unable to maintain hyphae at 22 

hours (Figure 3.11). 6-amino- LD-glucose (12) was able to form hyphae at 4 hours and 

maintained true hyphae at 22 hours, but the majority of cells remained in a budding 

state (Figure 3.11).  
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Figure 3.10: Filamentous assessment in the presence of muramic derivates. 2-
amino-muramic acid was the most potent inducer of hyphal morphology 
comparatively to N-acetyl muramic acid and 6-N-acetyl-muramic acid methyl 
ester. The former produced hyphae at 8 hours, and maintained this morphology 
throughout 22 hours, while the latter did not produce true hyphae and 
displayed psuedohyphae.  
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Figure 3.11: Filament assessment is the presence of 6-amino- d-glucose and 6-
amino-MMP ester. 6-amino- d-glucose was able to maintain hyphae at 22 
hours, but 6-amino MMP ester only induced pseudohyphae at 8 hours, with 
complete reversion to budding observed at 22 hours. 

We probed the ability of wildtype C. albicans cells to respond to a plethora of 

bacterial peptidoglycan fragments by altering its cellular morphology to that of a 

pathogenic state (filamentous). To do so, we analyzed cells treated with bacterial 

peptidoglycan fragments via microscopy. Rather than counting cells to determine 

hyphal percentages, we choose a scale system ranging from 1-5 to arbitrarily identify 

PG fragments that were true hyphal inducers and maintainers (Figure 3.12). Since 

cells tend to clump together upon hyphal formation we choose not to rely on a 

counting mechanism for hyphal percentage determination40. In our hands, cell 

counting resulted in a significant amount of variability and loss of data as true hyphal 

cells are almost always clustered together making it nearly impossible to accurately 

count all planktonic cells.  
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Figure 3.12: Heat map representation of the hyphal inducing ability of 
peptidoglycan fragments assayed. Fragments that induced and 
maintained hyphal morphology were MDP, 2-amino-ß-alanyl MDP, and 
2-amino-muramic acid.  

We observed that there are significant differences in the ability of bacterial 

peptidoglycan fragments to stimulate as well as maintain hyphal formation. In our 

hands peptidoglycan fragments that were the most potent stimulators of hyphal 

formation and maintenance relative to Muramyl dipeptide (MDP) and 10% Fetal 

Bovine Serum (FBS) were 6-amino-MDP-( LL )-ester, 2-amino-b-alanyl MDP, and 2-

amino-muramic acid, with the latter being the most potent inducer. Bacterial 

peptidoglycan fragments MDP-( LL )-ester, 6-amino-MDP-( LD )-ester, and 6-N-acetyl 

muramic acid methyl ester were able to produce short hyphae that appeared stunted in 
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their growth. Whereas true hyphae are long filamentous germ tubes that tend to clump 

together, hyphae formed by these fragments appeared to lack the ability to clump and 

failed to truly extend. Fragments N-acetyl muramic acid, 6-amino MMP ester, and 2-

amino-g-amino butyryl MDP failed to surpass pseudohyphae and cells were observed 

to have readily reverted to the budding morphology by 22 hours post treatment.  

Collectively, these data suggest that hyphal formation stimulated by bacterial 

peptidoglycan fragments at large depends on the presence on an amine functional 

group present on the muramyl moiety either at the 2 or 6 position, rather than the 

bulkiness of the peptidoglycan fragment. This is supported by lack of hyphal 

formation in the presence of 6-amino MMP ester, but persistent hyphal formation in 

the presence of 6-amino-MDP-(LL)-ester. Additionally, previous work done in our lab 

demonstrated that the LRR domain of Cyr1p is able to bind MTP, which has an 

additional amino acid in the peptide stem,  contains a Lysine as the third peptide in the 

peptide stem, with (L) stereochemistry 14. Furthermore, we observed a specificity for 

the stereochemistry of the terminal amino acid in the peptide stem, where 6-amino-

MDP-(LL)-ester treated cells presented hyphae 22 hours post induction, whereas 6-

amino-MDP-(LD)-ester failed to form true hyphae and remained in a pseudohyphal 

state.  

Noting that 6-amino MMP ester is not sufficient to induce or maintain true 

hyphae, despite the presence of an amine on the 6-position. We reason that further 

testing should be conducted with an MMP ester in the absence of a C6 amine, to 

further analyze the importance of a C6 amine on the carbohydrate backbone and better 

gauge the importance of the peptide stem. Nonetheless, it appears that in the absence 

of a peptide stem, a C2 amine off the muramyl moiety is sufficient for hyphal 
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maintenance at 22 hours. Our analysis also demonstrated that while true hyphae was 

observed in the presence of 6-amino-D-glucose, cells were still budding at large, 

suggesting that this compound may be utilized more as a carbon source than hyphal 

stimulator, as high concentrations of glucose have been implicated in delaying the 

yeast to hyphae transition, whereas low glucose levels enhance this transition as 

confirmed by increases in secreted aspartyl proteases (SAP) genes41. These genes 

products are considered to be virulent factors of C. albicans. In addition, and 

specifically applicable to this study, as all filamentous assays were conducted in YPD 

media, studies have demonstrated that high glucose levels appear to delay the hyphae 

expansion of C. albicans even in serum supplemented conditions, whereas low 

glucose facilitates hyphae development and rapidly enhances SAP5 gene expression 

during the yeast to hyphae transition41.  

The observation that peptidoglycan fragments differentially regulate hyphal 

morphology in C. albicans, warrants an investigation into transcriptional factors that 

govern morphology change in this organism. Moreover, the morphological switching 

from budding to pesudohyphae to budding again in the presence of peptidoglycan 

fragments such as N-acetyl muramic acid, 6-amino MMP ester, and 2-amino-g-amino 

butyryl MDP may be explained by inadequate transcriptional activation of key 

regulators in the hyphal induction pathway. As such, in chapter 4 we focus on the 

analysis via RT-PCR of some of the pertinent genes that regulate C. albicans 

morphology.  

 
  



 

 94 

1. Silao, F. G. S.; Ljungdahl, P. O., Amino Acid Sensing and Assimilation by the 
Fungal Pathogen Candida albicans in the Human Host. Pathogens 2021, 11 (1). 
2. Brown, A.;  Haynes, K.;  Gow, N. A.; Quinn, J., Candida and candidiasis. 
Calderone, R., ed 2002, 95-106. 
3. Uwamahoro, N.;  Verma-Gaur, J.;  Shen, H.-H.;  Qu, Y.;  Lewis, R.;  Lu, J.;  
Bambery, K.;  Masters, S. L.;  Vince, J. E.; Naderer, T., The pathogen Candida 
albicans hijacks pyroptosis for escape from macrophages. MBio 2014, 5 (2), e00003-
14. 
4. Andes, D. R.;  Safdar, N.;  Baddley, J. W.;  Playford, G.;  Reboli, A. C.;  Rex, 
J. H.;  Sobel, J. D.;  Pappas, P. G.; Kullberg, B. J., Impact of treatment strategy on 
outcomes in patients with candidemia and other forms of invasive candidiasis: a 
patient-level quantitative review of randomized trials. Clinical infectious diseases 
2012, 54 (8), 1110-1122. 
5. Antinori, S.;  Milazzo, L.;  Sollima, S.;  Galli, M.; Corbellino, M., Candidemia 
and invasive candidiasis in adults: A narrative review. European journal of internal 
medicine 2016, 34, 21-28. 
6. Samaranayake, L.; MacFarlane, T., The adhesion of the yeast Candida albicans 
to epithelial cells of human origin in vitro. Archives of oral Biology 1981, 26 (10), 
815-820. 
7. Soll, D. R.;  Stasi, M.; Bedell, G., The regulation of nuclear migration and 
division during pseudo-mycelium outgrowth in the dimorphic yeast Candida albicans. 
Experimental Cell Research 1978, 116 (1), 207-215. 
8. Berman, J.; Sudbery, P. E., Candida albicans: a molecular revolution built on 
lessons from budding yeast. Nature Reviews Genetics 2002, 3 (12), 918-931. 
9. Chen, H.;  Zhou, X.;  Ren, B.; Cheng, L., The regulation of hyphae growth in 
Candida albicans. Virulence 2020, 11 (1), 337-348. 
10. Shirtliff, M. E.;  Peters, B. M.; Jabra-Rizk, M. A., Cross-kingdom interactions: 
Candida albicans and bacteria. FEMS microbiology letters 2009, 299 (1), 1-8. 
11. Dižová, S.; Bujdáková, H., Properties and role of the quorum sensing molecule 
farnesol in relation to the yeast Candida albicans. Die Pharmazie-An International 
Journal of Pharmaceutical Sciences 2017, 72 (6), 307-312. 
12. Kornitzer, D., Regulation of Candida albicans Hyphal Morphogenesis by 
Endogenous Signals. J Fungi (Basel) 2019, 5 (1). 
13. 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. 

REFERENCES 



 

 95 

14. Burch, J. M.;  Mashayekh, S.;  Wykoff, D. D.; Grimes, C. L., Bacterial 
Derived Carbohydrates Bind Cyr1 and Trigger Hyphal Growth in Candida albicans. 
ACS Infectious Diseases 2018, 4 (1), 53-58. 
15. Crump, G. M.;  Rozovsky, S.; Grimes, C. L., Purification and Characterization 
of a Stable, Membrane-Associated Peptidoglycan Responsive Adenylate Cyclase LRR 
Domain from Human Commensal Candida albicans. Biochemistry 2022. 
16. Crump, G. M.;  Zhou, J.;  Mashayekh, S.; Grimes, C. L., Revisiting 
peptidoglycan sensing: interactions with host immunity and beyond. Chemical 
Communications 2020, 56 (87), 13313-13322. 
17. Grainha, T.;  Jorge, P.;  Alves, D.;  Lopes, S. P.; Pereira, M. O., Unraveling 
Pseudomonas aeruginosa and Candida albicans Communication in Coinfection 
Scenarios: Insights Through Network Analysis. Front Cell Infect Microbiol 2020, 10, 
550505. 
18. Klotz, S. A.;  Chasin, B. S.;  Powell, B.;  Gaur, N. K.; Lipke, P. N., 
Polymicrobial bloodstream infections involving Candida species: analysis of patients 
and review of the literature. Diagnostic microbiology and infectious disease 2007, 59 
(4), 401-406. 
19. Huppert, M.;  Macpherson, D. A.; Cazin, J., Pathogenesis of Candida albicans 
infection following antibiotic therapy. I. The effect of antibiotics on the growth of 
Candida albicans. J Bacteriol 1953, 65 (2), 171-6. 
20. Homei, A.; Worboys, M., Wellcome Trust–Funded Monographs and Book 
Chapters. In Fungal Disease in Britain and the United States 1850–2000: Mycoses 
and Modernity, Palgrave Macmillan 
© Aya Homei and Michael Worboys 2013.: Basingstoke (UK), 2013. 
21. Wang, S.;  Wang, Q.;  Yang, E.;  Yan, L.;  Li, T.; Zhuang, H., Antimicrobial 
Compounds Produced by Vaginal Lactobacillus crispatus Are Able to Strongly Inhibit 
Candida albicans Growth, Hyphal Formation and Regulate Virulence-related Gene 
Expressions. Front Microbiol 2017, 8, 564. 
22. Tarumoto, N.;  Kinjo, Y.;  Kitano, N.;  Sasai, D.;  Ueno, K.;  Okawara, A.;  
Izawa, Y.;  Shinozaki, M.;  Watarai, H.;  Taniguchi, M.;  Takeyama, H.;  Maesaki, S.;  
Shibuya, K.; Miyazaki, Y., Exacerbation of Invasive Candida albicans Infection by 
Commensal Bacteria or a Glycolipid Through IFN-γ Produced in Part by iNKT Cells. 
The Journal of Infectious Diseases 2013, 209 (5), 799-810. 
23. Newman, S. L.;  Bhugra, B.;  Holly, A.; Morris, R. E., Enhanced killing of 
Candida albicans by human macrophages adherent to type 1 collagen matrices via 
induction of phagolysosomal fusion. Infect Immun 2005, 73 (2), 770-7. 
24. Lynch, A. S.; Robertson, G. T., Bacterial and fungal biofilm infections. Annu 
Rev Med 2008, 59, 415-28. 
25. Tan, C. T.;  Xu, X.;  Qiao, Y.; Wang, Y., A peptidoglycan storm caused by β-
lactam antibiotic's action on host microbiota drives Candida albicans infection. Nat 
Commun 2021, 12 (1), 2560. 



 

 96 

26. Sarkar, P.;  Yarlagadda, V.;  Ghosh, C.; Haldar, J., A review on cell wall 
synthesis inhibitors with an emphasis on glycopeptide antibiotics. Medchemcomm 
2017, 8 (3), 516-533. 
27. Mason, K. L.;  Erb Downward, J. R.;  Mason, K. D.;  Falkowski, N. R.;  Eaton, 
K. A.;  Kao, J. Y.;  Young, V. B.; Huffnagle, G. B., Candida albicans and bacterial 
microbiota interactions in the cecum during recolonization following broad-spectrum 
antibiotic therapy. Infect Immun 2012, 80 (10), 3371-80. 
28. Theriot, C. M.;  Koumpouras, C. C.;  Carlson, P. E.;  Bergin, II;  Aronoff, D. 
M.; Young, V. B., Cefoperazone-treated mice as an experimental platform to assess 
differential virulence of Clostridium difficile strains. Gut Microbes 2011, 2 (6), 326-
34. 
29. Erb Downward, J. R.;  Falkowski, N. R.;  Mason, K. L.;  Muraglia, R.; 
Huffnagle, G. B., Modulation of Post-Antibiotic Bacterial Community Reassembly 
and Host Response by Candida albicans. Scientific Reports 2013, 3 (1), 2191. 
30. Grimes, C. L.;  Ariyananda Lde, Z.;  Melnyk, J. E.; O'Shea, E. K., The innate 
immune protein Nod2 binds directly to MDP, a bacterial cell wall fragment. J Am 
Chem Soc 2012, 134 (33), 13535-7. 
31. DeMeester, K. E.;  Liang, H.;  Jensen, M. R.;  Jones, Z. S.;  D'Ambrosio, E. A.;  
Scinto, S. L.;  Zhou, J.; Grimes, C. L., Synthesis of Functionalized N-Acetyl Muramic 
Acids To Probe Bacterial Cell Wall Recycling and Biosynthesis. J Am Chem Soc 
2018, 140 (30), 9458-9465. 
32. Park, J. T.; Uehara, T., How bacteria consume their own exoskeletons 
(turnover and recycling of cell wall peptidoglycan). Microbiology and Molecular 
Biology Reviews 2008, 72 (2), 211-227. 
33. Barnard, M. R.; Holt, S. C., Isolation and characterization of the 
peptidoglycans from selected gram-positive and gram-negative periodontal pathogens. 
Can J Microbiol 1985, 31 (2), 154-60. 
34. Strominger, J. L.;  Park, J. T.; Thompson, R. E., Composition of the cell wall 
of Staphylococcus aureus: its relation to the mechanism of action of penicillin. J. biol. 
Chem 1959, 234 (12), 3263-3268. 
35. Melnyk, J. E.;  Mohanan, V.;  Schaefer, A. K.;  Hou, C. W.; Grimes, C. L., 
Peptidoglycan Modifications Tune the Stability and Function of the Innate Immune 
Receptor Nod2. J Am Chem Soc 2015, 137 (22), 6987-90. 
36. Brown, A. R.;  Wodzanowski, K. A.;  Santiago, C. C.;  Hyland, S. N.;  
Follmar, J. L.;  Asare-Okai, P.; Grimes, C. L., Protected N-Acetyl Muramic Acid 
Probes Improve Bacterial Peptidoglycan Incorporation via Metabolic Labeling. ACS 
Chemical Biology 2021, 16 (10), 1908-1916. 
37. Samaranayake, Y. H.;  Cheung, B. P.;  Yau, J. Y.;  Yeung, S. K.; 
Samaranayake, L. P., Human serum promotes Candida albicans biofilm growth and 
virulence gene expression on silicone biomaterial. PLoS One 2013, 8 (5), e62902. 
38. Aoki, W.;  Ueda, T.;  Tatsukami, Y.;  Kitahara, N.;  Morisaka, H.;  Kuroda, K.; 
Ueda, M., Time-course proteomic profile of Candida albicans during adaptation to a 
fetal serum. Pathog Dis 2013, 67 (1), 67-75. 



 

 97 

39. Irazoki, O.;  Hernandez, S. B.; Cava, F., Peptidoglycan muropeptides: release, 
perception, and functions as signaling molecules. Frontiers in microbiology 2019, 10, 
500. 
40. Brand, A.; Gow, N. A., Mechanisms of hypha orientation of fungi. Curr Opin 
Microbiol 2009, 12 (4), 350-7. 
41. Buu, L.-M.; Chen, Y.-C., Impact of glucose levels on expression of hypha-
associated secreted aspartyl proteinases in Candida albicans. Journal of Biomedical 
Science 2014, 21 (1), 22. 
 
  



 

 98 

 

ANOMALOUS HYPHAE SPECIFIC GENE EXPRESSION PROFILES IN 
C.ALBICANS CELLS TREATED WITH BACTERIAL OEOTIDOGLYCAN 

FRAGMENTS 

 

4.1 Introduction 

Candida albicans (C. albicans) is the most frequently isolated human fungal 

pathogen and can cause a variety of infections, especially in an immune compromised 

population1. This fungal pathogen can grow in different morphologies: unicellular 

yeast cells, psuedohyphae, and true hyphae2. The morphological plasticity exhibited 

by this fungal pathogen is a key virulence trait, as formation of hyphae is involved in 

adhesion to and invasion of host cells and tissues, while yeast cells are required for 

dissemination into the bloodstream3, 4. Each growth form of C. albicans is unique in 

their interactions with host cells. Whereas budding yeast cells are recognized and 

engulfed by human macrophages, cells that are hyphal in morphology can destroy 

macrophages by early induction of pyroptosis, toxin production, and host nutrient 

consumption, among many others5-7.  

Several endogenous and environmental stimuli have been proven to affect the 

morphological transformation of C. albicans and subsequent virulence. Common 

stimuli for to yeast to pseudo/hyphae transition include but are not limited to 

temperatures of 37°C, serum, neutral pH, and hormones1, 8-10. In addition, 
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morphological switching is controlled by the protein products of specific C. albicans 

genes, which direct the spore to become a germ tube or mycelium, and subsequently 

contribute to adhesion. Collectively, the transcription factors that govern this 

morphological transition are known as hypha specific genes (HSGs) and have been 

implicated in major signaling pathways (Figure 4.1). Signaling pathways identified 

that respond to filament inducing conditions, including a mitogen-activated protein 

(MAP) kinase pathway, the cyclic AMP (cAMP)/ protein kinase A (PKA) pathway 

and a pH response pathway, among others11. Each pathway is associated with specific 

transcription factors that are either upregulated or downregulated 12-15. Some of the 

most studied HSGs include UME6, Hyphal Wall Protein1 (HWP1), Extend of Cell 

Elongation (ECE1), Agglutin-like Sequence (ALS3), Tup1, and Nrg1 which are all 

known to regulate major pathways16.  

UME6 is a novel filament-specific regulator of C. albicans hyphal extension 

that encodes an 843 amino-acid protein with a zinc-finger DNA-binding domain17. 

Research has demonstrated that UME6 mutant strains of C. albicans are completely 

deficient in hyphal formation under all hyphae stimulating conditions18. Induction of 

UME6 occurs via serum and temperatures of 37°C and repression has been associated 

with the Nrg1-Tup12, 19. As such, its expression promotes hyphal elongation.  

Extent of Cell Elongation 1 (ECE1) is a specific hyphal gene encoding a 

membrane protein dependent on the cAMP pathway20. The protein is closely related to 

the extension of hyphae and is hallmarked by an increased expression during mycelial 

growth but is not absolute for the initial occurrence of morphology. Birse et al., 

demonstrated that the shape of C. albicans does not change in ECE1 deleted cell 

strains20.  Additionally, the ECE1gene product has been reported to be the transcript 
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with the highest abundance in C. albicans hyphae, independently of the environmental 

stimuli that triggered filamentation21.  

 

Figure 4.1: Hyphae specific gene regulatory pathways in C. albicans. Several 
major pathways are involved in the regulation of the morphological 
plasticity of C. albicans. Morphological regulation can occur via acidic 
pH, bacterial peptidoglycan, quorum sensing molecules, etc.  

 

The HWP1 gene is perhaps the most specific gene for hyphal growth, as it 

encodes a cell wall mannose protein that is essential for normal growth of the 

mycelium16. Specifically, it encodes a putative GPI-linked surface protein that has 

been localized to the cell surface via immunofluorescence labeling studies22. It appears 

to be a requirement for adhesion, as HWP1-mutated cells demonstrated retained 
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ability to infect mouse models, though with little virulence23. Additionally, HWP1 

mutant cells infect host in shorter than spans than non HWP1 mutated cells, and is 

engulfed and cleared by host cells (mouse models) in a relatively short period of time, 

indicative that HWP1 mutants could not stably adhere to the epithelial mucosal cells23. 

Furthermore, deletion analysis of HWP1 demonstrates that the gene is conditionally 

required for hyphal growth formation. For instance, the ability to form hyphae on solid 

media was severely reduced in HWP1 heterozygous mutants and eliminated in null 

mutants24.  

The hyphae specific gene ALS3 encodes a multifunctional protein involved in 

adhesion, invasion, and iron acquisition25-27. It is expressed by hyphae and 

pseudohyphae but not budding cells28, 29. The encoded protein is processed 

intracellularly into eight peptides, of which one is candidalysin30-32. Candialysin is 

secreted from hyphae into localized environments and mediates host cell cytolysis33. 

Promoter analysis reveals that the protein contains two repressor regions, in which 

hyphae specific repressors Tup1, Nrg1, and Rfg1 downregulate ALS3 transcription by 

binding to the two repression regions34.  

TUP1 was first identified by Braun et al, as a transcriptional repressor of genes 

whose expression generates filamentation and has also been demonstrated to play key 

roles of phase switching regulation35. It interacts with other corepressors, whose 

complexes function with DNA binding proteins to repress gene expression36. Of the 

DNA binding proteins identified to interact with Tup1 is Nrg1, another hyphal 

transcriptional repressor. Deletion of TUP1 results in the upregulation of 

approximately one-third of C. albicans genes19, 37, and homozygous tup1 mutants are 

unable to grow as yeast and therefore remain in a constitutive filamentous form 
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regardless of media38. As such, the activation of Tup1 transcription repressor 

complexes results in the repression of HSG expression19, 35, 37, 39.  

Nrg1 is a DNA-binding protein that represses filamentation growth via the 

Tup1 pathway and has also been shown to repress UME6 under non-filament 

conditions40. It is also down regulated in response to serum and temperatures as well 

as neutral pH, thereby suggesting that UME6 and NRG1 may function together in a 

coordinated manner to control induction of HSGs in response to a plethora of specific 

inducing conditions and signaling pathways39. Additionally, nrg1 mutants are highly 

filamentous under non-filamentous conditions similarly to tup1 mutants18, 37.  

Several studies have focused on the morphological transitions of C. albicans as 

it pertains to pathogenicity. Many of these studies have included characterization of 

filament size, filament size differences in biofilm, liquid media, solid support, etc.12, 13, 

41, 42.  The characterization of transcriptional response to filamentous growth under 

various stimuli is currently on the cusp of expansion. Of particular interest is the 

transcriptional response to bacterial peptidoglycan stimuli. To date, not many studies 

have characterized the transcriptional response to filament inducing stimuli caused 

bacterial peptidoglycan. Bacterial peptidoglycan is unique to bacterial cells, both 

Gram (-) and Gram (+) alike. It is a complex polymer consisting of alternating units of 

N-acetyl muramic acid (NAM), and N-acetyl glucosamine (GlcNac), with a 

pentapeptide stem branching from the NAM moiety43-45. The prevalence of C. 

albicans interactions with bacterial cells is heavily documented, as they exist in 

polymicrobial communities in the human microbiome, and C. albicans infections are 

almost always isolated with bacterial species, both Gram (-) and Gram (+)46-50.  
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Furthermore, as C. albicans infections are exacerbated in the presence of 

bacteria, and more specifically the presence of bacterial peptidoglycan51, the 

underlying mechanism of this relationship remains elusive. Elucidating the 

transcriptional response garnered by bacterial peptidoglycan, can provide insights into 

the mechanisms of pathogenicity that ensues when C. albicans cells encounter 

bacterial fragments in the localized environment. We aim to examine the basis for 

hyphal filament extension caused specifically by bacterial peptidoglycan by focusing 

on the transcriptional components that are important for controlling induction and 

maintaining expression of C.albicans filamentous growth program. 

4.2 Materials and Methods 

4.2.1 Materials 

Candida albicans wildtype cells used in this study were strain SC5314/ ATCC 

MYA-2876. Bacterial peptidoglycan fragment 2-amino muramic acid was synthesized 

in house by our laboratory member Stephen Hyland. N-acetyl muramic acid (NAM) 

and YPD broth was purchased from Sigma Aldrich and Fetal Bovine Serum (FBS) 

from R&D Systems Clinical Controls. YeaStar yeast RNA extraction kits were 

purchased from Zymo Research and the iSCript cDNA synthesis kit was purchased 

from Bio-Rad. 96 well plates were purchased from Corning Biosciences, and all other 

consumables were purchased from ThermoFisher or their subsidiaries. PCR analysis 

was conducted on a Bio-Rad CFX96 thermocycler. 

4.2.2 Growth of cells for RNA Isolation 

C. albicans SC5314 cells were grown overnight to log phase in YPD media. 1 

mL of the saturated overnight cells was harvested and washed twice with sterile 1x 
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Phosphate Buffered Saline (PBS). Washed cells were resuspended into fresh YPD and 

diluted to OD600 0.5 in replicates of 3. Cells were then treated with 1 mM of either 

NAM, 10% FBS, water (control) or 2-amino muramic acid. Treated cells were mixed 

thoroughly and then aliquoted into 96 well plates, with 200 µL per well. The 96 well 

plates containing cells were then placed into an enclosed plastic container with water 

at the bottom, (taking care to ensure that the 96 well plate did not come into contact 

with the water) and incubated at 37°C for 22 hours.  

4.2.3 RNA Isolation 

RNA isolation was conducted according to the manufacturer’s instructions in 

the YeaStar RNA isolation kit. Briefly, harvested yeast pellets were resuspended in 

buffer and digested with Zymolyase for 60 minutes at 30°C. Cells were lysed and 

RNA was extracted from Zymo-Spin column included in the kit. RNA was eluted 

from the column with 30 µL of nuclease free water under sterile conditions. RNA was 

quantified using nanodrop and immediately reverse transcribed to cDNA.  

4.2.4 cDNA Synthesis 

cDNA was synthesized using the Bio-Rad iScript cDNA synthesis kit. 1 µg of 

RNA was reverse transcribed in replicates of two, according to the manufacturer’s 

instructions. Briefly, 1µg of RNA template was added to a reaction mix containing 1x 

iScript Reaction Mix, 1 µL iScript Reverse Transcriptase and nuclease free water to 20 

µL total volume. The reaction mix was incubated in a thermal cycler using the 

following protocol: 
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Table 4.1: cDNA Synthesis protocol 

Priming 5 min at 25°C  
Reverse transcription 20 min at 46°C 
RT Inactivation 1 min at 95°C 
Hold Hold at 4°C 

 

cDNA concentrations were quantified using a nanodrop. 100 ng working 

stocks were made from each synthesized sample for qPCR analysis. 

4.2.5 RT-qPCR of mRNA levels 

 PCR reactions were conducted on a 10 µL scale.  The reaction mixture 

included 1x yellow sample buffer, 10 ng template DNA, 100 nM forward and revers 

primers, 1X PowerTrack SYBR Green Master Mix and nuclease free water to 10 µL 

final volume.  After a 95°C denaturation step for 5 min, the amplification program 

consisted of 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 30 s. At the end of 

the program, a melting curve was conducted to to verify the specificity of the PCR 

products. The resulting data were analyzed in Microsoft Excel to determine the 

relative differences in gene expression, which were normalized to the level of ACT1 

mRNA in each sample. The results represent the average of at least two independent 

preparations of cells (biological replicates). Two sets of assays, each done in triplicate, 

were carried out on each RNA preparation (technical replicates). Primer sequences 

used for RT-qPCR analysis are as follows: 

Table 4.2: Primers used in this study for RT-qPCR analysis 

 
Gene Primer Sequence PCR 

Product 
size (bp) 

References 
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ACT1 F-5′-TCCAGAAGCTTTGTTCAGACCAGC-3 
R-5′-TGCATACGTTCAGCAATACCTGGG-
3′ 
 

170 52, 53 

HWP1 F-5′-GCTCCTGCCACTGAACCTTCCC-3′ 
R-5′-ACTTGAGCCAGCTGGAGCGG-3 
 

63 52 

ECE-1 F-5′-TGGCGTTCCAGATGTTGGCCT-3′ 
R-5′-GCTAAGTGCTACTGAGCCGGCA-3′ 
 

227 52 

TUP1  CTCTTGGCGACAGGTGCAG 
GTGGTGACGCCGTCTTCGA 

224 54 

 

4.3 Results and Discussions  

 One of the most important attributes of the human commensal C. albicans is 

the morphological transition from budding growth to a filamentous growth 55. 

Filaments, or germ tubes occur in either pseudohyphal or hyphal form. The hyphal 

form in particular is associated with virulence characteristics such as tissue invasion, 

breaching of endothelial cells and lysis of macrophages and neutrophils56. Though the 

importance of hyphal formation has already been established, we aimed to further 

characterize the formation of hyphae as a direct response to bacterial peptidoglycan 

fragments. The interactions of C. albicans and bacterial peptidoglycan has been well 

characterized57-60 and is of increasing importance as an exacerbation of C. albicans 

infections is observed in the presence of bacterial peptidoglycan fragments51.  

Despite the documented ability of bacterial peptidoglycan to stimulate the 

yeast to hyphae transition in C. albicans, little is known about the regulatory 

mechanisms that control this process. In this study, we aimed to correlate the 

transcriptional regulation of known Hyphae Specific Genes (HSGs) Hyphal Wall 

Protein 1, Extend of Cellular Elongation 1(ECE1), and Tup1 to hyphal formation in 
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wildtype C. albicans cells stimulated with bacterial peptidoglycan fragments N-acetyl 

muramic acid (NAM), and 2- amino muramic acid (MA). We compared the 

transcriptional response from these bacterial peptidoglycan fragments to known 

hyphal stimulator 10% Fetal Bovine Serum (FBS).  

Based on our observations, HWP1 was not consistently upregulated in the 

presence of hyphal growth. In our FBS positive control samples, HWP1 showed a 

consistent decrease over the 22-hour time course despite the persistence of hyphal 

growth upon microscopic analysis of cells (Figure 4.2). The least hyphal stimulating 

bacterial peptidoglycan fragment, based on our phenotypic screening (chapter 3) was 

NAM. Surprisingly, HWP1 showed increased expression from 4 to 22 hours in NAM 

treated cells (Figure 4.3a). The most potent inducer of hyphal growth based on our 

phenotypic analysis (refer to chapter 3) was 2-amino muramic acid. Our gene analysis 

demonstrated downregulation of HWP1 from 4 to 8 hours, with an increase at 22 

hours (Figure 4.3b). These results are closely related to the HWP1 gene expression 

profile observed in FBS. For all peptidoglycan treated samples, ECE1 was consistently 

downregulated across the 22 hours analysis. The HSG repressor TUP1 was 

downregulated consistently in FBS, and NAM treated samples (Figures 4.2-4.3). A 

similar pattern was observed for the 2-amino muramic acid samples, in which TUP1 

expression was increased at the 8-hour time point, but down regulated at 4 and 22 

hours (Figure 4.3b) 
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Figure 4.2: Hyphae Specific Gene expression in cells treated with 10% FBS. The 
HWP1 transcript was not consistently upregulated during the 22-hour 
time course treatment. TUP1 was downregulated at 8 hours but appeared 
upregulated at 22 hours relative to the 8-hour time point. ECE1 was 
downregulated over the treatment course.  

Collectively our data failed to demonstrate significant induction of HSGs 

HWP1 and ECE1. Analysis of filamentous cells formed by treatment with FBS and 2-

amino muramic acid indicate that they were indeed true hyphae. These results could 

suggest that high levels of HSG induction is not required to promote hyphal growth in 

the presence of bacterial peptidoglycan fragments. In fact, several studies have 

reported that hyphal morphogenesis and HSG expression can be regulated 

independently21, 52, 61. While these preliminary data could imply that bacterial 

peptidoglycan fragments can transduce a signal to induce hyphal morphogenesis that 

is distinct from transcriptional regulation, addition experimentation must be conducted 

4 8 22
0

2

4

6

8

Time (Hours)

Fo
ld

 C
ha

ng
e

HWP1

ECE1

TUP1

10 % FBS



 

 109 

with other pertinent HSGs such as UME6, NRG1, and ALS3 to gather a broader 

transcriptional response.  

 

Figure 4.3: Hyphae specific gene expression in cells treated with a) NAM and b) 
2-amino muramic acid. NAM treated cells showed a consistent 
upregulation of HWP1 throughout the 22-hour time course, 
downregulation of ECE1, and TUP1. MA treated cells displayed no 
trends in expression patterns of HSGs, as well as HWP1, ECE1, and 
TUP1 transcripts were neither consistently increased nor decreased 
throughout the 22-hour analysis window.    

The transcriptional regulation of the morphological transition between the 

budding and pesudohyphal/hyphal form of the human commensal C. albicans is a 

multigene network interwoven with many juxtaposed signaling networks. Of the eight 

chromosomes that are present in Candida albicans, with a total size of 14,324,317bp 

including 14,283,897 bp in nuclear genome, and 40,420 in the mitochondrial genome, 

there are 6,419 open reading frames (ORFs) with approximately 20% of ORFs still 

remaining to be identified62. As such, there are many issues surrounding the 

morphological transitions that require further exploration. Particularly, the presence of 

other unexplored transcriptional factors, the exact mechanisms of known 

transcriptional factors, and the details of the signal transduction pathways are yet to be 
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elucidated. We reason that the anomalies observed in the gene expression profile of 

HWP1 and ECE1 compared to some literature precedents reflect inadequate 

knowledge of all know transcriptional regulators of hyphal formation.  

These studies, though preliminary, have piqued our interest into the 

mechanism by which C. albicans responds to bacterial peptidoglycan transcriptionally. 

To further expand our knowledge set, we reason that RNA-sequencing of samples 

treated with bacterial peptidoglycan fragments will provide a more conclusive picture 

into the transcriptional program responsible for some of the dynamic bacterial-fungal 

relationships.  
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FUTURE DIRECTIONS 

 

5.1 Characterization of Cyr1p 

The biochemical classification of the LRR domain of Cyr1p as a peripheral 

membrane protein was a major insight into the dynamics of the Cyr1p receptor. 

Though insightful much work remains to be done to capture the dynamics of the 1690 

kDa receptor. In further characterizing this receptor, it necessary to recombinantly 

express the full-length receptor. Attempts to recombinantly express the full receptor 

resulted in cell lysis shortly after protein induction. This observation could be due to 

signaling of the adenylate cyclase in the S. cerevisiae expression system. To 

circumvent this problem, I propose site directed mutagenesis to mutate putative 

catalytic residues in the binding site of the catalytic domain of the receptor. In doing 

so, inactive recombinant enzyme can be more amendable to expression and 

subsequent purification.  

5.1.1 Cyr1p-LRR binding pocket elucidation 

Previous work in our lab has demonstrated that the LRR domain of the 

receptor Cyr1p binds the bacterial peptidoglycan Muramyl tripeptide with nM affinity. 

Photoactivatable crosslinking can be utilized to capture the biding site of MTP via a 

photoactivatable functionalized MTP ligand. Preliminary work has demonstrated that 
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this ligand is a suitable candidate for PAL, but optimization on purified protein needs 

to be conducted (refer to Appendix C).  

 

Figure 5.1: Photoactivatable crosslinking of Cyr1p-LRR.  

5.2 Peptidoglycan stimulated hyphal growth  

To gather a more comprehensive scope of the cellular response to bacterial 

peptidoglycan fragments, I propose the building up and building down of the bacterial 

peptidoglycan fragments from MDP to NAM and MDP to MTP respectively. 

Specifically, I propose to characterize C. albicans cellular morphology in the presence 

of synthetic fragments that are MDP derivatives, carbohydrate backbone derivatives, 

and MTP derivatives. In chapter 3, a suite of MDP derivatives were analyzed (Figure 

5.2), but MTP and its derivatives remain to be analyzed (Figure 5.3).  
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Figure 5.2: Synthetic bacterial peptidoglycan fragments. While some of the 

fragments were tested for their ability to induce hyphal formation, MDP-( 
LL) remains to be analyzed.  

 

Figure 5.3: Bacterial peptidoglycan fragments. The fragment MTP and its synthetic 
derivatives remained to be analyzed for their ability to induce hyphae.  

5.3 Hyphae transcriptional regulation 

Chapter 4 introduced some of the transcriptional components regarding the 

morphologic regulation of C. albicans. My preliminary data suggested that hyphae 

Muramyl Dipeptide Derivatives: Esters 
6-amino-MDP-(LL)-ester6-amino-MDP-(LD) ester

O
O
NHAc

OH

HO

HO

Me

HN
O

Me

NH
O

H2N
O

MeO

O

MDP-(LL)-ester

Muramyl Dipeptide

MDP-(LD)  

O
O

NHAc
OH

HO

HO

Me

HN
O

Me

NH
O

H2N
O

HO

O

Chemical Formula: C19H32N4O11
Exact Mass: 492.21

Molecular Weight: 492.48

O
O
NHAc

OH

HO

HO

Me

HN
O

Me

NH
O

H2N
O

HO

O

MDP-(LL)  

Biologically relevant Synthetic isomer

Muramyl Monopeptide Derivatives

O
O
AcHN

OH

H2N

HO

Me

HN
O

Me

OH
O

6-amino-MMP ester

6-amino-D-glucose

O
HO

HO
OH

H2N

HO

2-amino-muramic acid

Carbohydrate Backbone Derivates 

O

NHAc

HO
O

O

HN

O

OH

Me O
6-amino-muramic acid methyl ester O

HO
HO
O

NH
OH

HN
O

Me

NH

O

HO

O

H2N
O

Me

O

NH2

O
HO

HO
O

NH
OH

HN
O

Me

NH

O

HO

O

H2N
O

Me

O

NH2

2-amino-! amino butyryl MDP2-amino- "-alanyl MDP
Muramyl Dipeptide Derivatives: Substituted 

O
HO

O
HO

NHAc

L-Ala
D-Glu
L-Lys
D-Ala

O

AcHN
O O

O
HOO

HO
O

HO
NHAc

L-Ala
D-Glu
L-Lys
D-Ala
D-Ala

O

AcHN
O O

O HO

D-Ala

O
HO

O
HO

NHAc

L-Ala
D-Glu
L-Lys
D-Ala
D-Ala

O

NHAc

O
O

O

HO
O

HO
O

HO
NHAc

L-Ala
D-Glu
L-Lys
D-Ala

O

NHAc

O
O

O

HO

NH(Gly)5

Bacterial Cell

Muramyl Dipeptide 
(MDP)

OH
O

NHAc

HO
O

O

HO

NH

HN O

H2N

O

OH

O

N-acetyl glucosamine (NAG) N-acetyl muramic acid (NAM)

Muramyl Tripeptide 
(MTP)

O
OH

AcHN
O

HN O

HO
HO

O
NH

O

H2N

N
HO

NH2
OHO



 

 119 

specific gene upregulation in not a necessary factor for the phenotypic expression of 

hyphae. While other studies have confirmed these findings as well, there are still a 

plethora of genes that can be analyzed to capture a more comprehensive profile of the 

regulatory pathways involved in bacterial peptidoglycan hyphae stimulation. 

Particularly, the gene of Cyr1p, cdc35 needs to be analyzed using the treated samples 

in chapter 4. Furthermore, the HSPs ALS3, Nrg1 and UME6 should also be analyzed. 

The analysis of these genes can potentially provide insights into the anomalies 

observed with the genes HWP1, TUP1, and ECE1 from chapter 4.  

5.4 RNA sequence analysis  

The transcriptional discrepancies described in chapter 4 can be fully captured 

using RNA sequencing analysis. RNA sequence analysis is a useful tool for 

transcriptome wide analysis of differential gene expression and mRNA splicing. This 

method can capture the entire transcriptome of C. albicans in a bacterial peptidoglycan 

specific manner, thereby providing major insights into the signaling networks targeted 

through peptidoglycan sensing and detection.  
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Figure 5.4: Morphological assay to RNA isolation workflow. The morphological 
assay samples can be further processed to conduct whole RNA 
sequencing analysis to capture the full range of RNA transcript 
upregulation and or downregulation.  



 

 121 

MOLECULAR CLONING IN E. COLI 

Several constructs with varying purification tags were cloned with the hopes of 

generating a more stable LRR than the previously expressed E. coli construct. The aim 

was to generate a more stable LRR construct by extending the amino acid composition 

of the LRR domain to capture the N and C terminal Caps that are pertinent to LRR 

folding and structure. In addition, we sought to capture the entire span of the LRR 

domain, which contains 14 repeats. The following table is a compilation of the Cyr1-

LRR domain constructs cloned:  

Table A.1: Cyr1p-LRR Expression Constructs 

 
Construct No N-terminal 

Tag 
C-terminal 
Tag 

Expression 
Host 

Amino Acids 

1 His6-FH8 His6 E.coli 408-915 
2 His6-MBP NA E.coli 418-1005 
3 SpotTag NA E.coli 418-1005 
 

Construct 1: PCR was used to extract the LRR domain from residues 408-915 

from the CaCYR1 gene that was synthesized by Genscript. Following PCR cleanup 

and amplicon verification by colony PCR and restriction digest, DNA was inserted 

Appendix A 

A.1 Molecular cloning of constructs in E.coli 

A.1.1 Molecular cloning in E. coli  
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into a modified pET28a vector that contained an N-terminal FH8 tag immediately 

after a His6 tag. The modified pET28-FH8 vector was synthesized by Genscript. The 

Cyr1p-LRR domain was inserted into the modified pET28-FH8 vector utilizing the 

Not1 and Xh01 restriction sites and transformed into DH5a cells. Primers used for 

amplification were 1) Forward: 5’-TTT TTG CGG CCG CTT CTT GAG ATC ATT 

GAC ACA TGA TG-3’ and 2) Reverse: 5’-TTT TTC TCG AGC AAT TGG TTT 

GAA GAA ACA TCC AAA-3’.  

Construct 2: PCR was used to extract the LRR domain from residues 418-1005 

from the CaCYR1 gene that was codon optimized and synthesized by Genscript. 

Following PCR cleanup and amplicon verification by colony PCR and restriction 

digest, DNA was inserted into a pMal-c6X vector.  The LRR domain was inserted into 

the pMAL-c6x vector utilizing the Not1 and EcoRI restriction sites and transformed 

into DH5a cells. Primers used for amplification were 1) Forward: 5’- TTTTT 

gcggccgc TCAAGAAACTACGTTGATGT-3’ and 2) reverse: 5’- TTTTT gaattc 

CAGAATTTGATAACTTCGGTT-3’. 

Construct 3: PCR was used to extract the LRR domain from residues 418-1005 

from the CaCYR1 gene that was codon optimized and synthesized by Genscript. 

Following PCR cleanup and amplicon verification by colony PCR and restriction 

digest, DNA was inserted into a pSPOT1 vector. The LRR domain was inserted into 

the pSPOT1 vector utilizing EcoRI and Xh01 restriction sites and transformed into 

DH5a cells. Primers used for amplification were 1) Forward: 5’- TTTTT gaattcATG 

TCAAGAAACTACGTTGATGT-3’ and 2) Reverse: 5’- TTTTT ctcgag 

CAGAATTTGATAACTTCGGTT-3’.  
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After transformation into DH5a cells, selected colonies were grown to a dense 

culture on a 10mL scale, and plasmids were isolated using a Qiagen plasmid 

purification kit the following day. Purified plasmids were verified by next generation 

sequencing through the University of Delaware Biotechnology Institute. Plasmids 

were then transformed into BL21 RIPL-codon optimized cells for expression analysis.  

The fusion proteins were expressed in 1 L cultures of LB media containing the 

appropriate antibiotics: Kanomycin (50 µg/mL) for constructs 1 and 3, and 

carbenicillin (100 µg/mL) for construct 2 at 30°C until an optical density of 0.6-0.8. 

was reached at 600nm. Protein expression was induced by the addition of IPTG to a 

final concentration of 1.0 mM overnight at 15°C. E. coli cells were pelleted by 

centrifugation at 5000 g for 20 minutes and the supernatant was discarded. Pellets 

were stored at -80°C until use.  
  

A.2 Expression of Cyr1-LRR domain constructs in E. coli 
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MOLECULAR CLONING OF GFP TAGGED LRR IN SACCHAROMYCES 
CEREVISIAE 

PCR was used to extract the LRR domain from residues 418-1005 from the 

CaCYR1 gene that was codon optimized and synthesized by Genscript. The codon 

optimized CaCYR1 gene was cloned into a pESC-URA expression vector with an N-

terminal His6 tag and a C-terminal yeGFP tag utilizing the restriction sites BamH1 and 

SmaI at the N and C termini respectively. Following PCR cleanup and amplicon 

verification by colony PCR and restriction digest, DNA was ligated into a yeGFP 

plasmid utilizing BamH1 and SmaI restriction sites at the N and C termini 

respectively. Primers used for amplification were 1) Forward: 5- 

TTTTTGGATCCGCCACCATGTCAGGTTCAAG-3’ and 2) Reverse: 5’ 

AGGCTCGAGAAAGTTATCAAATTCCCGGGAAAAA-3’. 

Full-length, codon optimized Cyr1 (1690 amino acids), was synthesized by 

Genscript and cloned into a pESC-URA expression vector with an N-terminal StrepII 

tag and a C-terminal Spot-Tag utilizing the restriction sites EcoRI and NotI at the N 

and C termini respectively. The pESC-URA plasmid containing the full-length Cyr1 

was transformed into S. cerevisiae cells EY1202 (refer to chapter 2) via the lithium 

acetate method.  

Appendix B 

B.1 Molecular Cloning of GFP tagged Cyr1-LRR in S. cerevisiae 

B.2 Molecular cloning of Full-length Cyr1 in S. cerevisiae 
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 PHOTOAFFINITY LABELING ANALYSIS OF CYR1-LRR 

With initial data showing a nM binding event between the MBP-tagged LRR 

domain and the synthetic bacterial peptidoglycan fragment, muramyl tripeptide 

(MTP)1, we sought to elucidate the binding site of MTP within the LRR domain using 

photoaffinity labeling (PAL). PAL is a power technique employed in chemical 

proteomics, to study protein-protein interactions, and protein-ligand interactions 

among others2. Since its development in 1962, a multitude of photocrosslinkers have 

emerged3. Though photocrosslinkers can be largely divided into three photoreactive 

groups, Benzophenones, aryl azides, and diazirines, the mechanism of action of all 

groups, rely on photoirradiation to generate reactive intermediates to establish a 

covalent modification with the protein of interest. Labeled protein of interest can be 

visualized utilizing fluorophores, immunoprecipitation, and mass spectrometry.  

A former laboratory member Dr. Siavash Mashayekh developed a 

multifunctional crosslinker to study the potential binding site of the Cyr1-LRR 

domain. The photoactivatable crosslinker probe consists of MTP as the ligand for the 

Cyr1-LRR domain, an alkyne diazirine photoactivatable crosslinker group, and a 

biorthogonal alkyne handle for use in copper-catalyzed azide-alkyne click chemistry 

(CuAAC) (Figure 1).  

Appendix C 

C.1 Introduction 
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Figure  C.1: MTP photoactivatable probe. MTP was functionalized with a diazirine 
moiety and a bioothorogonal alkyne handle for use in copper-catalyzed 
azide-alkyne click chemistry.  

Cells were lysed in lysate buffer (50 mM HEPES, 0.1 mM MgCl2, 0.1 mM 

EGTA, 150 mM NaCl, 10% glycerol, 1 mM PMSF, pH 7.4, and protease inhibitor 

cocktail). Lysate was centrifuged at 60K RPM for 2hrs at 4°C. Membrane fractions 

were resuspended in lysis buffer with the addition of 1% Fos-choline-12 (refer to 

chapter 2). Protein solubilization was conducted at 4°C overnight. Solubilized protein 

was clarified by centrifugation at 60K RPM for 2hrs at 4°C. Solubilized protein was 

dialyzed into fresh lysis buffer overnight. Solubilized protein was incubated at 4°C 

overnight with and without MTP-diazarine probe. Samples were aliquoted into 21 well 

plates and either irradiated with UV light for 1hr or kept on ice protected from light (-

UV control). Following irradiation, CalFluor 647 Azide was attached to the probe 

using CuAAC chemistry (refer to Table 1).  
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Table C.1: Components of the PAL experiment.  

 

 

 

 

 

6 µL of the above reaction mixture was added to 19 µL of lysate-probe 

complexes, or appropriate negative controls. For the CuAAC negative control, water 

was added in place of 50 mM CuSO4. Click reaction ensued for 1 hr at room 

temperature, after which 5 µL of 6X loading dye was added to the reaction mixture to 

prepare for SDS-PAGE analysis.  SDS-PAGE gels were imaged using a GE Typhoon 

scanning imager.  

The synthesized crosslinker probe was used in a photoaffinity labeling 

experiment with cellular lysate from Spot-tagged Cyr1-LRR expressed in S. cerevisiae 

(refer to chapter 2). Cells were lysed as described in chapter 2, and membranes 

fractionized. Cyr1-LRR was solubilized from fractionized membranes and solubilized 

proteins were dialyzed into lysis buffer overnight into lysis buffer. Lysate was 

incubated with the MTP probe, and the sample was irradiated under 365nm UV light 

to generate the necessary reactive carbene intermediate to covalently anchor the probe 

to the LRR. The terminal alkyne was then utilized as the handle in a CuAAC to install 

a CalFlour 647 azide fluorophore (Table 1). Protein-probe-fluorophore complexes 

were separated via SDS-PAGE and analyzed via in-gel fluorescence using a GE 

Typhoon gel imaging scanner. In-gel fluorescence demonstrated a higher fluorescent 

Component Amount (µL) 
20% SDS 1.25 
10mM calflour 647 Azide 0.5 
50mM TCEP 0.5 
1.7mM TBTA 1.5 
50mM CuSO4 0.5 
DMSO 0.5 
100mM Aminoguanidine  1.25 

C.2 Results and Discussions 
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intensity in UV-irradiated samples incubated with probe, relative to negative control 

samples that were not incubated with the probe or was not subjected to UV irradiation. 

These preliminary results indicate that the MTP crosslinker can bind to the Cyr1-LRR 

domain and with further optimization, can aid in the elucidation of the MTP binding 

site within the LRR (Figure 1).  

 

Figure  C.2: Preliminary photoactivatable crosslinking of Cyr1p-LRR. In gel 
fluorescence demonstrates increased fluorescent intensity in the presence 
of UV light in Cyr1p-LRR and probe complexes. 
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PUBLICATION PERMISSIONS 

 

Figure Appendix D.1: Permission for use of material from the publication: 
Purification and Characterization of a Stable, Membrane-Associated 
Peptidoglycan Responsive Adenylate Cyclase LRR Domain from Human 
Commensal Candida albicans. 
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Figure D.2: Permission for use of the following publication: Revisiting 
peptidoglycans sensing: interactions with host immunity and beyond.  
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Figure D.3: Permission for the use of Figure 4.1 from the following publication: 
Hyphae-Specific Genes HGC1, ALS3, HWP1, and ECE1, and Relevant 
Signaling Pathways in Candida albicans.  

 


