
ABSTRACT 

BROWNFIELD, ANDREW MAHONEY. A Study of Hyaluronidases and UDP-Glucose 

Dehydrogenase as Contributing Factors to Prostate Cancer Progression. (Under the direction of 

Dr. Melanie Simpson). 

 

In 2020, prostate cancer was the most frequently diagnosed cancer in American men and 

it is estimated that 1 in 9 men will receive this diagnosis in their lifetime. Two essential enzymes 

that impact prostate cancer progression are UDP-glucose dehydrogenase (UGDH) and 

hyaluronidase (Hyal). Hyaluronic acid (HA) is an essential component of the extracellular matrix 

and is critical to many cellular functions including cell adhesion, cell proliferation, infection 

response, and cell signaling. In tissues, HA is involved in angiogenesis, morphogenesis, 

protection, cushioning, and lubrication. Dysregulated HA metabolism is a hallmark of cancer 

progression, metastasis, as well as chronic inflammatory diseases. HA is synthesized by 

hyaluronan synthases and enzymatically cleaved by hyaluronidases into smaller fragments. 

There are five human Hyals (hHyal): Hyal1-4 and PH-20 (expressed only in sperm); each with a 

distinct set of characteristics. Despite the well-known importance of proper HA regulation, there 

remains much uncertainty in the literature about the expression, characteristics, catalytic ability, 

and substrate preference of each of the Hyals. Here, a methodology is presented for the 

expression, purification, and catalytic characterization of Hyals 1-4. This research adds to the 

body of knowledge regarding the Hyal family of proteins and serves as an easy reference for the 

creation of Hyal proteins so they can be enzymatically studied in greater detail.  

UGDH is a toroidal homohexamer that catalyzes the two step NAD+-dependent 

conversion of UDP-glucose to UDP-glucuronate. UGDH is the sole creator of UDP-glucuronate, 

which is a key component in three cellular functions: HA production, glycosaminoglycan (such 

as chondroitin sulfate) synthesis, and glucuronidation of hormones via UDP-



glucuronosyltransferases. UGDH is highly expressed in the prostate and the overexpression of 

human UGDH (hUGDH) has been noted in several cancers. Knocking down or inhibiting 

hUGDH results in decreased tumor cell motility and tumor growth. Therefore, development of a 

small molecule capable of limiting the catalytic ability of overexpressed hUGDH represents an 

opportunity to combat prostate cancer progression. To that end, our lab screened for hUGDH 

inhibitory peptides and validated the top hits using synthetic peptides. In this work, X-ray 

crystallography was used to molecularly determine how the most promising peptide (P4) impacts 

UGDH conformation. Using an approximately 3.25 Å dataset collected at SER-CAT, we were 

able to show that when exposed to P4, hUGDH adopts a global shape and catalytic residue 

orientations most like an inactive state between the UDP-xylose inhibited and active hUGDH, 

referred to as E*. Overall, this suggests that P4 can be used as a point of reference for drug 

development against overexpressed hUGDH. 

The work presented here serves as a foundation for further investigations into HA 

metabolism and hUGDH control, with the goal of combating abnormal hUGDH expression and 

HA dysregulations. A more comprehensive understanding of these enzymes and the ability to use 

pharmacological agents to control them, will contribute to alleviating inflammatory disease and 

tumor progression. 
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CHAPTER 1. INTRODUCTION 

Prostate Cancer 

 According to the American Cancer Society, prostate cancer was the most frequently 

diagnosed cancer amongst American men in 2020, accounting for an estimated 21% of cancer 

diagnoses in men and 10% of deaths (1). In 2020, it is estimated that 191,930 men were 

diagnosed with prostate cancer, with 33,330 deaths due to the disease (1). Ultimately, an 

estimated 1 in 9 men will be diagnosed with prostate cancer in their lifetime (1), and 1 in 41 men 

will succumb to prostate cancer (2). The average age of prostate cancer diagnosis is 66 (2), while 

the median age of death is 80 (3). 

 Early and thorough screening for prostate cancer remains controversial, with high costs 

and inconclusive results. Prostate-specific antigen-based (PSA) screening potentially reduces 

mortality risk but is accompanied with false-positives and biopsy complications (4). 

Additionally, advanced screening can result in early treatments that may have adverse effects on 

sexual and urinary health (4). Conversely, prostate cancer mortality rates are generally higher in 

countries that conduct little or no screening, suggesting that the discovery of early, localized 

cancer and prompt treatment may compensate for the overdiagnosis and drawbacks associated 

with PSA-based screening (5, 6). Many men live with prostate cancer and never experience 

symptoms, and thus would never know that they have the disease without screening. Because of 

this, the US Preventative Services Task Force recommends that men aged 55 to 69 discuss the 

PSA-based screen with their clinician to weigh the benefits, costs, and effectiveness of the PSA-

based screen (3). Prostate cancer diagnosis rates have been increasing around the world and 

parallel the increased usage of the PSA-based screen; this has led to more men being diagnosed 

with localized cancer and at an earlier age (5, 7, 8). Diagnosis rates have also increased in 
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countries that do not employ the PSA-based screen, suggesting a shift in environmental and 

lifestyle factors that influence prostate cancer incidence (5, 9). Because prostate cancer is 

frequently diagnosed early and generally progresses very slowly, early treatment remains 

controversial, with studies contradicting one another as to whether aggressive treatment on a 

localized tumor is beneficial (10, 11). Adding to this, most men diagnosed experience a slow-

growing or indolent form, while a minority of cases are aggressive (5). Prostate cancer is clearly 

a clinically heterogeneous disease with an unpredictable trajectory, which makes screening and 

treatment decisions difficult to make. These challenges and the prevalence of prostate cancer 

demonstrate the need for a new way of thinking about detecting, understanding, and managing 

prostate cancer; new prostate cancer interventions are needed to combat this common, costly, 

and deadly disease.  

 Molecular analysis of 333 primary prostate carcinomas was able to place 74% of the 

tumors into seven subtypes according to gene fusions or mutations, with a wide variety in 

androgen receptor activity (12). Androgen and androgen derivatives are responsible for proper 

prostate gland formation and are needed in prostate cancer pathogenesis and progression (13). 

Inoperable tumors present at diagnosis are treated by androgen deprivation therapy (14). Despite 

promising initial responses, many tumors aggressively return and continue to grow and 

metastasize regardless of low androgen level (15, 16). Termed castration resistant prostate cancer 

(CRPC), these tumors cannot currently be treated and the focus shifts to palliative care (14–16). 

The mechanisms responsible for the transformation to a castration resistant state are convoluted, 

unknown, and are the focus of much research. However, it is known that androgens are managed 

in the glucuronidation pathway, and that the enzyme UDP-glucose dehydrogenase (UGDH) is 

responsible for the creation of glucuronidation precursors. Human UGDH (hUGDH) is highly 
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expressed in the prostate (17), upregulated in prostate cancer (18), and is a critical regulating 

enzyme that can alter the progression of prostate cancer (19). In addition to UGDH, hyaluronic 

acid (HA) metabolism has been shown to influence prostate cancer progression and metastasis 

(20–25). UGDH and hyaluronidase (Hyal) are crucial enzymes that maintain proper cell function 

and are thus of great interest to researchers who are aiming to improve therapy options for those 

struggling with dysregulated UDP-glucose or hyaluronic acid metabolism. 

 

Structure, function, and importance of UDP-glucose dehydrogenase 

 UGDH is an essential cytosolic enzyme that uses NAD+ in the oxidation of UDP-glucose 

(UDP-glc) to UDP-glucuronate (UDP-glcA), a precursor with three downstream fates. UDP-

glcA is a required substrate in the production of HA at the plasma membrane, utilized by UDP-

glucuronosyltransferase (UGT) enzymes in the endoplasmic reticulum for dihydrotestosterone 

(DHT) elimination, and converted into UDP-xylose for proteoglycan (PG) synthesis at the Golgi 

(Fig. 1) (26, 27). Structurally, eukaryotic UGDH is a hexamer that is constructed by three 

homodimers forming a donut-shaped quaternary structure (28). The purified apoenzyme 

equilibrates between its dimeric, tetrameric and hexameric states, with the latter assembly having 

optimal enzymatic activity (29, 30). Mutagenesis, kinetic and biophysical studies have shown 

that the human UGDH (hUGDH) hexamer exists in three conditions: an active (E), inactive (E*) 

or UDP-xylose inhibited (EΩ) hexamer (30–39). A dynamic hexameric hUGDH conformation is 

critical to optimal enzyme function, which was demonstrated by the mutagenesis of key residues 

K94 (34) or T325 (29), and resulted in dimeric-only enzymes with reduced activity. The 

importance of a dynamic enzyme was shown using photoactivated cross-linking (40) or by 

deleting V132 (35), both of which resulted in the creation of obligate hexamers with decreased 
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activity. Furthermore, mutations that disrupt the quaternary structure were shown to reduce the 

stability of UGDH expression and result in a variety of health impairments (41–43). 

 The first crystal structures of UGDH from Streptococcus pyogenes and Caenorhabditis 

elegans (28) were used to determine the two-step oxidation catalytic mechanism. UGDH 

catalyzes the oxidation of UDP-glc to UDP-glcA using NAD+, with the N-terminus and C-

terminus being responsible for NAD+ and UDP-glc binding, respectively (44). There are multiple 

proposed mechanisms, each having supporting evidence (44, 45). In hUGDH, lysine (Lys204), 

threonine (Thr118), aspartate (Asp264) and asparagine (Asn208) are responsible for UDP-glc 

stabilization, resulting in a two-electron oxidation of the alcohol to an aldehyde intermediate, 

simultaneously generating NADH from NAD+ (46–49). In the second step, a highly conserved 

Figure 1 Subcellular distribution of UDP-glucuronate and downstream pathways. UDP-glucose 

dehydrogenase (UGDH) catalyzes the cytosolic NAD-dependent oxidation of UDP-glucose to UDP-glucuronate 

(UDP-glcA), which is a critical upstream precursor for three possible processes: (1) hyaluronan synthesis at the 

plasma membrane; (2) UDP-xylose and proteoglycan synthesis in the Golgi; and (3) hormone (e.g., DHT) 

glucuronidation in the ER. UDP-glcA is transported into the lumens of ER and Golgi by specific antiporters of the 

SLC35 class that concurrently export UMP, the leaving group released by UDP-sugar consumption. UDP-glcA is 

converted to UDP-xylose in the ER and Golgi by UDP-xylose synthase (UXS1). Abbreviations: DHT, 
dihydrotestosterone; UDP, uridine diphosphate; UMP, uridine monophosphate; PM, plasma membrane. From 

(27).  
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cysteine residue (Cys260) acts as an attacking nucleophile to create a thiohemiacetal intermediate, 

which requires the release of 2 electrons to form another NADH, thereby converting the 

aldehyde to a carboxylic acid, which creates UDP-glcA (44, 47–49). Importance of the catalytic 

cysteine residue is supported by the creation of C260A and C260S point mutants, which resulted 

in elimination or severely decreased catalytic ability of UGDH, respectively (50).  

 A recently proposed catalytic mechanism postulates that the intermediate aldehyde is 

bypassed by an NAD+-dependent nucleophilic substitution (SN2) reaction, where Cys260 and 

NAD+ simultaneously attack C-6 and remove an electron pair, respectively, creating the 

thiohemiacetal intermediate (45, 51). This speculative mechanism may help explain unresolved 

aspects of the aldehyde intermediate mechanisms but requires additional mechanistic studies. 

The proposed SN2 mechanism is more ‘advanced’ than a two-step mechanism utilizing an 

aldehyde, since elimination of the intermediate increases catalytic efficiency and removes the 

need for intermediate trapping and stabilizing agents (45). 

 Because UGDH is entirely responsible for the creation of the critical precursor UDP-

glcA, UGDH has a key role in regulating the formation of PGs and glycosaminoglycans (GAG). 

Hyaluronic acid (HA) is a prominent GAG present in the extracellular matrix (EM), and its 

elevation is implicated in the progression of several epithelial cancers (23, 52–55). Conversely, 

decreased HA production by limiting UDP-glcA results in stunted tumor growth (56, 57). These 

facts and the unique role of hUGDH makes it a prime candidate for drug development (44), and a 

potential prostate cancer biomarker (18).  

 Human UGDH has been implicated in the transformation of prostate cancer to CRPC, as 

a combined treatment of hUGDH knockdown and androgen deprivation alters the PG and GAG 

expression profiles and decreases androgen sensitivity (26). The prostate acts in response to 
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hormone signals; when androgens such as DHT are recognized by prostate tissue, hUGDH 

expression increases, resulting in increased PG and GAG production, as well as androgen 

glucuronidation (19, 26). These findings support the notion of hUGDH as a factor in prostate 

cancer progressing to CRPC. 

 The regulation and inhibition of hUGDH is an important health objective as a tool against 

cancer progression. In 2008, it was discovered that the polyphenols gallic acid and quercetin 

were able to inhibit hUGDH, which reduced proliferation of in vitro breast cancer cells (58). 

Additionally, the compound 4-methylumbelliferone (4MU) has been shown to lower hUGDH 

expression, which decreases the available pool of UDP-glcA (59), thereby slowing breast cancer 

invasion and colony formation (60), and increasing apoptosis rates in pancreatic tumor cells (61). 

Together, these findings illustrate the complexity of UGDH regulation and the need to find novel 

methods to control hUGDH and potentially direct UDP-glcA to a certain downstream pathway to 

alter cellular metabolism and correct aberrant cellular behavior. The discovery of a precise 

compound that could allow for accurate control of this critical enzyme would help a large group 

of men who suffer from prostate cancer and especially CRPC. To create these compounds, 

structure-function relationships of UGDH with novel molecules need to be elucidated and 

characterized. 

 

Structure, function, and relevance of hyaluronidases 

 HA is a linear, extracellular GAG made up of the repeating disaccharide N-acetyl-D-

glucosamine and D-glucuronic acid (62, 63). In healthy humans, a single HA polysaccharide is 

1,000 - 7,000 kDa and consists of between 2,500-17,500 disaccharides (64). HA is a key 

component of the extracellular matrix (ECM) that is ubiquitous but especially abundant in the 
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skin, brain, umbilical cord, cartilage, and connective tissue (65, 66), where it performs the 

physical functions of tissue cushioning, hydration, lubrication, wound healing and providing a 

structural framework for intercellular space (66–69). In addition to its numerous important 

physical functions, HA also interacts with HA-specific binding proteins to serve as a signal 

molecule that regulates cellular processes such as adhesion, stress, motility, and proliferation (70, 

71). These behaviors are key in many normal and disease-promoting processes including 

morphogenesis, angiogenesis, embryogenesis, healing, inflammation, and tumorigenesis (72–

78). 

 The physical and functional properties of HA are dependent in part by its molecular 

weight, which in turn is regulated by the interplay of biosynthesis by hyaluronan synthases 

(HAS1, HAS2, and HAS3) and degradation by hyaluronidases (Hyals) or reactive oxygen 

species (ROS) (66, 74, 79–82). While ROS can cleave HA in a non-selective fashion (83–85), 

most HA is cleaved by the Hyal enzymes hydrolyzing the β-1-4 linkage between HA units in a 

substrate-assisted mechanism (86–88). An additional substrate for Hyal enzymes is chondroitin 

sulfate (CS), an important structural component of cartilage (89) that aids in compression 

resistance (90). Although CS is not studied as thoroughly as HA, CS may be beneficial as a 

dietary supplement in osteoarthritis (91) by promoting cartilage health and increasing HA 

synthesis (92). 

 There are six human HYAL genes that create five protein products (Hyal1-4, and PH-20), 

although why they each appear to have unique substrate preference and catalytic abilities (93) is 

a mystery that researchers are trying to reveal. Hyaluronidase activity has also been reported in 

the enzymes CEMIP (94, 95) and TMEM2 (96), but little is known about these relatively new 

enzymes, and are not the focus of this work. 
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 Because the concentration and molecular weight of HA are key to its behavior, 

dysregulation of HA metabolism is associated with inflammatory disease severity and cancer 

aggressiveness (75, 97). Low molecular weight (LMW) HA directly and indirectly initiates a 

pro-inflammatory response (98, 99), as well as the innate immune response (100), and can 

mobilize leukocytes (101). These are healthy cellular responses in normal tissue but in cancer, an 

abundance of low and medium molecular weight HA in the ECM is associated with cell 

proliferation, ECM degradation, cell migration, enhanced tumor immunity and capillary 

formation, whereas HMW HA inhibits cell migration and tumor growth (64, 102). 

 The correlations between cancer progression and dysregulated HA metabolism are 

numerous (22, 23, 75, 103–107). Relative to normal tissue, rates of synthesis and fragmentation 

of HA are increased during inflammation, tissue injury and tumorigenesis (108), ultimately 

leading to increased concentration of smaller HA fragments, remodeled ECM, and altered cell 

behavior (73). In cancer specifically, the tumor microenvironment (TME) is remodeled by 

dysregulated HA metabolism to promote progression and metastasis of cells by increased 

angiogenesis (109), and diminished tumor immune surveillance (110).  

 There is a strong correlation between high extracellular LMW HA concentration and poor 

outcomes in breast (53), ovarian (52), prostate (23, 111), colon (54), lung (112), and gastric 

cancers (113). Overexpression of HAS was shown to accelerate tumor growth and progression 

(114, 115), while lowering HAS expression reduced tumor growth rates (57, 116–121). 

Similarly, hHyal overexpression is correlated with negative outcomes. In a variety of cancers, 

hHyal2 (122, 123), hHyal4 (124, 125), and PH-20 (126, 127) were all found to be overexpressed. 

Human Hyal1 is the most well studied member of the hHyal family, and its overexpression was 

found in prostate (22, 24), bladder (128, 129), colorectal (122), breast (130), bladder (131), 
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ovarian (132), pancreatic (133), and lung (134) cancers. Human Hyal1 overexpression 

accelerates prostate cancer by degrading extracellular HA to its LMW form, which alters the 

ECM thereby increasing motility, vesicle trafficking, membrane receptor turnover and changing 

stromal cell behavior (25, 105, 135–137). Conversely, stunting hHyal1 expression was shown to 

decrease tumor growth and motility in bladder cancer (137) and in breast cancer cells (138). 

Human Hyal1 quantification can also serve as a predictor for PCa disease progression after 

hormone deprivation therapy (139). It has been demonstrated that HA metabolism is coupled to 

cellular metabolism, with increased production of HA reprogramming the glycolytic and 

hexosamine biosynthetic pathways, promoting a cancerous phenotype (140, 141). Together, 

these findings suggest that HA is a key ECM component that can reorganize the ECM as well as 

cellular metabolism, according to cellular demands, ultimately increasing cancer progression. 

 There is abundant evidence that HA metabolism is key in cancer and other diseases, and 

while the field is continually investigating these links, how HA is fragmented in each condition 

remains a difficult question to answer. To that end, additional research and characterization 

needs to be done on the hHyals to understand their role in the dysregulated metabolism of HA 

that is a hallmark of cancer and other ailments. While most of the research has focused on 

hHyal1 and PH-20, far less is known about the other members of the hyaluronidase family. 

Different research groups have independently determined certain hHyal characteristics, but a 

comparative study of them has not yet been done. Investigation of these enzymes is a key step in 

understanding the dysregulated metabolism of HA that increases cancer progression. 
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Impact and research goals 

 Hyaluronidases and UDP-glucose dehydrogenase are both critical enzymes in normal cell 

function and are important in the progression of cancer. Elucidating the characteristics of these 

enzymes is necessary to gain a deeper understanding of how their dysregulation impacts ECM 

remodeling and tumor progression, and to facilitate drug development. Human UGDH activity 

can be regulated by small molecule scavengers of its products, such as 4MU (59–61), but where 

and how this interaction occurs is not yet known. Using X-ray crystallography, we aim to 

discover and model how a specific small peptide binds to and inhibits hUGDH. This interaction 

opens the door for increased understanding of hUGDH control and regulation, which is key in 

combating the progression of prostate cancer to a castration-resistant phenotype. 

 HA metabolism is a key component of ECM behavior, and the physiological roles of HA, 

hHAS and hHyal1 in inflammation, tumor progression and cancer metastasis have been 

thoroughly documented. Despite this knowledge, the hHyals have not been systematically 

characterized and the catalytic activity and substrate preference of each hHyal member remains a 

subject of debate amongst researcher groups. We aim to express, purify, and demonstrate the 

kinetic properties of hHyal1, 2, 3 and 4 to assist in the general understanding of HA metabolism. 

The insights gained from this work will assist future research efforts in learning about the 

complex mechanisms that govern HA degradation and could ultimately lead to leveraging or 

controlling the expression of hHyal proteins for therapeutic uses. 
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CHAPTER 2. Synthesis and Catalytic Activity of Human Hyaluronidases 

Abstract 

 Hyaluronic acid (HA) and chondroitin sulfate (CS) are crucial components of the 

extracellular matrix and are involved in many important processes including joint lubrication, 

cellular growth, and division. In diseased states, such as cancer and inflammation, HA 

metabolism is dysregulated and can lead to worsening inflammation as well as increased cell 

motility and ultimately, metastasis. HA and CS are fragmented by the hyaluronidase (Hyal) 

family of proteins. The five human Hyal proteins (hHyal1-4, and hPH-20) are naturally 

expressed at different levels and have varying levels of catalytic activity with a preferred 

substrate. Although the importance of HA metabolism is well known, no group has yet 

systematically investigated and compared the activity of hHyals 1, 2, 3, and 4. Here, a system is 

described for the expression, purification, quantification, and catalytic measure of hHyal1-4. 

This system is adaptable and able to purify proteins with or without FLAG and / or poly-His 

epitopes. Following purification, the catalytic ability of each hHyal protein was evaluated using a 

colorimetric assay to show that at pH 4.0, hHyal1 efficiently degrades HA and CS, hHYAL2 

breaks down CS and HA at a much slower rate than hHyal1, hHyal4 degrades CS only (to a 

lesser extent than hHyal1), and hHyals 3 does not cleave either HA or CS. This work will act as 

a standard for the catalytic ability of each hHyal and provide an expression and purification 

blueprint The expression and purification methods here will readily produce sufficient protein to 

completely characterize the hHyal proteins. 
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Introduction 

 As an essential component of the extracellular matrix (ECM), hyaluronic acid (HA) has 

many important physical functions including tissue lubrication, hydration, and cushioning, as 

well as the physiological roles of wound healing, inflammatory response, and motility (66–69). 

These key physiological functions mean that HA is a uniquely powerful structural and signaling 

molecule that impacts cell morphogenesis, growth, division, embryogenesis, tumorigenesis, and 

inflammation (72–78). Since delicate regulation of HA is necessary for proper cell and matrix 

function, altered HA metabolism results in a variety of ailments. HA and another 

glycosaminoglycan (GAG), chondroitin sulfate (CS), are catalytically degraded into smaller 

fragments by the hyaluronidase (Hyal) family of enzymes (66, 74, 79–81), which utilize a 

substrate-assisted mechanism to hydrolyze the β-1-4 linkage between N-acetylglucosamine and 

glucuronate in the sugar backbone (86–88). Humans express five different Hyal proteins (hHyal 

1-4, and PH-20), with varying degrees of activity for HA and / or CS. Human Hyals are named 

as such because of their protein sequence homology, not necessarily because they have been 

shown to break HA chains. The most thoroughly studied member of this family is hHyal1, as it 

appears to be the hHyal primarily responsible for enzymatic HA degradation, outside of 

reproductive tissue. 

 Hyal1 is an efficient chondroitinase and hyaluronidase (87, 142, 143) that can rapidly 

cleave HA to a size of four or six sugars in length (144). Human Hyal1 is commonly associated 

with tumor biology, wound healing and lysosome function (104, 145, 146). Speculation remains 

regarding the catalytic competence of hHyal2, though it was shown to cleave high molecular 

weight (HMW) to 20 kDa fragments (147, 148). However, this activity may be dependent upon 

the expression of CD44, a transmembrane glycoprotein and receptor for HA, as well as 
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association with a cell surface proton pump (149). Human Hyal3 has no documented activity 

(150), but its overexpression was thought to amplify hHyal1 activity (151). Although hHyal4 is 

not able to degrade HA, it is known to fragment CS (152). Finally, PH-20 is expressed almost 

exclusively on the head of sperm to degrade HA to aid in egg fertilization (153, 154). Hyal2, 

Hyal4 and PH-20 are each attached to the cell by a glycosylphosphatidylinositol (GPI) anchor, 

which may be important in their respective physiological roles (93). Much is still not understood 

regarding the nuances of the hHyal family. The catalytic activity and substrate preferences of the 

hHyals have not been characterized, and different research groups determine catalytic rates in a 

different way that makes it difficult to reach broad conclusions regarding the characteristics of 

each member of this family. 

 The general role of hHyals in dysregulated HA metabolism is well established, but most 

work has focused on hHyal1 alone, while the roles and catalytic abilities of other hHyal proteins 

are unknown or conflicting. To add to this, different research groups have characterized the 

catalytic nature of a given hHyal using a method unique to that group. To aid in the research 

efforts of HA metabolism and specifically the role of hHyals, HEK293 suspension cells were 

used to express the hHyal of choice into the conditioned media, which were purified in a variety 

of ways. Activity is tested using chemical derivatization to colorimetrically quantify the number 

of reducing ends of a GAG, which increases as HA or CS is fragmented by Hyal (155–157). 

These research findings will assist in the continued efforts to understand Hyal mechanisms, 

expression patterns and their physiological role in normal and abnormal HA metabolism. 
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Materials and Methods 

 Site-directed mutagenesis 

 Sequencing of the hHyal2 plasmid revealed a K4N mutation. To correct the mutation by 

site-directed mutatgenesis, primers were designed using the Agilent online tool 

(https://www.agilent.com/store/primerDesignProgram.jsp) and the following sequences were 

ordered through IDT: (5'-gtggtgctgtgggcttgagctccataagcttgtc-3' and 5'-

gacaagcttatggagctcaagcccacagcaccac-3'). The new DNA sequence was synthesized using 

Agilent’s QuickChange thermal cycling protocol with KOD Hot Start DNA Polymerase (71086, 

Millipore). The thermal cycling protocol was done at three different annealing temperatures to 

increase the likelihood of getting a pure product: 66.9oC, 65.2oC and 62.5oC. A Dpn 1 digestion 

(FD1704, Thermo Scientific) step was performed according to the manufacturer to remove the 

parent strand containing the undesired K4N mutation. 

 Protein transformation and transfection 

 Human HYAL plasmids used for this project are constructed in the pFLAG-CMV-3 

vector (E6783, Sigma), and only hHYAL4 contains a polyhistidine tail. To direct the expressed 

protein into the media, the GPI anchor was removed where applicable (hHYAL2 and 4), and a 

preprotrypsin leader sequence was added upstream of the protein start. 

 Human HYAL plasmid constructs were used to transform DH5α max efficiency cells 

(18258012, Invitrogen). Cells were grown overnight at 37oC on agarose plates containing 

ampicillin. Isolated colonies were selected and placed into a 5 mls of 31.0 g/L 2xYT broth plus 5 

μl of 100 mg/ml ampicillin in a 37oC, 120 rpm incubator for 8 hours. This was transferred to 50 

ml of 31.0 g/L 2xYT broth media containing 50 μl of 100 mg/ml ampicillin, which was then 

incubated overnight at 37oC, 120 rpm. DNA was isolated the next day by following the QIAGEN 

https://www.agilent.com/store/primerDesignProgram.jsp
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Midiprep kit (12143, QIAGEN) instructions. DNA plasmid concentrations were determined by 

the DNA / RNA estimation program on the Cary 60 (G6860A, Agilent). Sequences were verified 

by Eton Bioscience Inc (Research Triangle Park, NC). 

 Soluble Expi293 cells were purchased from ThermoFisher as part of the Expi293 

Expression System Kit (A14635-01, Gibco) and were maintained in a 30 ml suspension culture 

as directed by the manufacturer. Expi293 cells were seeded one day prior to transfection at 60 x 

106 cells / flask. On the day of transfection, 75 x 106 cells were placed into a new flask, totaling 

25.5 ml of media. Per flask, 30 μg of appropriate hHYAL plasmid DNA was added to 1.5 ml of 

Opti-MEM (ref#31985-062, Gibco), while in a separate tube, 81 μl of epifectamine 293 reagent 

was added to Opti-MEM media totaling 1.5 ml. The DNA and epifectamine solutions were 

mixed and incubated at room temperature for 20 minutes before adding to the cells and placed in 

an incubator at 37oC, 5% CO2 and 120 rpm. After 20 hours of incubation, 150 μl of Enhancer 1 

and 1.5 ml of Enhancer 2 were added to the cell flask, totaling 30 ml.  

 Protein purification 

 Transfection flasks were removed from the incubator 6 days post-transfection and 

immediately centrifuged at 500 x g for 15 min at 4oC (5810, Eppendorf); cells were discarded 

and the supernatant was treated with a half tablet of crushed protease inhibitor (ref#A32965, 

Thermo Scientific), then centrifuged at 15000 x g for 15 min at 4oC (5810, Eppendorf). The 

supernatant was placed into SnakeSkin™ Dialysis Tubing, 10K MWCO (68100, Thermo 

Scientific) and dialyzed against 50 mM tris, pH 7.5, for 1-2 hours at room temperature, then 

overnight at 4oC in 2 L fresh dialysis buffer before purification. 

 Human Hyal1 was purified by ammonium sulfate precipitation (ASP) and ion-exchange 

chromatography (IEC) as previously reported. Two flasks can be purified at once using this 
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method. Tris buffer (50 mM Tris, 5 mM EDTA) and ammonium sulfate (AS; 3.9 M ammonium 

sulfate in Tris buffer) solutions were made in preparation for ASP. Briefly, 10%, 20%, 30%, 

40% and 100% AS saturation were achieved in 30 ml of Expi293 protein media containing 

hHyal1. After each AS addition, the solution stirred on ice for 10 minutes before centrifugation 

at 4oC for 15 minutes at 15,000 x g (5810, Eppendorf), and the resulting protein pellet was 

resuspended in Tris buffer. The fractions containing hHyal1 were pooled and dialyzed for 1-2 

hours at room temperature, then overnight at 4oC. 

 Dialyzed protein was purified on the ÄKTA start system (29022094, Cytiva) using 

UNICORN start 1.0 and a 5 ml Nuvia Q strong ion exchange column (732-4741, BioRad) with a 

flow rate of 1 ml/min. Using the anion exchange program, the APS-purified hHyal1 protein 

solution was loaded, and the column was washed with 9 column volumes of buffer A. Flow 

through and wash fractions were collected. Protein was eluted with a gradient of buffer B (50 

mM Tris, pH 7.5, plus 2 M NaCl, pH 7.5). 

 Human Hyal2 and 3 were purified by affinity chromatography using an ANTI-FLAG M2 

resin (A2220, Sigma). Dialyzed hHyal transfection media was loaded onto immobilized ANTI-

FLAG M2 resin and flow through was passed twice more over the column before collecting the 

flow through, wash and elution fractions. Resin preparation, column preparation, and protein 

elution were performed according to the manufacturer. 

 Human Hyal4 was purified by nickel affinity chromatography using the ÄKTA start 

system (29022094, Cytiva) with UNICORN start 1.0 and a charged Ni2+ 5 ml HisTrap column 

(cat#17525501, Cytiva). At a constant flow rate of 5 ml/min, the dialyzed protein solution was 

loaded onto the column and washed with 9 column volumes of buffer A (50 mM NaH2PO4, 500 

mM NaCl, 10 mM Imidazole). Protein was eluted with an imidazole gradient in buffer B (50 mM 
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NaH2PO4, 500 mM NaCl, 250 mM Imidazole). Flow through, wash, and elution fractions were 

collected. Four transfection flasks were pooled for simultaneous purification using this method. 

 Further clean-up of hHyal4 was attempted by IEC using the 20 ml Q anion column on the 

ÄKTA start system (29022094, Cytiva) with UNICORN start 1.0. The isoelectric point of 

hHyal4 is 7.5, so pH 8.75 was chosen for purification. After loading the hHyal4 protein solution 

onto the column and washing with 20 column volumes of buffer A (50 mM Tris, pH 8.75), an 

increasing gradient of buffer B (50 mM Tris, 100 mM NaCl, pH 8.75) was used to elute the 

protein. 

 Selected eluted protein fractions were run on 10% SDS-PAGE gels for Coomassie 

staining and immunoblotting against the FLAG tag (see below) to detect protein in eluted 

fractions. Fractions with significant amounts of protein and small amounts of impurities were 

pooled, placed in SnakeSkin™ Dialysis Tubing, 10K MWCO (68100, Thermo Scientific), and 

dialyzed against 2 L dialysis buffer (50 mM tris, pH 7.5) for 1-2 hours at room temperature, then 

overnight at 4oC in a fresh 2 L dialysis buffer. Purified and dialyzed hHyal proteins were 

concentrated using an Amicon Ultra-15 10K centrifugal filter (C7715, Millipore) unit according 

to the manufacturer’s instructions, then the purified protein concentration was determined by the 

scan function at 280 nm on the Cary 60 (G6860A, Agilent). To visually observe protein purity, a 

small aliquot of protein was run on a 10% SDS-PAGE gel and inspected with Coomassie 

staining. Validated purified protein was flash frozen in liquid nitrogen and stored at −80°C. 

 Immunoblotting  

 Samples were denatured at 95oC for 5 minutes prior to gel electrophoresis. All gels were 

made as 10% acrylamide SDS-PAGE gels and run for 1 hour and 10 minutes at 200 V and 15 

mA (30 mA for 2 gels) in 1X running buffer. Transfer of proteins from the gel to a membrane 
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was accomplished with a 1X transfer buffer on ice at 100 V for 1 hour. While gently rocking, 

membrane blocking buffer (5% dry milk in 1X PBS) was placed on the membrane for 45 

minutes at room temperature, then replaced with a primary antibody solution (5% dry milk in 1X 

PBS 0.1% Tween, plus 1:1000 mouse anti-FLAG (F3165, Sigma)) for 2 hours at room 

temperature, followed by four 5-minute washes with 1X PBS 0.1% Tween. Protected from light, 

secondary antibody solution (5% dry milk in 1X PBS 0.1% Tween, plus 1:15000 680 nm goat 

anti-mouse (925-68070, LICOR)) was added to the membrane for 45 minutes, followed by four 

additional 5-minute washes with 1X PBS 0.1% Tween. Then the blot was gently rinsed with 

distilled water and imaged using the Odyssey imaging instrument (9140, LICOR). SeeBlue™ 

Plus2 Pre-stained Protein Standard was used as a protein ladder (LC5925, Invitrogen). 

 Enzymatic activity analysis 

 To determine the catalytic activity of hHyal proteins with either CS or HA as a substrate, 

the Morgan-Elson assay was performed to detect reducing ends of GAGs, which become more 

abundant as catalysis occurs and can be colorimetrically measured at 585 nm (155, 156). The 

assay was carried out as described by Takahashi et al. (157) with minor modifications. In 

triplicate, a no enzyme control or hHyal protein solution (Hyal1: 0.1 µg/rxn; Hyal2, 3, 4: 

1µg/rxn) were mixed with 10 different concentrations of substrate (200 µM – 0 µM, 61.8 kDa 

HA (HA40K-1, HAWORKS); 2.5 mg/ml – 0 mg/ml, avg 25 kDa CS (C6737-5G, Sigma)) in 

activity assay buffer (0.1M sodium formate, 0.15 M NaCl, pH 4.0) to a total volume of 65 µl. 

This was incubated in a 37°C water bath (Hyal1: 15 min; Hyal2, 3: 24 hours; Hyal4: 60 min) 

then boiled 5 min at 100°C to halt the reaction. A concentration gradient of standards (for HA: 

N-acetyl-d-glucosamine (A8625, Sigma); for CS: N-acetyl-d-galactosamine (A2795, Sigma)) 

were made and used to extrapolate available sugar reducing ends. To each sample and standard 
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tube containing 65 µl, 12.5 µl 0.8 M potassium tetraborate (K2B4O7・4H2O) was added followed 

by a 5 min boil at 100°C. Then 375 µl 1X p-dimethylaminobenzaldehyde (DMAB) was added 

and the solutions were incubated for 20 minutes at 37°C. Samples were centrifuged at 14,000 

rpm for 5 min, then 150 µl of each sample was pipetted into a 96-well plate and colorimetrically 

analyzed at 585 nm using the BioTek plate reader (8040036, BioTek). Data was imported into 

PRISM (GraphPad Software Inc., La Jolla, CA) and Km and Vmax were calculated by fitting to 

the Michaelis-Menten equation.  

 

Results 

 Addition of pre-protrypsin and FLAG epitopes to hHyal1-4 facilitated secretion of the 

recombinant proteins from expi293 cells and subsequent detection, respectively. Protein 

expression varied significantly. Transfection of expi 293 cells with the hHyal1, 2, 3, and 4 

plasmids produced an estimated 1.0, 0.1, 0.4 and 0.9 mg/ml of purified protein per flask, 

respectively.  

Figure 2 Human Hyal1 purification by ammonium sulfate precipitation (ASP), followed by ion-exchange 

chromatography (IEC). A) Coomassie stain of total protein before (p-ASP) and after ASP (numbers indicate ASP 

percentage). B) Coomassie stain of total protein and ASP-purified hHyal1 before and after IEC purification. C) 
Coomassie stain of IEC-purified hHyal1 after fractions 3, 4, 5, 6 were pooled and concentrated using the Amicon-15 

centrifugation concentrator. The presence of hHyal1 is indicated with an arrow. Load (lo), flow through (ft), wash 

(w), ladder (L). 
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 Ammonium sulfate precipitation (APS) is a common and effective method for protein 

purification. Increasing the concentration of highly charged ions to a solution will compete with 

water to bind with the protein, resulting in decreased solubility and increased protein 

precipitation (158). Human Hyal1was precipitated at 30% and 40% ammonium sulfate (Fig. 2A). 

These fractions were combined and dialyzed for IEC. After IEC, fractions 3-6 contained hHyal1 

with little unwanted protein; fractions 7 and 8 contained hHyal1 and many other proteins and 

were discarded (Fig. 2B). Concentrated fractions were 95% pure (Fig. 2C).  

 Initial sequencing of the Hyal2 plasmid revealed a mutation at position 4 (K4N), which 

was reverted to the wildtype sequence using site-directed mutagenesis (SDM). After the thermal 

cycling protocol was used to amplify the corrected plasmid sequence, the reaction products were 

run on an agarose gel (Fig. 3A). Human Hyal2 was purified by immunoaffinity chromatography. 

Although not visible in a Coomassie stained gel (Fig. 3B), immunoblotting for the FLAG epitope 

revealed the presence of hHYAL2 in fraction 2 (Fig. 3C). Fractions 1 through 4 were pooled and 

Figure 3 SDM and hHyal2 purification by 1 ml ANTI-FLAG resin. A) Site directed mutagenesis results of three 

different annealing temperatures (B: 66.9oC, C: 65.2oC, D: 62.5oC). B) Coomassie staining of total protein before 

and after ANTI-FLAG purification, hHyal2 cannot be seen due to low protein expression. C) Immunoblotting for the 

hHyal2 FLAG epitope before and after ANTI-FLAG purification. D) Coomassie staining after fractions 1-4 were 

pooled and concentrated using Amicon-15 centrifugation concentrators, hHyal2 can be seen very faintly in the 

concentrated protein lane on the far right. The presence of hHyal2 is indicated with an arrow. Flow through (ft), 

wash (w), load (lo), ladder (L). 
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concentrated. Coomassie staining of the concentrated product showed an extremely faint Hyal2 

product due to low protein expression (Fig. 3D). 

 Isolation of hHyal3 was also purified by immunoaffinity chromatography. Human Hyal3 

appeared in fraction 3 on a Coomassie stained gel (Fig. 4A) and in fractions 2 through 5 by 

western blot analysis and detection of the FLAG epitope (Fig. 4B). Purity of the concentrated 

protein was confirmed (Fig. 4C).  

Figure 4 Human Hyal3 purification by 1 ml ANTI-FLAG resin. A) Coomassie staining of total protein before 

and after ANTI-FLAG purification. B) Immunoblotting for the hHyal3 FLAG epitope before and after ANTI-

FLAG purification. D) Coomassie staining after fractions 2-5 were pooled and concentrated using Amicon-15 

centrifugation concentrators. The presence of hHyal3 is indicated with an arrow. Flow through (ft), wash (w), load 

(lo), ladder (L). 

Figure 5 Human Hyal4 purification by 5 ml HisTrap protocol. A) Coomassie staining of total protein before 

and after HisTrap purification. B) Immunoblotting for the hHyal4 FLAG epitope before and after HisTrap 

purification. C) Coomassie staining after fractions 7-17 were pooled and concentrated using Amicon-15 

centrifugation concentrators. The presence of hHyal4 is indicated with an arrow. Flow through (ft), wash (w), load 

(lo), ladder (L). 
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 Purification of hHyal4 by nickel affinity chromatography was monitored by Coomassie 

staining and immunoblot detection of the FLAG epitope. Coomassie staining revealed a large 

amount of the total protein content eluted in fractions 4, 5, and 6; and an abundance of hHyal4 in 

fractions 6-12 (Fig. 5A). Immunoblotting of the FLAG tag confirmed the presence of hHyal4 in 

fractions 4-17 (Fig. 5B). Due to the high ratio of undesired protein to hHyal4 in fractions 4-6, 

fractions 7-17 were pooled for dialysis and concentration, which shows a large yield of pure 

hHyal4 when analyzed by Coomassie staining (Fig. 5C). 

 With the goal of creating enough high purity hHyal4 for future X-ray crystallography 

studies, 25 mg of hHyal4 protein was purified using the anion exchange Q column. After 

purification, a significant amount of total protein appeared to elute in fractions 8-20 (Fig. 6A), 

and the FLAG tagged hHyal4 protein was shown in fractions 6-27 (Fig. 6B). Despite the 

presence of impurities in fractions 10-20, fractions 6-27 were pooled for dialysis and  

concentrated the following day. The resulting Coomassie stain shows a large amount of 

concentrated Hyal4, as well as trace impurities (Fig. 6C). Despite a small batch of hHyal4 being 

Figure 6 Human HYAL4 clean up by 20 ml Q column anion exchange protocol. 25 mg of purified hHYAL4 

(by 5 ml HisTrap) were pooled, then purified. A) Coomassie staining of total protein before and after Q column 

anion exchange purification. B) Immunoblotting for the hHYAL4 FLAG epitope before and after Q column anion 

exchange purification. C) Coomassie staining after fractions 6-27 were pooled and concentrated using Amicon-15 

centrifugation concentrators. The presence of hHYAL4 is indicated with an arrow. Flow through (ft), wash (w), 

load (lo), ladder (L). 
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used (5 mg) for an initial purification test (data not shown), this method was unsuccessful in 

removing impurities when loaded with 25 mg of protein. 

 Enzymatic activity of the purified hHyal enzymes were compared at pH 4.0. Incubation 

times and enzyme concentrations are summarized in Table 1. Despite significantly less protein 

per reaction, hHyal1 had the highest level of HA and CS activity. Activity of hHyal2 in 

hydrolysis of CS and HA was detectable but at much lower levels relative to that of hHyal1. As 

previously reported, hHyal4 only cleaved CS (at a rate between those of hHyal2 and hHyal1), 

and hHyal3 did not exhibit any catalytic activity (Fig. 5). Overexpression of murine Hyal3 was 

thought to augment Hyal1 activity in cultured cells (151). To see if there was increased activity 

when hHyal3 is combined with hHyal1, they were combined in 1:1 and 1:10 ratios (hHyal1: 

hHyal3) and tested against hHyal1 alone. No differences were observed in this experiment (data 

not shown), suggesting Hyal3 did not impact HA hydrolysis via hHyal1, as previously reported 

(151). 

 

 

Figure 7 Human Hyal catalytic activity on 61.8 kDa hyaluronidase and 25 kDa (average size) chondroitin-

sulfate, determined by the Morgan-Elson colorimetric activity assay. Briefly, hHyal is mixed with CS or HA in 

a pH 4.0 activity buffer and incubated at 37°C (15 minutes for hHyal1, 24 hours for hHyal2 and hHyal3, 60 minutes 

for hHyal4) then boiled to halt catalysis. DMAB and K2B4O7・4H2O were added for colorimetric quantification at 

585 nm.  hHyal1: 0.1 µg/rxn; hHyal2, 3, 4: 1µg/rxn. 
 

 

 hHyal1 

hHyal2 

hHyal3 

hHyal4 

 hHyal1 

hHyal2 

hHyal3 

hHyal4 



  24 

 

 

 

 

Table 1 Catalytic activity of hHyals using the Morgan-Elson colorimetric assay, fit using 

the Michalis-Menten equation. 

 

Discussion 

 Purifying and expressing the hHyals is challenging and has hampered systematic analysis 

of this important family of proteins. Here, a dependable and reproducible system for the creation 

of hHyal proteins has been demonstrated, which can be readily applied for future studies in many 

ways. Expression and purification is easily achievable, although protein yields vary significantly 

for each hHyal. From 30 ml of conditioned media, mg quantities of purified hHyal1, 2, 3 and 4 

were obtained.  

 Several points regarding expression and purification idiosyncrasies are noteworthy. 

Considering the nearly identical transfection procedure and high sequence homology, the 

difference in protein yields is surprising. One potential explanation is the possibility of having 

Enzyme Conditions Substrate (size) Vmax (umol/min/mg) Km (uM) 

hHyal1 
0.1 ug/rxn 

Inc 37C, 15 min 

HA (61.8 kDa) 31.2 ± 0.476 15.2 ± 0.870 

CS (25 kDa) 5.68 ± 0.226 15.97 ± 2.404 

hHyal2 
1 ug/rxn 

Inc 37C, 24 hrs 

HA (61.8 kDa) 0.017 ± 0.0006 41.31 ± 4.59 

CS (25 kDa) 0.0055 ± 0.00071 44.21 ± 13 

hHyal3 
1 ug/rxn 

Inc 37C, 24 hrs 

HA (61.8 kDa) --- --- 

CS (25 kDa) --- --- 

hHyal4 
1 ug/rxn 

Inc 37C, 60 min 

HA (61.8 kDa) --- --- 

CS (25 kDa) 0.1342 ± 0.0093 12.5 ± 3.76 
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altered folding or expression due to the removal of the GPI-attachment site in the hHYAL2 and 

hHYAL4 plasmids. 

 Another curious observation is the discrepancy between the sequence calculated weight 

of each hHyal core protein and its apparent molecular size by gel electrophoresis. The sequences 

of the hHYAL1, 2, 3, and 4 plasmids predict molecular weights of 48.4, 54.4, 47.6, and 51.4 

kDa, respectively. When observed on gels, hHyal1, 2, 3, and 4 appear around 41, 44, 51, and 51, 

respectively. The difference between observed and expected weights is negligible for hHyal4 but 

a 10 kDa discrepancy exists for hHyal2. Differences could be due to self-cleaving or 

glycosylation events, which will be investigated further. 

 The purity of hHyal4 was not significantly improved by IEC, as shown in Fig. 5. 

Previously, using a much smaller load of hHyal4 and the same protocol and column, this method 

appeared to remove impurities (data not shown). It is possible that the column was overloaded. 

However, the manufacturer indicated a 25 mg column capacity. This will be further optimized 

and determined empirically. 

 Relative enzymatic activity was similar to previous reports, though there is inconsistency 

among them. Human Hyal1 is well accepted as a hyaluronidase and a chondroitinase; hHyal2 is a 

much less active hyaluronidase and a chondroitinase, hHyal3 does not appear to have any 

catalytic activity (150), and hHyal4 is a chondroitinase only. Previous research showed that 

hHyal1 displays optimal activity at pH 4.0 (142, 159), so all assays were performed at this pH, 

but it cannot be ruled out that other hHyal members may have pH activity profiles different to 

hHyal1, or that activity may be optimal with a different substrate size.  

 Discovering minor activity in hHyal2 was unexpected, and while the assay results 

certainly validate the activity of hHyal2 on both CS and HA at pH 4.0, this has only been tested 
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once, and will need further verification. Beyond increasing replications, a wide variety of 

experiments are needed to conclusively demonstrate the optimal catalytic activity of any hHyal.  

 Overall, it is interesting to speculate about possible functional redundancy among the 

hHyal family; perhaps each has an optimally sized substrate or expression condition or location. 

Many HA metabolism and hHyal questions remain unanswered and scientifically explaining 

these uncertainties could hint at the unique function of each hHyal. Further catalytic activity 

optimization as well as genomic, transcriptomic, and proteomic studies under different 

conditions and life development stages will accelerate greater understanding of their roles in 

cancer and ECM biology.  
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CHAPTER 3. Control and Inhibition of UDP-Glucose Dehydrogenase 

Abstract 

Human UDP-glucose dehydrogenase (hUGDH) is an essential enzyme consisting of a 

flexible trimer of dimers that is conformationally sensitive to substrate, product, and cofactor 

concentrations, and feedback inhibition. UGDH uses a NAD+ cofactor to oxidize UDP-glucose 

to UDP-glucuronate, a substrate for three crucial cellular functions: glycosaminoglycan 

production, conversion to UDP-xylose for glycosaminoglycan and proteoglycan synthesis, and 

androgen glucuronidation. In humans, UGDH plays an important role in prostate cancer 

progression, with its overexpression marking an increased rate of tumor growth and motility. 

Therefore, hUGDH is a necessary target for drug development. Using a previously identified 

peptide sequence capable of inhibiting hUGDH, X-ray crystallographic analysis was performed 

on wild type hUGDH bound to the selected peptide inhibitor (P4). Solution of the structure 

revealed that addition of the peptide cased hUGDH to adopt an inactive protein conformation. 

This is supported by the orientation of key catalytic residues and the overall protein quaternary 

structure, which best reflects the previously reported structure of inactive, substrate-deficient 

hUGDH. The result of this work confirms the manner of UGDH inhibition and provides 

evidence of a potential drug that could be developed to limit the progression of prostate cancer 

by knocking down UGDH. 

 

Introduction 

As the sole enzyme capable of producing UDP-glucuronate (UDP-glcA), UGDH is 

uniquely poised to control the available substrate needed for three important cellular processes: 

HA synthesis, hormone glucuronidation, and proteoglycan (PG) synthesis. UDP-glcA is added to 
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drugs or toxins for excretion by glucuronosyltransferases (160–162), and this process promotes 

cancer therapy resistance (163–166). Additionally, UDP-glcA is a substrate for HA, which is 

excessively synthesized in cancers, promoting tumorigenesis (167–170). Therefore, controlling 

hUGDH activity or its ability to feed UDP-glcA into downstream pathways, is a potential 

therapeutic strategy.  

UGDH expression is significantly elevated in human prostate cancer (18). Homogenous 

overexpression of UGDH within and adjacent to the tumor predicts biochemical recurrence 

following prostatectomy and the development of castration resistant phenotype (unpublished 

data). In cultured human prostate cancer cells, decreasing hUGDH expression results in 

increased androgen sensitivity (19, 26) and can restore sensitivity of castration resistant cells to 

the anti-androgen compound enzalutamide (27). Collectively, these results support the use of 

hUGDH as a biomarker in the diagnosis and appropriate treatment course of prostate cancer, and 

a potential drug target (18, 44). While the mechanism of hUGDH catalytic activity is well 

characterized, it is not known how hUGDH may be involved in directing UDP-glcA to a specific 

fate. It is possible that hUGDH acts as a sensor and prioritizes the use of newly created UDP-

glcA. If so, hUGDH is not only an essential enzyme, but also one that determines cellular 

behavior and metabolism by influencing multiple pathways. Control and regulation of hUGDH 

represents a challenge with tremendous benefit, and while compounds such as 4MU, gallic acid 

and quercetin have been reported to antagonize UDP-GlcA production and even stunt breast 

cancer growth (58–61), the interaction between an inhibitor and hUGDH has not been visualized 

at an atomic level. 

UGDH is optimally active as a dynamic quaternary assembly of three dimers in a toroid 

(28–30). As a hexamer, UGDH crystal structure determination has revealed three conformations, 
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corresponding to distinct catalytic states: an active E state, an inactive E* state, and a UDP-

xylose inhibited EΩ state (30–39). In the EΩ state, UDP-xylose competes with UDP-glc for the 

active site and causes hUGDH inactivation and adoption of a horseshoe configuration (30, 31, 

33). The E* state is prevalent in the absence of ligand and appears as a structural intermediate 

between the E and EΩ conformations (33). Thus, the shape of hUGDH is indicative of the 

functional state of the enzyme, and the creation of a compound that forces hUGDH to adopt the 

EΩ or E* state could be an important development in hUGDH therapeutics. 

The discovery of UGDH-specific inhibitors has been facilitated by phage display, a 

screening technique in which bacteriophages display specific or randomized peptides fused to 

coat proteins (171), allowing us to select for peptides that tightly bind UGDH and alter its 

function (172–174). Phage display selection can be used to target a particular protein motif or to 

identify protein-protein interactions (175–177). Subsequently, the properties of the peptide can 

be used to direct high throughput screening (HTS) efforts to quickly identify promising 

inhibitory small molecules that are better drugs than peptides (170). 

Previously, our lab used a codon-optimized E. coli expression vector to generate WT 

hUGDH (29). The phage display library fGWX10 was used to generate randomized 10-mer 

peptide sequences, with an estimated 1010 unique peptide sequences (178). Iterative rounds of 

selection were done to create a small list of promising peptide inhibitors, which were assessed 

using a phage ELISA assay (179). Human UGDH enzymatic activity (29, 38), thermal stability 

(29), trypsin susceptibility and inhibition studies were performed to further investigate the effects 

of the selected peptides. The highest performing 10-mer peptide (P4) displayed non-competitive 

inhibition with an IC50 ~ 2 μM (data not shown). 
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In this work, X-ray crystallography and structure determination of hUGDH in complex 

with P4 was used to examine the atomic-level contacts involved in the binding of hUGDH to P4. 

The data presented here can serve as a starting point to lead drug development efforts with the 

goal of controlling hUGDH and alleviating disease in those with overexpressed hUGDH.  

 

Materials and Methods 

Crystallization conditions 

Successful crystallization of hUGDH:P4 occurred at 20°C using the sitting drop vapor 

diffusion method. A 40:1 WT hUGDH (5.47 mg/ml):P4 (9.75 mg/ml) solution was made prior to 

setting up a crystal tray. Highest quality crystals occurred with a reservoir solution of 0.1 - 0.2 M 

L-Proline with 6 - 7 % PEG 3350 and 0.1 M HEPES at pH 7.5 - 7.7; brought to 500 μl with 

ddH2O. The 5 μL sitting drop was a mixture of 3 μL reservoir solution and 2 μL WT hUGHD:P4 

solution. Crystals were screened in house and cryoprotected with a 2:1 mixture of reservoir 

solution: PEG400. All X-ray diffraction data was collected using the SER-CAT beamlines at the 

Advanced Photon Source (Argonne, IL). An approximately 3.50 Å resolution data set was 

collected on the 22-ID beamline using an Eiger 16M detector (Dektris). Data was processed 

using HKL-2000 (180). PDB entry 3ITK was used as a search model for molecular replacement 

in Phaser-MR from PHENIX (181). After performing simulated annealing on PHENIX (181), 

the resulting structure was manually rebuilt and improved with COOT (182) and refined using 

PHENIX (181). This process was repeated several times to ensure a quality resulting structure. 

Data collection and refinement statistics are shown in Table 2. 
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Table 2 hUGDH:P4 data collection and refinement statistics 

 

Values in parentheses are for the highest-resolution shell (3.08-3.0 Å). 

bCC1/2 is correlation between intensities from random half-data sets (183). 

cRmeas is the redundancy-independent merging R factor (184). 
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Results 

Human UGDH is a homohexamer that can exist in several conformations: active (E), 

inactive (E*) or UDP-xylose inhibited (EΩ). This transformation occurs in response to substrate 

and product concentrations. When compared to other hUGDH structures in the E, E* and EΩ 

from the protein data bank, the model presented in this work adopts a global conformation most 

like E* (Fig. 7A-C). Superimposing the different hUGDH forms revealed the conformations of 

key residues, which hint at a particular type of inhibition. E128 and E161 are key catalytic 

residues, and they adopt identical conformations in our structure and E* (Fig 7D). Together, 

these results indicate that P4 inhibits hUGDH by forcing it to adopt the conformation it would if 

Figure 8 Global and residue-specific conformational changes in UGDH with the addition of peptide 4 as a 

functional inhibitor. A) Global alignment of UGDH:P4 (gold) versus EΩ UGDH (UDP-Xylose inhibited, blue). 

B) Global alignment of UGDH:P4 (gold) versus E* UGDH (inactive, blue). C) Global alignment of UGDH:P4 

(gold) versus E UGDH (active, blue). D) Orientation comparisons of key catalytic glutamate residues in hUGDH 

(gold: UGDH:P4, purple: EΩ,  green: E*, blue: E). 
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no substrate were present, therefore preventing catalysis. An alternative view is that the inhibitor 

preferentially binds to the E* conformation of hUGDH.  

The findings detailed above are preliminary data, and deeper investigations are needed to 

confirm the relationship between hUGDH and P4. After data gathering at SER-CAT, processing 

with HKL-2000, and molecular replacement and refinement using PHENIX, the maximum 

resolution was found to be 3.00 Å, with a completeness of 57.7% and redundancy of 4.4. 

Because of the low resolution, only general conclusions can be drawn. Nonetheless, these 

findings suggest that UGDH adopts an inactive conformation when bound to P4. 

 

Discussion 

Human UGDH is a cancer biomarker and is functionally implicated in prostate tumor 

growth and therapeutic resistance (18). Our goal is to develop a specific small molecule inhibitor 

of UGDH that can be used as an adjuvant therapy to prevent or delay castration resistant 

recurrence. We previously identified a novel potential 10-mer peptide inhibitor of hUGDH (P4) 

that may be an effective lead compound for future small molecule screening. In this work, the 

peptide was co-crystallized with hUGDH and a molecular replacement solution was determined. 

Previous x-ray structure determination has revealed at least three different conformational states 

of hUGDH that correspond to the absence or presence of substrate and product, or an 

endogenous inhibitor: E (active), E* (inactive / substrate not available), or EΩ (UDP-xylose 

inhibited). Based on the position and orientation of well-known catalytic residues E128 and 

E161, we determined that hUGDH exists as E* when bound to P4. This indicates that P4 forces 

hUGDH to adopt an inactive shape, or that the P4:hUGDH complex is preferentially formed in 

the E* state. Additional testing is needed to determine if the peptide is cell permeable and 
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whether it decreases catalytic activity in a cellular context. Once the efficacy of P4 is confirmed, 

it can be used as a probe for small molecule screening. This small molecule will need to be 

validated as an effective modulator of hUGDH activity. 

The discovery and production of a hUGDH small molecule inhibitor would dramatically 

shift the outlook for patients with prostate cancer, and although many more studies are needed, 

the work detailed here provides a sign of hope and promise moving forward in leveraging 

hUGDH to combat prostate cancer progression. 
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CHAPTER 4. Conclusions and Future Directions 

We have described the expression, purification, and activity of the hHyal proteins, and 

provided structural insights into the binding characteristics and mechanisms of action of P4, a 

novel peptide inhibitor of hUGDH. Important advances made in this work are the standardization 

of consistent and effective protein expression and purification methods for human Hyal1-4, and a 

detailed preliminary comparison of the catalytic activities. The approaches described could be 

readily applied to express, purify and compare the more recently identified CEMIP and TMEM2 

proteins, which have reported hyaluronidases activity at different optimal pH and different 

subcellular locations (94–96). In addition, site directed mutagenesis can be performed to alter 

key residues in less active hHyals, leading to better understanding of catalysis by trying to 

optimize activity. This approach would help identify structural, catalytic, and binding residues 

that are responsible for hHyals activity. 

Although these results are practically useful, there remain many aspects of hHyal 

functions that have yet to be defined: the cellular, tissue specific and developmental expression 

patterns of the hHyals need to be analyzed, for example. Additionally, substrate and pH 

preference should be determined for each hHyal, including CEMIP and TMEM2.  

To continue to understand the structural and kinetic characteristics of these important 

proteins, techniques such as surface plasmon resonance (SPR), isothermal titration calorimetry 

(ITC), and X-ray crystallography can be leveraged. SPR measures light reflected on a gold 

surface, which changes as a binding event occurs between an immobilized ligand and another 

protein flowing over the surface. SPR supports multiple applications, such as food safety, drug 

discovery, environment protection, and medical diagnostics (185). This application can be 

utilized to probe biomolecular interactions, such as protein-DNA or RNA, protein-protein, or 
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enzyme-substrate interactions (186, 187). SPR requires very little sample and can be used with a 

variety of linking methods (His tag, biotin tag, etc.) to quantitatively determine binding kinetics, 

competition, and thermodynamics. However, SPR is limited by orientation issues, tagging 

interference and protein conformation changes because of the experiment or binding to the chip. 

Preliminary SPR analysis of hHyal1 binding to biotinylated 5000 Da HA suggested a Kd = 1.2 

μM at pH 4.65 (data not shown). However, this work could not be expanded upon because of 

technical and logistical issues. Therefore, these data are a foundation to be pursued and later 

adapted to the other hHyal proteins upon optimization of hHyal1.  

ITC is another approach that could be used to probe the thermodynamics of a protein-

protein interaction (PPI) by measuring heat changes resulting from the interaction. This sensitive 

and quantitative test can detail the stoichiometry, entropy, binding kinetics, and enthalpy in a 

PPI. Disadvantages include difficulties in measuring slow interactions and ensuring that the heat 

changes used to determine enthalpic constants derive exclusively from the PPI (188). One 

consideration for proper analysis by SPR and ITC is the need for the hHyal to exhibit binding but 

not catalysis. Catalysis would complicate data interpretation due to several factors to account for 

such as the number of binding sites on the substrate chain, increasing amounts of substrate 

fragments, and changing interactions between the substrate and water. Analyzing the catalytic 

reaction would be convoluted, and analysis models may not yet exist to accurately detail the 

catalytic reaction by ITC. To begin to analyze the binding interaction alone, a standard protocol 

should be tested at pH 4 - pH 7 in increments of 0.5. Human Hyal1, 2 and 4 are catalytically 

active at an acidic pH (the Morgan-Elson activity protocol is performed at pH 4.0, the optimal 

pH of hHyal1). It is not yet known whether binding occurs only when catalysis is possible or if 

binding can occur at a more neutral pH and the low pH is only needed for substrate cleavage. 
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Thus, enzymatic activity studies should be performed at a variety of pHs to determine the pH 

threshold of catalysis; then ITC and SPR can be performed just outside the catalytic pH range to 

try to find evidence of only binding. Using a different method to measure enzymatic activity, 

Hyal1 activity was highest at pH 3.5 and 4.0, and catalytically inactive for all substrates at pH 

5.0 (142). Given this result, pH 5.0 should increase the likelihood of binding. An alternate 

approach would be to mutate a key catalytic residue, then observe binding at pH 4.0. Catalytic 

Hyal1 mutants E131Q and Y247F have been characterized by our group, but have not yet been 

studied by ITC or SPR.  

To date, only hHyal1 has been entered into the protein data bank (PDB accession 2PE4), 

and this entry does not show binding to a substrate, nor residue mutations. Therefore, 

crystallization of the other hHyal proteins could shed light on the dramatic differences in 

enzymatic activity. Additional use of x-ray structure determination of each hHyal with its 

substrates would provide insights into mechanistic differences between the hHyal proteins. 

Several hHyal1 mutant structures should be determined to examine how the E131Q and Y202F 

mutants structurally impact the catalytic and binding ability of hHyal1, respectively. 

Furthermore, the substrate binding groove needs to be defined in the hHyals. To date, this has 

only been determined in bee venom Hyal, but there is low sequence homology between bee and 

hHyal. Understanding the interaction between HA or CS and a hHyal will provide additional 

clues about residues affecting catalysis among the hHyal family. 

The development of a small molecule that can modulate hUGDH activity would be 

beneficial in combating prostate cancer and diseases resulting from an atypical ECM structure 

(since hUGDH provides ECM substrates). Here, it was shown that P4 binds to the E* state of 

hUGDH, bet we do not know if P4 forces hUGDH to adopt the inactive E* conformation, or if 



  38 

 

E* preferentially binds to P4. Because the different conformations of hUGDH (E, E*, EΩ) are 

dependent cofactor, substrate, and product concentrations (31), P4 should be extensively 

characterized with various levels of available cofactor, substrate and UDP-xylose. Additionally, 

the binding affinity of P4 should be characterized, potentially with ITC. These studies will 

provide more details about the efficacy of P4 and should help in its eventual translation into a 

small molecule hUGDH modulator. These future compounds will need to be tested in a cellular 

context to assess cell permeability and confirm inhibition, also noting off-target effects. Structure 

determination should be repeated in co-crystals of hUGDH with potential small molecules based 

on P4, to understand the interaction and method of inhibition and to ensure hUGDH behaves 

similarly when bound to P4 or a future small molecule. Therefore, the evolution of P4 into a 

specific and potent inhibitor of hUGDH is an ongoing project. 

Scientific biomedical research is a never-ending endeavor and motivated by the goals of 

furthering knowledge and improving human health. Our detailed comparative study for the 

production and characterization of the hHyals, and our insights into the mode of inhibition of a 

novel peptide inhibitor of hUGDH, provide a solid platform for future translational advances. 
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